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ABSTRACT

Fetal developmental potential is determined at the moment of
conception by genetic inheritance. However, this development
is modulated by environmental factors. It is important to
recognize that both, the mother and the fetus, actively participate
in the maintenance of the physiological intrauterine environment.
Unfortunately, the fetus is not entirely protected from harmful
influences of the external factors. By altering the intrauterine
environment, these factors can have a long-term effect on fetal
health.
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INTRODUCTION

Human life does not begin with birth. Normal development
of the human being lasts 280 days before parturition. In
prenatal growth and devel opment, the placenta plays a key
role. It has numerous functions essential for maintaining
the pregnancy and promoting normal fetal development.
During intrauterine period, the fetus gradually begins to
perform many vital physiological functions. Furthermore,
through 9 months of gestation, arepertoire of fetal functions
and activities constantly expands. Development of modern
imaging methods has revealed the existence of afull range
of fetal movement patterns, even facial movements similar
to emotional expressionsin adults. Indeed, theworldin utero
isfascinating. Therefore, the birth is not the beginning, but
only a new chapter in the story of human life.

PLACENTA

‘The vessels join to the uterus like the roots of plants, and
through them the embryo receives its nourishment.’
Avristotle, De Generatione Animalium, Book I1.

DEVELOPMENT OF THE PLACENTA

Theplacentaisan organ that isindispensablefor thetransfer
of nutrients and gases from the mother to the fetus and the
removal of fetal waste products. Placenta can be defined as
afusion of fetal membranes with the uterine mucosa. The
development of the placenta starts with theimplantation, in
the moment when the blastocyst begins the invasion of the

endometrium, about the 6th day after conception. Prior to
implantation in the uterine lining, blastocyst consists of an
external, single-layer, cellular component named the
trophoblast and the inner cell mass, embryoblast. After the
trophoblast has attached to the endometrial epithelium, rapid
cellular proliferation occurs and the trophoblast
differentiates into two layers consisting of the inner
cytotrophoblast and an outer syncytiotrophoblast, a
multinucleated mass without cellular boundaries. Syncytial
trophoblast processes extend through the endometrial
epithelium to invade the endometrial stroma. Stromal cells
surrounding the implantation site become laden with lipids
and glycogen, develop into polyhedral shape, and are
referred to asdecidual cells. These decidual cellsdegenerate
in the region of the invading syncytiotrophoblast and
provide nutrition to the developing embryo.? At day 7 and
8 after conception, the blastocyst has completely crossed
the epithelium and is embedded within the endometrium.
At day 8 and 9 postconception, the syncytiotrophoblast
generates a number of fluid-filled spaces within its mass.
These spaces flow together forming larger lacunae and are
finally separated by parts of the syncytiotrophoblast
(trabeculae) that cross the syncytial mass from the
embryonic to the maternal side. The development of the
lacunar system leads to the division of the placenta into
several compartments. The embryonically oriented part of
thetrophoblast will become the chorionic plate, the lacunae
will develop into the intervillous space (Fig. 1), while the
trabeculae will becomethe anchoring villi, with the growing
branches developing into floating villi. Finally, the
maternally oriented part of the trophoblast will develop into
the basal plate.®

At day 12 after conception, the process of implantation
is completed. The developing embryo with its surrounding
extraembryonic tissues is totally embedded in the
endometrium and the syncytiotrophoblast surrounds the
whole surface of the conceptus. Mesenchymal cellsderived
from the embryo spread over the inner surface of the
trophoblast, thus generating a new combination of
trophoblast and mesoderm, termed chorion. Starting on
day 12 postconception, proliferation of cytotrophoblast
pushes trophaoblast cells to penetrate into the syncytial
trabeculae, reaching the maternal side of the
syncytiotrophoblast by day 14. Further proliferation of
trophoblast cells inside the trabeculae (day 13) stretches
the trabecul ae resulting in the devel opment of syncytial side
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Fig. 1: Image recorded by 2D color Doppler sonography,
showing intervillous blood flow

branches filled with cytotrophoblast cells (primary villi).
Shortly after, the mesenchymal cells from the extra-
embryonic mesoderm too follow the cytotrophoblast and
penetrate the trabeculae and the primary villi, thus
generating secondary villi. At this stage there is aways a
complete cytotrophoblast layer between the penetrating
mesenchyme and syncytiotrophoblast. Around day 20 and
21, vascularization within the villous mesenchyme gives
rise to the formation of the first placental vessels (tertiary
villi). Only later, the connection to the fetal vessel system
will be established. The villi are organized in villous trees
that cluster together into a series of spherical units known
as lobules or placentones. Each placentone originates from
the chorionic plate by athick villous trunk stemming from
atrabecula. Continuous branching of the main trunk results
in daughter villi mostly freely ending in the intervillous
space.®

In normal pregnancies, decidual and myometrial
segment of the spira arteries (Fig. 2), undergo changes to
convert them into large vessels of low resistance (Figs 3
and 4). Two typesof migratory cytotrophoblast cause this—
endovascular and interstitial cytotrophoblast. Endovascular
cytotrophoblast invades spiral arteries on the decidua and
myometrium and replaces arterial endothelium, destroying
muscle and elastic tissues in the tunica media. Interstitial
cytotrophoblast destroysthe ends of decidual blood vessels,
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Fig. 3: Image recorded by 2D color Doppler sonography showing
blood flow in part of uteroplacental circulation (arcuate, radial and
spiral arteries). The terminal segments of spiral arteries will be
remodelated by trophoblast cell invasion

promoting the flow of blood into the lacunae. The maternal
arteries are opened up and functionally denervated so that
they are completely dilated and unresponsiveto circulatory
pressor substances or autonomic neural control. Behind this,
at uterine radial artery level, local prostacyclin maintains
vasodilatation.? Free transfer of maternal blood to the
intervillous space is established at the end of the first
trimester of pregnancy.®

ABNORMAL PLACENTAL
DEVELOPMENT AND ULTRASOUND

Trophoblast invasion is a key process during human
placentation. Failure of trophoblast invasion and spiral artery
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Fig. 4: Image recorded by 2D power Doppler sonography showing

increased blood flow that surrounds the gestational sac as a direct
consequence of the spiral arteries dilation
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Fig. 5: Image recorded in the 30th week of gestation showing
increased impedance to flow in the uterine artery with early diastolic
notching

transformation leads to reduced perfusion of the placenta
and fetus, and inadequate fetal nutrition and oxygenation.
Thisconditioniscalled uteroplacental insufficiency because
the metabolic demands of the fetus and placenta exceed the
uteroplacental transport capacity. It is considered that there
are two phases of trophoblast invasion. The first wave of
trophoblastic invasion converts the decidual segments of
the spiral arteries between 6 and 10 weeks of the pregnancy.
The second wave converts the myometrial segments
between 14 and 16 weeks of the pregnancy.? As aresult of
these physiological changes, the diameter of the spiral
arteries increase from 15 to 20 mm to 300 to 500 mm,
reducing impedance to flow and optimizing fetomaternal
exchange in the intervillous space.* In pregnancies
complicated by pre-eclampsia and IUGR, trophoblast

Fig. 6: Normal Doppler waveforms from the umbilical artery

invasion islimited to the decidualized endometrium, which
results in failure of the spiral arteries to become low-
resistance vessels.® Using Doppler ultrasound, utero-
placental and fetal vessels conversion of the uterine spira
arteries and placental development may be assessed.

Successful trophoblast invasion results in loss of early
diastolic notching in the uterine artery Doppler waveform
by the end of the first trimester.%’ The failure to undergo
physiological trophoblastic vascular changesisreflected by
the high impedance to the blood flow at the level of the
uterine arteries and with the characteristic waveform of early
diastolic notching (Fig. 5). In normal pregnancies, due to
progressive maturation of the placenta, impedance to flow
in the umbilical artery decreases and end-diastolic velocity
establishes by the end of thefirst trimester. Doppler indices
continue to fall toward term as umbilical blood flow
resistance decreases®® (Fig. 6). In cases of placental
insufficiency, because of inadequate ramification of villi
and increased degradation due to degenerative processes,
surface of the capillary network is reduced and blood flow
resistance in the placenta is elevated. These conditions
reflect in the abnormal umbilical artery blood velocity
waveforms. However, pathological studies have demons-
trated that increased impedance in the umbilical arteries
becomes evident only when at least 60% of the placental
vascular bed is obliterated.® In pregnancies with reversed
or absent end-diastolic flow in the umbilical artery,
compared to those with normal flow, mean placental weight
isreduced and the cross-sectional diameter of terminal villi
isshorter.'® Absent diastolic vel ocity or retrograde diastolic
velocity intheumbilical artery indicate extremely increased
placental vascular impedance (Fig. 7).

Endangered by placental insufficiency, fetus activates
compensatory mechanisms. Fetal response to placental
dysfunction evolves from early compensatory reactions to
late decompensation in multiple organ systems.! Fetal
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Fig. 7: Increased impedance to flow in the umbilical artery with
an absent end-diastolic flow

Fig. 8: Normal flow of the middle cerebral artery in the
third trimester

Fig. 9: Decreased impedance to flow in the middle cerebral
artery (‘brain-sparing effect’)

hypoxia activates a range of biophysical, cardiovascular,
endocrine and metabolic responses. Fetal cardiovascular

responses to hypoxia, which include modification of the
heart rate, an increase in arterial blood pressure and
redistribution of the cardiac output toward vital organs, are
probably the most important adaptive reactions responsible
for maintaining fetal homeostasis.? The redistribution of
blood flow toward the fetal brain is known as the ‘brain-
sparing effect’ (Figs 8 and 9). Doppler assessment of the
fetal cerebral and umbilicoplacental circulations can detect
fetal blood flow redistribution toward the brain during
hypoxiaand quantify the degree of this redistribution using
the C/U ratio.*?** In normal pregnancies, cerebral vascular
resistance remains higher than placental vascular resistance.
Therefore, the cerebroumbilical (C/U) ratio, expressed as
the cerebral resistance index/the umbilical remains
resistanceindex, remains higher than 1. Thisratio becomes
less than 1 in case of blood flow redistribution in favor of
the fetal brain.® Previous experimental studies on animal
models have shown that the C/U ratio decreases in
proportion to fetal pO,.1>1°

Although, the brain-sparing effect attemptsto compensate
for the reduced oxygen delivery to the fetal brain, it has
recently become clear that this phenomenon cannot aways
prevent the devel opment of brainlesions.*>*’ Our studieshave
demonstrated the existence of severa phases in the hemo-
dynamic response of the fetal brain to chronic hypoxia.
During the early phase of Doppler surveillance, cerebro-
vascular variability was still observed; this was followed
by a loss of cerebrovascular variability and finally an
increase in cerebrovascular resistance with a reduction in
brain perfusion. Maximal redistribution of blood flow in
favor of the fetal brain was reached 5 to 8 days prior to the
onset of fetal heart rate abnormalities.!618

FUNCTIONS OF THE PLACENTA

The placenta has multiple roles in fetal metabolism and
growth. The major function of the placenta is to provide
diffusion of nutrients and oxygen from the mother’s blood
into the fetus's blood and diffusion of excretory products
from the fetus back into the mother.X® The placenta also
produces hormonesthat affect fetal growth. The placentais
usually fully formed and functional as a nutritive,
respiratory, excretory and endocrine organ by the end of
the third month of pregnancy. However, well before this
time, oxygen and nutrients are diffusing from maternal to
embryonic blood, and embryonic metabolic wastes are
passing in the opposite direction.?’ Most of the early
nutrition is due to trophoblastic digestion and absorption
of nutrients from the endometrial deciduas. Thisisthe only
source of nutrients for the embryo during the first week
after implantation. The embryo continues to obtain at |east
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Figs 10A and B: 3D power Doppler angiography of the placental
vascular tree at the (A) 16th week of pregnancy and at the (B) 36th
week of pregnancy

some of its nutrition in this way for another 8 weeks,
athough the placenta a so begins to provide nutrition after
about the 16th day after fertilization (a little more than
1 week after implantation).*® Molecules of low molecular
weight, such asblood gases, sodium, water, urea, fatty acids,
nonconjugated steroids, pass through placental membrane
by simple diffusional exchange between the circulations.
Hexose sugars, conjugated steroids, amino acids,
nucleotides, water-soluble vitamins, plasma proteins,
cholesterol will not gain accessto thefetal circulation unless
either special transport mechanisms exist or the integrity of
the barrier is breached.?! In the early months of pregnancy,
the placental membrane is still thick because the placenta
is not fully developed. Therefore, its permeability is low.
Further, the surface area is small because significant
placental growth has not occurred yet. In later pregnancy,
the permeability increases due to the thinning of the
membrane diffusion layers and the multiple expansion of
the surface area, giving way to a tremendous increase in
placental diffusion (Figs 10A and B).'° In addition to the
placental thickness, the factorsthat will influence exchange
between the mother and the fetus include the maternal and
the fetal blood flow; the fetal and the maternal concen-
trations of the substances to be transported; and the types
of transport mechanisms available. The exchange of more
freely diffusible molecules such as O, isto alarger extent
dependent on the blood flow than placental thickness.?!

Fetal Growth and Metabolism

As soon as within the 1st month following the fertilization
of the ovum, all the organs of the fetus have already begun
to develop and in the next 2 to 3 months, the fine anatomic
structures of the organswill beformed. After the 4th month,
the organs of the fetus, including the mgjority of their
substructures, are for the most part the same as those of the
neonate. However, the development of the cells in the

structures is still far from complete and will require the
remaining 5 months of pregnancy to complete development.®

Normal fetal growth requires macronutrients—
carbohydrates, lipids, proteins and micronutrients—
vitaminsand minerals. Also, other factorsinfluence growth,
like growth factors and hormones. The main ingredient of
the fetal diet is carbohydrate. The fetus has a low capacity
for gluconeogenesis, largely because the necessary enzymes,
although present, areinactivedueto alow fetal arterial pO,.
Thefetus must therefore obtain its glucose from the maternal
blood.?! The growing fetus requires approximately 87 kcal/
kg/per day.??> About half of the calories needed for fetal
growth and metabolism come from the mother’s glucose,
and the other half from her amino acids and placental
lactate.* The fetus has a high ability of storing proteins
and fats.*® Protein accumulation occurs early in fetal
development, to reach its maximum by week 35. Protein
deposition precedesfat deposition.? Fetal fat content islow
at 26 weeks. Fat acquisition starts sometime between the
26 and 32 weeks and continuesintensively thereafter, being
aresult of glucose utilization rather than placental fatty acid
uptake.?2 By term, about threetimes as much energy isstored
as fats than as proteins. In addition, glucose is also stored
as glycogen in the fetal liver. Glycogen is an important
nutrient in the period immediately after birth, before
nutrients from breast milk are used.?

Fetal metabolism shows some particularity in relation
to calcium, phosphate, iron, and some vitamins. About
22.5gm of calcium and 13.5 gm of phosphorus are
accumulated in an average fetus during gestation. About
one-half of these accumulate during the last 4 weeks of
gestation, which is coincident with the period of rapid
ossification of the fetal bones and with the period of rapid
weight gain of the fetus. Iron accumulatesin the fetus even
more rapidly than calcium and phosphate. Most of the iron
isin the form of hemoglobin, which beginsto be formed as
early as in the third week after fertilization of the ovum.
Small amounts of iron are concentrated in the mother’s
uterine progestational endometrium even before
implantation of theovum. Thisironisused to formtheearly
red blood cells. About one-third of theironin afully develo-
ped fetus is normally stored in the liver. Interestingly, the
fetus needs an equal intake of vitamins as the adult. The
B vitamins, especially vitamin B, and folic acid, are
necessary for formation of red blood cells and the nervous
tissue, aswell asfor the overall growth of thefetus. Vitamin
C is necessary for appropriate formation of intercellular
substances, especially the bone matrix and fibers of
connective tissue. Vitamin D is needed for normal bone
growth in the fetus. The mother needs it for adequate
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absorption of calcium from her gastrointestinal tract. If the
mother has plenty of this vitamin in her body fluids, large
quantities of the vitamin will be stored by the fetal liver to
be used by the neonate for several months after birth.
Vitamin E, athough the mechanisms of its functions are
not clear, is necessary for normal development of the early
embryo. In its absence in laboratory animals, spontaneous
abortion usually occurs at an early stage of pregnancy.
Vitamin K is used by the fetal liver for formation of blood
coagulation factors. Prenatal storage in the fetal liver of
vitamin K derived from the mother is helpful in preventing
fetal hemorrhage, particularly hemorrhagein the brain when
the head is traumatized by squeezing through the birth
canal .*®

The fetus actively participates in endocrine regulation
of its metabolism and growth by synthesis and secretion of
hormones. For instance, therate at which glucoseisutilized
by growing fetal tissuesis probably determined largely by
the actions of fetal insulin. The storage of glucose asfat is
also regulated primarily by fetal insulin. Fetal
adrenocorticotropic hormone (ACTH) and glucocorticoids
stimulate the storage of glucose as glycogen.? Hormonal
regulation of fetal growth differsfrom hormonal regulation
of growth during postnatal life. Furthermore, fetal growth
hormone (GH) has asmall role in stimulating fetal growth.
Although pituitary beginsto produce and secrete GH during
the 5th week of gestation, fetal GH does not significantly
affect fetal growth, possibly due to the lack of functional
GH receptors on fetal tissues.?® Data have shown that
pituitary aplasiaand congenital hypopituitarism do not cause
severe [UGR.?4?° On the contrary, fetal insulin significantly
stimulates fetal growth. It is a known fact that pancreatic
agenesisis associated with severe growth restriction®® and
that fetal hyperinsulinemialeads to fetal mass overgrowth.
It is believed that insulin-like growth factors (IGFs or
somatomedins) produced by alargerange of fetal cell types
and particularly by thefetal liver, provide amajor endocrine
stimulus to fetal growth.?* They have the potent effect of
increasing all aspects of bone growth in postnatal life.*®
|GFsare present in human fetal tissue extractsafter 12 weeks
gestation.?? |GF-1 hasthe most important rolein stimulation
of fetal growth.?! Its levels in fetal and cord circulation
directly correlate with the fetal length and mass.?” Reduced
plasma concentration of IGF-1 has been reported in
intrauterine growth restriction (IUGR).?® Furthermore,
maternal starvation leadsto arapid decreasein fetal plasma
IGF-1 concentration, which isgenerally associated with the
cessation of intrauterine growth.?® It is considered that
glucose is the major regulator of fetal IGF-1 secretion.®
Maternal IGF-1, IGF-2 and insulin do not crossthe placenta,

and do not have a direct effect on fetal growth, but may
have an effect on placental function, thus altering the
nutrient exchange between the placenta and the fetus.! It
has been found that maternal plasma IGF-1 concentration
correlates with fetal growth.*? Production of fetal IGFs s
stimulated by prolactin, insulin and human chorionic
somatomammotropin (HCS).* In the fetus, HCS acts via
lactogenic receptors to stimulate growth, regulate
intermediary metabolism and stimulate the production of
| GFs, insulin, adrenocorticotropic hormones and pulmonary
surfactant.?® Fetal thyroid hormones also stimulate growth,
especially in the later stage of pregnancy, but their most
significant role is the one they have in the central nervous
system development.?*

Additional factorsthat affect birth weight include parity
(primiparous mothers have smaller babies than multiparous
mothers), maternal size, multiple pregnancy.?* Maternal
nutrition is also of great significance for fetal growth and
the adverse effects of severe malnutrition on fetal well-being
and neonatal survival have been long known. Recent data
have confirmed a great impact of maternal diet during
pregnancy on fetal growth and development, as well as on
postnatal development and health.3*43 It is during
intrauterine life that the diet has significant effect on the
brain development. It has been known for some time that
folic acid plays a protective role in neurodevel opmental
processes. Periconceptional use of folic acid hasbeen proven
to significantly reducetherisk of neural tube birth defects. >
Such, birth defects can cause death or permanent physical
disability. Periconceptional use of folic acid decreases the
occurrence of anencephaly and spina bifida by at least
50%.%° Hence, some countries (USA, Canada) have decided
to fortify food with folic acid. A recent study on the
prevalence of congenital abnormalitiesfollowing folic acid
fortification of grain in the United States found a modest,
yet statistically significant decrease in prevalence of
transposition of the great arteries, cleft palate, pyloric
stenosis and omphalocele.® Yet, other studies provide no
evidence of folate being animportant factor in the prevention
of birth defects other than neural tube defects.®* Further-
more, a significant protective effect was seen with large
doses of folic acid (approximately 6 mg/d) and iron (150-
300 mg/d of ferrous sulfate) during the first gestational
month against Down’s syndrome.3’

Numerous findings have shown a favorable impact of
essential fatty acids on prenatal development, 38404243
Omega-3 and omega-6 fatty acids are necessary for human
growth and development. Since, their endogenous synthesis
isimpossible, they need to be taken into the body through
diet. The arachidonic (AA) and docosahexanoic acids
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(DHA) are the key components of all membranes and are
incorporated into the structural lipids of the developing
brain. Fetal demand for essential fatty acids is at its peak
during the third trimester of pregnancy.?* A recent study
has demonstrated that DHA supplemented during pregnancy
plays a role in the maturation of the visual system and
benefits infant visual acuity at 4 but not 6 months of age.®
Also, results of a recent study indicate that DHA
consumption in pregnancy significantly affects problem
solving abilities at the age of 9 months, but does not affect
memory processes.>® Additionally, children’s mental
processing scores at 4 years of age correlated significantly
with maternal intake of DHA during pregnancy.*® Seafood
(especidly sardine and tuna) is a rich source of omega-3
fatty acids. Essential fatty acidscan bealsofoundinlinseed
oil, walnut oil and soy. In the USA, women are advised to
limit their seafood intake during pregnancy to 340 gm per
week. According to arecent study published in an esteemed
journal, maternal seafood consumption should be morethan
340 gm per week. A lower seafood intake during pregnancy
was in the study associated with an increased risk of
suboptimum devel opmental outcome.*! Further, thefindings
suggest a protective effect of fish intake during pregnancy
against the risk of atopy and asthma.*? Consumption of
apples during pregnancy may also have a protective effect
against the development of childhood asthma and allergic
diseases.®®

Healthy and varied diet during pregnancy is required
for normal fetal growth and development. Most pregnant
women need 2200 to 2900 kcal a day.* If appropriate
nutritional elements are not present in a pregnant woman's
diet, anumber of maternal deficienciescan occur, especially
in calcium, phosphates, iron and vitamins.*®

Fetal Cardiovascular System

The cardiovascular system isthe first embryonic system to
start functioning. The need for substrates which facilitate
fast growth and devel opment of the embryo requiresan early
development of the mechanism that supplies the cells with
nutrients and removes the metabolic products from them.
Cardiovascular development begins when the process of
diffusion becomes inadequate to supply the fetus with
nutrients and oxygen. Blood circulation can be observed in
the *body’ of the embryo as early as at the end of the third
week of the intrauterine life.*

Between the 27 and 35th day of intrauterinelife, during
which the embryo grows from 5 mm in length to about 16
to 17 mm, cardiac septum and endocardia cushions begin
to form. The endocardia cushions will give rise to mitral
and tricuspid valves. By the end of 7th week, they are short

Fig. 12: Fetal cardiac activity with a heart rate of 150 bpm

and thick, but over the next few weeks they are becoming
longer and thinner, and achieve their final shape.
Impairments in cardiac septum development lead to the
existence of pathological communication between the heart
chambers (Fig. 11), which can be more or less life-
threatening condition for newborn child. Some of these
anomalies, such as ventricular septal defect, are among
common congenital anomalies and can occur independently
or as a part of different syndromes.*®4’ Fetal echocardio-
graphy is apowerful tool and many cardiac malformations
can be successfully diagnosed before birth.

The human heart starts beating between the 21 and 23rd
day after fertilization, at a heart rate of 65 beats/min.*® In
that period, the heart is a tube-like structure with a single
lumen. Between the 5 and 9th week of gestation the heart
rate accelerates from 80 beats/min to 165 beats/min. 4 It
has been shown that a continuous decrease in the heart rate
during this period is associated with miscarriages occurring
in the first trimester.%° By the 10th week after fertilization,
the heart rate has reached its highest value (approximately
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170/min), it starts decreasing (Fig. 12). Before birth, the
human heart contracts at a rate of about 140 beats/min.

The fetal circulatory system operates much differently
than the circulatory system of the newborn baby, which is
not surprising considering the specific features of fetal
environment. After the birth, the individual components of
the circulatory system are in serial connection. However,
thefetal circulatory system isorganized in paralld circle.>
Further, fetal values of cardiac output and blood pressure
are significantly different from valuesin adults.

During intrauterine life, blood returning from the
placenta through the umbilical vein passes through the
ductus venosus, mainly bypassing the liver. Then most of
the blood entering the right atrium from the inferior vena
cavais directed in a straight pathway across the posterior
aspect of the right atrium and through the foramen ovale
directly into theleft atrium. Thus, the well-oxygenated blood
from the placenta enters mainly the left side of the heart,
rather than the right side and is pumped by the left ventricle
mainly into the arteries of the head and forelimbs. The blood
entering the right atrium from the superior vena cava is
directed downward through the tricuspid valveinto theright
ventricle. This blood is mainly deoxygenated blood from
the head region of the fetus and it is pumped by the right
ventricle into the pulmonary artery. Since, the pressure in
the pulmonary artery is about 0.7 kPa higher than the
pressure in the aorta, ailmost all the blood from the
pulmonary artery goes through the arterial duct (ductus
Botallijev) into the descending aorta, then through the two
umbilical arteriesinto the placenta, where the deoxygenated
blood becomes oxygenated. Only a small portion of blood
from the descending aorta portion goesto theviscera organs
and lower extremities.®

Blood carrying the highest oxygen saturation goes to
the fetal heart, the brain, the upper extremities while the
other parts of fetal body receive blood with lower oxygen
saturation. Also, fetal blood pO, is much lower than
maternal blood pO,. At term pO, of fetal blood after the
oxygenation in the placenta amounts 30 mm Hg.? Such,
low pO, levels can be observed in adults at altitudes between
6000 and 8000 meters, at which human life is barely
possible. Therefore, fetal environment has long been
considered the Mount Everest in utero.%? Despite the low
pO, in the fetal blood, the fetus does not live in hypoxic
environment. Due to adaptive mechanisms, the amount of
oxygen delivered to the fetal tissue is similar to the amount
of oxygen delivered to maternal tissue by maternal blood.*®
In addition, the hemoglobin concentration of fetal blood is
about 50% greater than that of the mother. Furthermore,
fetal hemoglobin can carry more oxygen at a low than it

can at a high pCO,. The fetal blood entering the placenta
carries large amounts of carbon dioxide, but much of this
carbon dioxide diffuses from the fetal blood into the
maternal blood. Loss of the carbon dioxide makes the fetal
blood more alkaline, whereas the increased carbon dioxide
in the maternal blood makes it more acidic. These changes
cause the capacity of fetal blood to combine with oxygen
to increase and that of maternal blood to decrease. This
forces more oxygen from the maternal blood, while
enhancing oxygen uptake by thefetal blood. Thus, the Bohr
shift operates in one direction in the maternal blood and in
theother directioninthefetal blood. Thesetwo effectsmake
the Bohr shift twice as important here as it is for oxygen
exchangeinthelungs, therefore, it iscalled the double Bohr
effect. These mechanisms, aswell asalarge cardiac output,
ensure adequate supply of oxygen of fetal tissues, despite
its low partial pressure.®

Maintenance of normal cardiovascular function, blood
pressure, heart rate and the flow distribution through the
placentaand fetal tissue areinfluenced by thelocal vascular
and reflex mechanisms. Further, the autonomic nervous
system and hormones also have an effect on the fetal heart
and circulation. The potential regulators can be identified
by measuring their concentration and dynamics of secretion
in statesin which aredistribution of the blood flow occurs,
such asfetal hypoxia. Thefirst line of supervision over the
circulation of the fetus are the carotid chemoreceptors, but
not the aortic chemoreceptors. They mediate the fetal
cardiovascular response (redistribution of circulation in
favor of vital organslikethe heart, brain and adrenal glands
to acute hypoxemia).>® Slower regulators, the second line
of control, are hormones antidiuretic hormone (ADH),
angiotensin |1, catecholamines and cortisol.>**® ADH and
angiotensin Il are released independently of the carotid
chemoreceptors, whereas the secretion of cortisol and
catecholaminesis partially under the control of these neural
mechanisms. After carotid sinus denervation or splanhic
blockade, rapid secretion of cortisol in response to hypoxia
or asudden drop in blood pressure, is decreased. While the
secretion of ACTH does not change and occurs about
15 minutes after stimulation.>”* Thus, the rapid rise in
cortisol secretion is the result of neural mechanisms and
not asaresult of ACTH stimulation. However, the role and
purpose of such regulation is unclear. Medullary,
hypothalamic and cerebral cortical activity also affect fetal
cardiovascular function.®® Furthermore, in control of fetal
circulation autocrine and paracrine mechanisms play
important role. Some of the possible regulators of the
peripheral resistance, at least in the sheep fetuses, are
endothelin-1 and nitrogen-(11)-oxide (NO).%%51 They allow

16

- JAYPEE
)



DSJUOG

Fetal and Maternal Physiology and Ultrasound Diagnosis

an increase of cerebral flow in fetal hypoxia. Severa other
factors, such as sleeping of thefetus or uterine contractions,
can also have atemporary influence on the cardiovascular
system.®?

One of the most important events after the delivery is
the adjustment of the circulation of new conditions. The
transitional period of circulation, which lasts 4 to 12 hours
after birth, is characterized by alarge increase of the blood
flow through the lungs and by the establishment of the
pulmonary circulation. The primary changeinthecirculation
at birth is loss of the tremendous blood flow through the
placenta, which approximately doubles the systemic
vascular resistanceat birth. Thisincreasesthe aortic pressure
aswell asthe pressuresin the left ventricle and left atrium.
Furthermore, in the unexpanded fetal lungs, the blood
vessels are compressed because of the small volume of the
lungs. After birth, the pulmonary vascular resistance greatly
decreases as a result of expansion of the lungs. Also, in
feta life, the hypoxiaof the lungs causes considerabletonic
vasoconstriction of the lung blood vessel s but when aeration
of thelungseliminatesthe hypoxia, the capillary endothelial
cells produce vasoactive substances such as NO and
prostaglandin 12, which have a strong vasodilatory effect
and vasodilation takes place.'® All these changes together
reduce the resistance to blood flow through the lungs as
much as fivefold, which reduces the pulmonary arterial
pressure, right ventricular pressure and right atrial pressure.
Changes in pulmonary and systemic resistances at birth
cause blood now to attempt to flow from the left atrium
into the right atrium, through the foramen ovale.
Consequently, the small valve that lies over the foramen
ovale on the left side of the atrial septum closes over this
opening, thereby preventing further flow through the
foramen ovale. Arterial ductus begins to close around
4 hours after birth and is usually completely closed after
24 hours. Itsclosing marksthe end of the transitional period
of the newborn circulation. After birth, blood beginsto flow
backward from the aortainto the pulmonary artery through
the ductus arteriosus, rather than in the other direction asin
fetal life. However, after only afew hours, the muscle wall
of the ductus arteriosus constricts markedly. Thisis called
functional closure of the ductus arteriosus. Then, during
the next 1 to 4 months, the ductus arteriosus ordinarily
becomes anatomically occluded by growth of fibroustissue
into itslumen. The cause of ductus arteriosus closurerelates
to the increased oxygenation of the blood flowing through
the ductus. In fetdl life, the pO, of the ductus blood is only
15t020 mmHg, but it increasesto about 100 mm Hg within
afew hoursafter birth. Furthermore, many experiments have
shown that the degree of contraction of the smooth muscle

in the ductus wall is highly related to this availability of
oxygen.*® The reason for the closure of the venous duct is
still unknown. Immediately after birth, blood flow through
the umbilical vein ceases, but most of the portal blood still
flowsthrough the ductus venosus, with only asmall amount
passing through the channels of the liver. However, within
1 and 3 hoursthemusclewall of the ductus venosus contracts
strongly and closes this avenue of flow. As a conseguence,
the portal venous pressure rises from near 0 to 6 to
10 mm Hg, which is enough to force portal venous blood
flow through theliver sinuses. Although the ductus venosus
rarely fails to close, we know almost nothing about what
causes the closure. Knowing the characteristics of this
transitional phase of circulation is very important because
the postnatal increase of the resistance in the pulmonary
capillaries, for example caused by hypoxia or respiratory
distress syndrome, if exceeds the value of systemic
resistance, can restore conditions asthey existed in thefetal
life, greater resistance in the pulmonary circulation than in
systemic and pulmonary-aortic or right-left flow of blood
through the arterial duct.®

Fetal Gastrointestinal System, Development of
Appetite and Satiety Mechanisms

The primitive gut forms during the fourth week of the
embryonic development. The primitive gut is divided into
three parts. Theforegut, midgut and hindgut. The derivatives
of the foregut are the pharynx and its derivatives, the lower
respiratory tract, the esophagus, the stomach, the duodenum,
proximal to the common bile duct, and the liver, biliary
tract, gallbladder, and pancreas. The derivatives of the
midgut are the small intestines (except for the duodenum
from the stomach (Fig. 13) to the entry of the common bile

Fig. 13: Transverse scan of the fetal abdomen showing the
stomach, liver and intrahepatic part of the umbilical vein
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Fig. 14: A sequence of images of the fetus recorded by 4D
sonography showing swallowing movements

duct), cecum and appendix, ascending colon, and proximal
one-half to two-thirds of the transverse colon. The
derivatives of the hindgut are the distal one-third to one-
half of the transverse colon, descending colon, sigmoid
colon, rectum and upper portion of the anal canal, and part
of the urogenital system.%® Activity of the gastrointestinal
system begins during an early stage of pregnancy. By
10 weeks, peristalsis begins in the large intestine® and by
11 weeks in the small intestine.%® Also, fetal swallowing
activity was observed from the 11th week of gestation.®®
Swallowing amniatic fluid reflectsfetal CNS maturation
and has numerous, although not entirely understood roles
(Fig. 14). Fetal swallowing activity contributes to somatic
growth, development and maturation of the fetal
gastrointestinal tract. It has been estimated that swallowing
of amniatic fluid proteins provides 10 to 15% of nitrogen
requirementsinthe normal fetus. Upper gastrointestinal tract
obstructions in human fetuses are associated with
significantly greater occurrence of fetal growth restriction
as compared with lower gastrointestinal obstructions.
Studies have demonstrated that impairment of fetal
swallowing in rabbits near term induces weight decrease.
Esophageal ligation of ovine fetuses during midgestation
induces a 30% decrease of small intestine villus height and
areduction in the liver, pancreas and intestinal weight.®’
Fetal swallowing is an important, yet not the only
mechanism of amniotic fluid volume regulation. Altered
fetal swallowing has been associated with both a decrease
and an increase in the amniotic fluid volume.%® These
conditions are associated with a higher risk of perinatal
morbidity and mortality. Furthermore, in some fetuses with
esophaged atresia, thevolumeof amniotic fluidisincreased.
It isimportant to note that thisis the case in some, but not
al fetuses with esophageal atresia. Namely, this anomaly
is often accompanied by tracheoesophageal fistula, a
shortcut to the gastrointestinal tract. Therefore, intake of

liquid during the respiratory movements might explain the
nonappearance of polyhydramniosin some of these cases.®’
Polyhydramni os sometimes, although not always, develops
in anencephalic fetuses. Some of thesefetuses have anintact
swallowing reflex. Cases of anormal amniotic fluid volume
and reduced fetal swallowing have also been described.
Assessment of fetal swallowing using gray-scale and color
Doppler sonography has demonstrated that there is a fetal
trend toward the devel opment of more coordinated swallow-
related movements and more functional nose-mouth flow
with the advancement of gestational age. Theseinvestigators
have postulated that knowledge of the physiologic
mechanism involving swallowing development could
contribute to identification of altered swallow-related
movements in fetuses with malformations of the
gastrointestinal tract or with neurological disorders.®® Our
recent investigation, performed by 4D ultrasound, has shown
that swallowing pattern displays a peak frequency at the
end of the second trimester. At the beginning of the third
trimester, a decreasing incidence of this pattern was
recorded.”® Some studies have shown that fetal swallowing
activity may be modulated in accordance with neuro-
behavioral state alterations (stimulation of swallowing with
shifts from quiet to active sleep). Furthermore, fetal
swallowing is influenced by the volume of amniotic fluid,
hypoxia, hypotension and plasma osmolality changes.®’
Experiments in fetal lambs have indicated that dipsogenic
mechanisms begin to regulate swallowing during intra-
uterine life. Swallowing and arginine-vasopressin (AVP)
secretion increase, following the central adminis-tration of
hypertonic saline solution and angio-tensin 11.7-7However,
the fetus seems to have an extensively reduced sensitivity
to osmotic stimuli when compared to the adult,”> " despite
the intact dipsogenic nuclei. The fetus swallows about six
times more liquid in comparison to the adult. Mechanisms
underlying the high rate of human fetal swallowing are
regulated, in part, by tonic activity of central angiotensin
I1, glutamate N-methyl-D-aspartate receptors and neuronal
production of the nitric oxide.®® A reduced NMDA receptor
expression within the forebrain dipsogenic neurons
contributes to observed differences in drinking activities
between the fetus/neonate and the adult.”® Reduced
swallowing activity during the systemic hypotension,
despite elevated renin levels in plasma, provides further
evidence that the fetal dipsogenic response is markedly
different from that of the adult.”” It is possible that
dipsogenic responses develop in utero in the human fetus
to provide thirst stimulation for appropriate water intake
during theimmediate neonatal period.” According to some
studies, altered intrauterine osmotic environment may
modulate not only fetal swallowing activity, but also the
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development of adult sensitivities for thirst, AV P secretion
and AVP responsiveness.’”®® 78 An animal study
demonstrated that extracellular dehydration during
pregnancy (commonly observed during pregnancy after
vomiting or diarrhea) can enhance the natriophilic
propensity in offspring and suggested that vomiting during
pregnancy may contribute to the epidemiological factors of
hypertension.”® Furthermore, mothers consuming excessive
amounts of salt and water during pregnancy increase salt
preference in adult offspring.”® Similar to dipsogenic
mechanisms, peripheral and central fetal orexic mechanism
also develop during intrauterine life. Prenatal ingestive
behavior ismanifested as swallowing and intake of amniotic
fluid. By swallowing amniotic fluid, the fetus explores a
wide variety of tastes even before birth. By the 7th week of
gestation, taste buds develop in human embryos® Fetal
taste bud cells are spread over a wider surface than in the
neonate or the adult.®! It has been shown that sweet taste,
such as that of a low-concentration sucrose solution,
stimul ates swallowing in the human fetus, whereas theinci-
dence of swallowing movements decreases following the
injection of Lipiodol—a bitter extract of poppy seeds used
as a contrast—into the amniotic fluid.8! Sweet taste is
aready in utero the favorite taste. It has been found that
although oral sucrose significantly stimulates near term
ovine fetal ingestive behavior, sweet taste adaptation or
habituation does not occur, in contrast to that observed in
adult animals and humans. Absence of taste adaptation in
the fetus/newborn may facilitate increased neonatal food
intake and accelerated growth.8 Increased or decreased
glucose level in the serum does not affect the swallowing
activity.®* Themain feeding regul atory factors, neuropeptide
Y (NPY) and leptin, are secreted in the human fetuses as
early asat 16 to 18 weeks respectively. 28 NPY isthe most
potent known inducer of food intake and leptin is a satiety
factor. In some animal experiments, increased fetal
swallowing has been demonstrated upon central NPY
administration.®® The role of leptin in regulating ingestive
behavior is interesting because, as opposed to its function
inadults, leptin does not suppressfetal ingestive behavior.®
Fetal swallowing was significantly increased following the
injection of leptin.8” Therefore, some investigators have
postulated that the absence of leptin-inhibitory response
potentiates feeding and facilitates weight gain in newborns,
despite high body fat levels.28 Some findings suggest a
possible role of leptin in the development of the fetal
gastrointestinal tract.® Apart from determined high leptin
concentration in amniotic fluid and in the gastrointestinal
mucosaat thetimewhen thefetus starts swallowing an early
presence of Ob-Rb (functional receptor of leptin) has been

found in mucosa. This suggests a possible role for leptin,
exerted endoluminally and in a paracrine pathway, in the
developmental process (growth and/or maturation) of the
human digestive tract.®° According to some other studies,
the potential in utero imprinting of appetite and satiety
mechanisms may affect infant, childhood and ultimately
adult appetite ‘set-points’. An adverse intrauterine
environment, with altered fetal orexic factors, could change
the normal set-points of appetitive behavior and potentially
lead to programming of adulthood hyperphagia and
obesity.%8®8 |n arecent paper, prenatal exposure to over or
undernutrition, rapid growth in early infancy, an early
adiposity rebound in childhood and early pubertal develop-
ment have all been implicated in the development of
obesity.® Further investigations are needed to delineate
precisely the relationship between the intrauterine
environment and the devel opment of the set-points of adult
appetite and thirst.

It is important to note that the function of the fetal
digestive system also begins at an early stage of pregnancy.
Water, electrolytes and other small molecules, such as
glucose are absorbed through the small bowel.?! By
13 weeks, the intestine starts to absorb glucose and water
swallowed by the fetus.®® Salivary amylase activity was
found in the amniotic fluid in the late first-trimester
pregnancies. Enzyme activity breaking down peptone is
present in the small intestine of 7 to 10 week old fetuses
and rises dlightly after the 14th week of gestation. Lipase
was found in the stomachs of fetuses in the 4th month of
gestation, its activity increased with subsequent develop-
ment. In addition, the pH of the gastric fluid in newbornsis
usually neutral or slightly acidic and the acidity increases
shortly after birth, within several hours. The first traces of
gastric acidity appear in 4 months old fetuses.%* Generally,
during the last 2 to 3 months, fetal gastrointestinal function
approachesthat of the normal neonate. However, if theinfant
is more than 2 months premature, the digestive and
absorptive systems are almost always inadequate. The
absorption of fat is so poor that the premature infant must
have low-fat diet.'® Insufficient fat absorption can cause
problem to newborns that were fed milk that contains more
fat than breast milk, such as undiluted cow milk.8!

Fetal Respiratory System

Fetal lungs begin to develop in the 4th week after fertili-
zation. At thistime, the respiratory diverticulum (lung bud)
appears ventrally to the caudal portion of the foregut.
Angiogenesis in the lungs begins at the 5th week after
fertilization. From the 16 to 26th week of pregnancy,
formation of early respiratory units occurs and pneumocytes
types |1 appear. From 26th week until birth, thinning of the

Donald School Journal of Ultrasound in Obstetrics and Gynecology, January-March 2013;7(1):9-35

19



Aida Salihagic Kadic et al

35fps 6.5 é:m

Fig. 15: Image of the fetus recorded by 2D sonography showing
fetal lung and liver

respiratory membrane takes place, primitive alveoli dilate
and establish close relationship with the capillaries. From
36th week onward, secondary alveolar septa, with rich
capillary network, develop. Hence, respiratory surface
enlarges. Further thinning of the respiratory membrane
happens.*® M ature neonate has 50% | ower number of alveoli
than an adult. Final number of aveoli is reached at 2nd
year of postnatal life.%? Normal fetal lung development
requires the presence of lung liquid as well as fetal
movements, like breathing. In the regulation of the lung
liquid volume fetal breathing-like movements have a very
important role. Other functions of breathing-like movements
(Fig. 15) during intrauterine life are the development of
respiratory muscles, widening of the alveolar spaces,
maintenance of the lung liquid volume and lung
organogenesis.®% Animal investigation has shown that
absence of respiratory movements (due to destruction of
the brainstem nuclei above the phrenic nucleus) leads to
hypoplasiaof thelungs.* Breathing-like movements appear
at the 10th week.®” Early in gestation, fetal breathing activity
is variable and isolated event but the frequency and
complexity of the breathing patterns change over the
following weeks and months. Changes in breathing-like
patterns are consequences of the maturation of thefetal lungs
as well as the respiratory and sleep centers in the CNS.
During the 38 to 39th week of gestation, the frequency of
movements decrease to 41 respirations per minute and the
movements become as regular asin the postnatal period.®
A number of internal and external factors can influencefetal
breathing-like movements during the second half of
pregnancy. At 24 to 28 weeks, the fetal respiratory rate can
rise as high as 44 inhale/exhale cycles per minute.®® This
rate changes according to maternal carbon dioxide (CO,)

levels, strongly suggesting that respiratory center in the
brainstem of the fetus already detects and responds to
changesin CO, levelsinthe blood. Thisrespiratory response
to CO, is similar to that seen in newborns and adults.*®
Furthermore, an increased number of fetal respiratory
movements following the elevation of the glucose
concentration in the maternal blood have been observed at
the 34th week of gestation.®1%2 Recent investigation has
shown that intermittent maternal fasting is connected with
a considerable alteration in the frequency and pattern of
fetal breathing-like movements from the 30th week of
gestation onward.'® Following premature rupture of
membranes,'®1% during the 3 days prior to the initiation
of labor, a decrease in fetal breathing-like has been
recorded.'%%1%7 However, similar maturation patterns in
breathing and spontaneous fetal body movements were
demonstrated among low-and high-risk fetuses threatening
to deliver prematurely, which suggests normal functional
development in the high-risk fetal group.'% Some studies
have shown that maternal consumption of alcohol,
methadone, as well as cigarette smoking decrease the
incidence of breathing-like movements.1%%-11 On the
contrary, aminophylline, conjugated estrogens and beta-
methasone are responsible for an increase in its
frequency. 112113

One of the most important events in the lung
development is production and secretion of surfactant. At
the end of 6th month, alveolar cells pneumocytes type Il
appear and begin to secrete surfactant. These cells differ
from pneumocytes type | by the presence of numerous
surfactant containing granules, lamellar bodies. By
adsorbing to the air-water interface of alveoli during the
first breath, with the hydrophilic head-groups in the water
and the hydrophobic tails facing toward the air, the main
lipid component of surfactant, dipalmitoyl-phosphatidyl-
choline, reduces surface tension. In this way, surfactant
prevents the closure of the alveoli, with each expiration.*®
The composition of surfactant changes during fetal life.
Mature surfactant, rich with dipal mitoyl-phosphatidyl-
choline, is detectable after 35 weeks of gestation and
indicates the functional maturity of fetal lungs. It is
important to emphasize that the secretion of pulmonary
surfactant in the lung liquid occurs only in the last weeks of
fetal life.'* Besides phospholipids, surfactant contains
proteins. Four types of surfactant-associated proteins have
been described, SP-A, SP-B, SP-C and SP-D. They differ
in structure, as well asin the function. SP-A and SP-D are
hydrophilic molecules, they stimulate the secretion and
removal of phospholipids and participate in maintaining of
the homeostasis of surfactant. SP-B and SP-C are
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hydrophobic molecules as they enable the spreading of the
phospholipid bilayer along the alveoli and improve the
stability of surfactant. However, most important role of al
proteins is the defense as they are participating in innate
immune defense of thelung. In addition, they bind and react
with many microorganisms, allergens and mitogens, and
their receptors have been detected in alveolar macro-
phages.!'® Various hormones and inflammatory mediators
affect the synthesis and secretion of surfactant. There are
convincing data to support the use of antenatal
corticosteroids in improving the respiratory outcome of
newborn infants, especially those at greatest risk of
developing respiratory failure. The current data suggest that
this improvement may be due to enhanced expression of
proteins and phospholipids of the surfactant system and
enzymes of the antioxidant systems. Nevertheless, caution
is needed, as the scanty data that are available in animal
models suggest that lung growth, especially the devel opment
of capillary network and secondary alveolar septa, as well
as somatic growth may be adversely affected.*'® The
existence of receptorsfor triiodothyronine, thyroid hormone
in the fetal lung, as well as certain studies conducted in
animal models, suggest that this hormone aso participates
in the development of the fetal lung. Data have shown that
thyroid hormones promote morphogenesis of lung histotypic
structures but have a negative effect on surfactant
synthesis. 18 However, it seemsthat therole of prolactin,
which increases in the serum of fetusesjust before birth, is
important for lung maturation.**° It is known that children
of motherswho are heroin abusers have lower incidence of
neonatal respiratory distress syndromeand heroin stimulates
prolactin secretion.'®® Studies conducted on experimental
animals have shown that estrogen also stimulates the
synthesis of surfactant in the fetal lungs too.*??? Insulin
and androgens play a role in inhibition of surfactant
secretion. Higher incidence of neonatal respiratory distress
in children of diabetic mother and in normal male neonates
has been confirmed. Insulin and androgensinhibit synthesis
of the surfactant. Chronic hyperglycemia with hyper-
insulinemia have been connected with the delayed appea-
rance of surfactant in thefetal lung tissue.>> The hypothesis
that insulin achieves its inhibitory effect primarily by
disruption of protein synthesis of surfactant was confirmed
by studieson cell cultures of human pneumocytestype .12
However, it isinteresting, that insulin, administered together
with cortisol stimulatesthe synthesisof surfactant morethan
cortisol alone.'?* Respiratory distress syndrome of newborn
is more common in male than in female children, possibly
due to later start of surfactant production in male fetuses.
This difference could be influenced by androgen effects,

but definitely genetic factors have a certain rolein it 12512

Further, powerful modulators of lung maturation are
inflammatory mediators, particularly interleukin 1, tumor
necrosis factor-o. and bacterial endotoxin. Maternal
chorioamnionitis, in which the fetus is exposed to
inflammatory agents, isacommon cause of premature birth.
However, these children, rarely suffer from respiratory
distress syndrome. Still, although these cytokines enhance
the maturation of the lungs and allow the survival of the
child, their long-term effect is negative because they affect
lung growth and devel opment, especially vascul arization.*?’
Therefore, in these children the respiratory surface is
decreased. In addition, due to insufficient vascularization,
vascular resistance in the lungs remains high after birth.
This prevents the increase in flow through the lungs and
leads to pulmonary arterial hypertension.'?

Although thefetal lungsarefunctionally inactive during
the entire period of intrauterine life, respiratory function
becomes essential for survival of the infant immediately
after birth. Breathing isinitiated by sudden exposure to the
exterior world and it isaconsequence of dightly asphyxiated
state due to the birth process and sensory impulses that
originate from the suddenly cooled skin. If an infant does
not begin to breathe immediately, progressive hypoxiaand
hypercapnia develop, and additionally stimulate the
respiratory center. At birth, thewallsof alveoli are collapsed
due to the viscid fluid that fills them. More than 25 mm Hg
of negative inspiratory pressure is required to oppose the
effect of surface tension. First inspirations of the neonate
are extremely powerful and capable of creating as much as
60 mm Hg negative pressure in the intrapleural space.
During first inspiration, about 40 milliliters of air enters
the lungs. To deflate the lungs, considerable positive
pressure is required because of viscous resistance offered
by the fluid in the bronchioles. Expansion of the alveoli
and increased concentration of oxygen in them stimulates
therelease of vasodilatator substancesfrom the endothelium
of capillaries. This, together with the mechanical stretching
of the alveoli, leads to the dilatation of the lung capillaries
and theresistanceto blood flow in the pulmonary circulation
decreases severa fold. Development of a nearly normal
compliance curveand normal postnatal breathing establishes
within 40 minutes after birth.°

In addition to allowing gas exchange, increased blood
flows through the lungs probably accelerate reabsorption
of the lung liquid. Although the existence of lung liquid is
necessary for the development of thelung, it must be quickly
removed during delivery to alow normal breathing of the
newborn. Most of the lung liquid reabsorbsin the pulmonary
circulation and only a small part of it removes through the
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upper airway during passage through the birth canal.
Infusions of norepinephrine in concentrations, similar to
those present at the delivery, prevent the lung liquid
secretion. Hormones and factors that facilitate the removal
of liquid from the lungs are arginine-vasopressin, catechol a-
mine, prostaglandin-E,, prolactin, surfactant, some growth
factors and increase of the concentration of oxygen in the
lungs, originating from the first breath.'®

Fetal Urinary System

At the beginning of the fourth week, the intermediate
mesoderm forms the nephrogenic cords. From the
nephrogenic cords, three successive sets of excretory organs
develop: The pronephros, the mesonephros and the
metanephros. The first two, i.e. the pronephros and
mesonephros, persist over aperiod of time and then regress,
whilethethird, the metanephros, formsthe definitive kidney.
The permanent adult kidney, the metanephros, begins to
develop early inthefifth week and isfunctional 2 to 3 weeks
later. The ureteric bud develops as an outgrowth from the
mesonephric duct. The ureteric bud forms the ureter, rena
pelvis, calyces and collecting tubules. The nephrons are
derived from the metanephric blastema.®® First nephrons
appear in the kidney medulla, around 20 to 22 weeks of
gestation, later they can be found in the periphery of the
kidney. Formation of nephrons ends around the 35th week
of gestation and further development occurs due to the
growth of existing nephrons.*?® At birth, the nephrons,
approximately one million in each kidney, are formed but
are still short. No new nephrons are formed after birth.
During infancy, the nephrons complete their differentiation
and increase in size until adulthood.®® Enlargement of the
glomeruli, enlargement and elongation of the tubules, as
well as enlargement of the vascular and connective tissue
contribute to the growth of kidneys.'* Failure in the
maturation of the primitive kidneys can lead to the abnormal
development of the genital system, adrenal glands and
lungs.'?® Various anomalies of the urinary tract can be
caused by developmental disorders of pronephros and
mesonephros. Devel opmental anomalies of the urinary tract
account for about 40% of all anomalies. Frequent occurrence
of the urinary tract anomalies is due to complicated
ontogenesis of this system.*® Recently, attention has been
given to less noticeable but potentially very harmful
consequences of impaired kidney development, such as a
congenital nephron deficit. Since the lack of nephrons after
birth is unrecoverable, numerous studies have been
conducted to detect factors that in some way may impair
the process of nephrogenesis.*®! Studies conducted on the
cell cultures of the fetal kidney showed that retinoids,

metabolites of vitamin A, have a significant impact on the
number of nephrons and that this effect is dose-dependent.
Vitamin A deficiency in pregnant women is rare in
developed countries but is more frequently observed in
underdeveloped countries as a result of insufficient food
intake. Even in a healthy population, concentrations of
vitamin A and retinoids in the plasma considerably vary.
Habits that are most commonly associated with its low
plasma values are cigarette smoking, alcoholism and
unbalanced diets.**! Unfortunately, lack of vitamin A isnot
the only factor that can lead to a nephron deficit.
Experiments on animals have proved that fetal growth
retardation,'®? maternal hyperglycemia'®® and some
medications, such as gentamicin,'** cause areduced number
of nephrons, which cannot be fully compensated for after
birth. If we remember that nephrogenesis in the humans
ends before birth, we can assume that the harmful effects
of these factors on the human fetus may be even more
dangerous. Even a slight deficit of nephrons, often
unrecognized after the birth, could be associated with
diseases that occur later in the life, such as rena failure or
hypertension. Therefore, more and more scientists believe
that congenital nephron deficit could be a“‘missing link’ in
understanding of the etiology of essential hypertension.*3!

For many years, data on fetal renal function have been
insufficient and indirect. Investigations were carried out
mainly in experimental animals and aborted fetuses. The
insertion of acatheter into thefetal blood vesselsand bladder
allowed the testing under physiological conditions, and
brought new insights about the function of thefetal kidneys,
and the application of ultrasonic methods, enabled the non-
invasive and easy way to study the physiology and
pathophysiology of fetal urinary tract. Glomerular filtration
rate in term-fetuses, measured by ultrasound and
biochemical measurements, is 0.73 to 5.25 ml/min, which
amounts to 1/29 to 1/4 values in adults. After birth, during
the first 4 days of life, glomerular filtration rate rapidly
increases.’® It was found that the time of umbilical cord
ligation influences onthe value of glomerular filtration rate.
In the newborns in which umbilical cord ligation was
performed relatively late after the birth, a circulating blood
volume and glomerular filtration was 40 to 50% greater
than in the newborns in which the umbilical cord ligation
was done immediately after birth.*?® Further, values of
tubular reabsorption in fetal kidneys at term range between
55 and 97% of the adult values.'®13 Although
histologically, kidney tubules seem well developed, at the
time of delivery, the surface of transporting cells and the
number of transportersissmall. Reabsorption and excretory
function are not completely developed. Immature cells
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tubules have low concentration of Na'/K* ATP-ase, an
enzyme that provides energy for active transport of
sodium.*¥"138 Therefore, capacity of renal tubular cells for
sodium transport is limited. Consequently, reabsorption of
bicarbonates, glucose and phosphatesis also limited. 139141
Due to low glucose threshold, tendency of excretion of
glucose and consequently of the water and sodium is
increased. Because of that in neonate, dehydration can
develop morerapidly than in an adult. Further, it wasfound
that term-fetus is not capable to respond on dehydration or
hypertonic solution by creating concentrated urine, like
adult. Sodium overload of the mature newborn and increase
of plasmatic concentration of sodium can cause increase of
the body mass due to generalized edema. If the newborn
getsacow’s milk, which contains four times more sodium,
protein and phosphate than mother’s breast milk, signs of
salt and fluid retention may occur.'?® The fetus usually
produces hypotonic urineand in case of dehydration, ability
to concentrate urine does not exceed the limit of 600 to 700
mOsm/I. Antidiuretic hormone (ADH), whose role is to
preserve water in the body by concentrating the urine, the
fetus begins to produce in the 11th week of pregnancy and
its concentration in fetal blood is ailmost equal to the
concentration in adults. Infusion of hypertonic NaCl
solution, hypoxiaor hypovolemiacan increase concentration
of ADH in fetal plasma'>* Therefore, we cannot talk
about lack of ADH, as a cause of low osmolarity of fetal
urine. However, it is possible to assume that the kidney is
insensitive to ADH. The fetus cannot concentrate urine
before appearing of specific water channels called
aguaporin. They occur in human fetuses in the 12 to 15th
weeks of pregnancy but their expression in the fetus and
newborn is much lower than in adults.**? Insensitivity of
the fetal kidney to ADH could be explained by the slow
emergence of these water channels.8! Further, hydrogenion
secretion in the fetus and newborn is sufficient to alow
bicarbonate reabsorption and excretion of metabolic acids.
Filtered phosphate and synthesized ammonia are in
quantities sufficient for buffering excessive hydrogenions.8!
However, it is important to note that the fetal kidneys do
not play amajor rolein the regulation of acid-base balance.
Even in fetuses with renal agenesis, acid-base balance may
be normal .*%° In fetus, the acid-base balance is regul ated by
meaternal lungsand kidneys. CO, isquickly removed through
the placentainto the mother’ s bloodstream and then mother
exhaled it.}* Large amounts of CO, can be effectively
removed if the mother’ srespiration, the uteroplacental flow
and the umbilical flow are normal. Somewhat, more slowly,
metabolic acids are transferred through the placental barrier
and they are excreted through the mother’ skidneys. 2 Thus,

NG

Fig. 17: 2D ultrasound image showing fetal bladder

regulation of fetal acid-base balance depends on many
interrelated factors, which include state of the mother,
placenta and the fetus.

Fetal kidneys (Fig. 16) excrete urinefrom the 3rd month
of pregnancy. This can be confirmed by the existence of
urine in the bladder of the fetus (Fig. 17).1464 Urine
extracted from the fetal kidney is hypotonic and that is not
surprising because the main excretion function is performed
by the placenta. Due to thisfact, electrolyte composition of
fetal urineis poor.**¢1%€ The pH of fetal urineis about 6.14°
By the midgestation, fetal urine becomes the main source
of amniotic fluid and swallowing the main way of its
removal. These two processes are essential elementsin the
production and regulation of amniotic fluid in the middle
trimester. Theterm-fetusexcretesin theamniotic fluid about
400 to 1200 ml of urine daily. Thefact that fetal urineisthe
main component of the amniotic fluid in the second half of
pregnancy, allows us to determine the concentrations of
electrolytes, creatinine, protein or glucose. Further,
recording of their changes enables usto study the functional
development and maturation of the fetal kidney during this
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period.8! After birth, the kidneys are still immature, more
accurately, their functional capacity islimited. Due to this,
disorders in the maintenance of homeostasis can easily
develop. Exchange of fluid in the newborn is very large
and the intensity of metabolism and acid production are
higher than in the adult. Taking into account immaturity of
the kidney, we can easily understand that in this period
acidosis, dehydration and sometimes excessive hydration
frequently develop. The disruption in the maintenance of
homeostasis is more often if the child is born before term,
in hypoxia or infection. Fetal kidneys and kidneys of
newborn do not perform their functions poorly, indeed, they
work impressively, but they need timeto achievethe perfect
harmony of their functions.

Fetal Central Nervous System

Development of the human CNS begins in the early
embryonic period and proceeds through a sequence of very
complicated processes long after delivery. CNS develops
from the embryonic ectoderm. Cells that will become
neuronsand glial cellsoriginate from the neural plate, which
is located within the ectoderm and contains about 125,000
cells. The neural plate is formed in the early third week of
pregnancy. Its lateral edges are gradually rising and
approaching one another, forming first a concave area
known asthe neural groove and then the neural tube. Cranial
and caudal opening of the neural tube are closing between
the 25 and 27th day of pregnancy.'® Failure of these
openingsto close contributes amajor class of neural abnor-
malities. Further development is characterized by changes
in size, shape and interna structure of the neural tube wall,
which reflect the complex histogenetic processes. Since,
some parts of the neural tube grow and develop at different
speeds and intensities, it bends and changes its shape,
forming the major subdivisions of the CNS. There arethree
subdivisions of the cranial part of the neural tube:
prosencephalon, the mesencephalon, and the rhombence-
phalon. They will each eventually develop into distinct
regions of the central nervous system: The forebrain (the
cerebral cortex and basal ganglia), midbrain and posterior
brain (the cerebellum, pons and medulla oblongata). From
the caudal part of the neural tube devel opsthe spinal cord.*

Early embryonic development is characterized by its
immobilization. Prerequisite for fetal movements is the
existence of interneuronal and neuromuscular connections.
The earliest interneuronal connections—the synapses, can
be detected in the spinal cord shortly before the onset of
embryonic motility, at 6 to 7 weeks of gestation.*>!
Therefore, the neural activity leading to the first detectable
movements is considered to originate from the spinal

Fig. 18: A sequence of images of the fetus at 9 weeks of gestation
recorded by 4D sonography showing general movements

motoneurons.*>? Another important prerequisite for the
motility is the development and innervation of muscular
fibers. It is well known that primitive muscle fibers
(myotubes) are able to contract as soon as they are
innervated by motor neurons.*>® Between 6 and 8 weeks of
gestation, musclefibers haveformed by fusion of myoblasts,
efferent and afferent neuromuscular connections have
developed, and spontaneous neural activity causing motility
can begin. Thefirst spontaneous embryonic movementsare
gross body movements and they can be observed at the
7 to 7.5th weeks of gestation. They consist of slow flexion
and extension of thefetal trunk, accompanied by the passive
displacement of arms and legs.’®* These, so called,
‘vermicular’ movements appear in irregular sequences.®
Simultaneously, with the onset of spontaneous movements,
at the 7.5th week of gestation, the earliest motor reflex
activity can be observed, indicating the existence of thefirst
afferent—efferent circuits in the spinal cord.!®® The first
reflex movements are massive and indicate alimited number
of synapses in a reflex pathway. Genera movements are
thefirst complex, well-organized movement pattern, which
involve head, trunk and limb movements. This pattern has
been interpreted as thefirst sign of a supraspinal control on
motor activity*>"1%8 and can be recognized from 8to 9 weeks
of gestation onward (Fig. 18).1%81%

The brainstem is fashioned around the 7th week of
gestation’™’ and basic structures of the diencephalon and
cerebral hemispheres are formed by the end of the 8th
gestational week.'™® The remarkable expansion of the
cerebral hemispheres follows during the remainder of
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gestation. The development of synapses in the human
cerebral cortex begins after the formation of the cortical
plate, at the end of the 10th week of gestation.'6%16! The
brainstem consists of the medulla oblongata, pons and
midbrain. It forms and matures in a caudal to rostral
direction. That means that the fillogenetically older
structures, such as the medulla oblongata, will form and
mature earlier in the gestation. In addition to its many
subnuclei, the medullagivesriseto avariety of descending
spinal motor tracts which reflexively trigger [imb and body
movements. It also hosts the five crania nerves (VI11-XI1),
which exert tremendous influences on gross body
movements, heart rate, respiration and the head turning. As
the medulla matures in advance of more rostral structures
of the brainstem, reflexive movements of the head, body,
extremities, aswell as breathing movements and alterations
in heart rate, appear in advance of other functions.

The formation of pons begins ailmost simultaneously,
but its maturation is more prolonged. The structures of the
ponsincludetheV and V111 cranial nerves (vestibular nuclei
of the nerve VIII) and the media longitudina fasciculus
(MLF), pontine tegmentum, raphe nucleus and locus
coeruleus, which exert widespread influences on arousal,
including the sleep-wake cycles. Facia movements, which
arealso controlled by VV and V11 crania nerve, appear around
10 to 11 weeks.® The brainstem gradually begins to take
the control over fetal movements and behavioral patterns
during the first trimester and continuesits maturation in the
second trimester, resulting in expansion and complexity of
the behavioral repertoires.'>’

From 10 weeks onward, the number and frequency of
fetal movements increase and the repertoire of movements
beginsto expand. Qualitative changesin general movements
can be also observed. These movements, which are slow
and limited amplitude during 8 to 9 weeks, become more
forceful at 10to 12 weeks. After the 12th week, they become
more variable in speed and amplitude.*®? Using four-
dimensional (4D) sonography, Kurjak and collaborators
have found that from 13 gestational weeks onward, a ‘goal
orientation’ of hand movements appears and a target point
can be recognized for each hand movement.'®3 According
tothe spatial orientation, they classified the hand movements
into several subtypes: Hand to head, hand to mouth (Fig. 19),
hand near mouth, hand to face, hand near face, hand to eye
and hand to ear. Our recent longitudinal study, performed
by 4D ultrasoundin 100 fetusesfrom al trimesters of normal
pregnancies, has shown increasing frequency of various
movement patterns, such as general movements, isolated
arm and leg movements, stretching, as well as head move-
ments, during the first trimester.1% Using 4D sonography,

Fig. 19: Image of the fetus recorded by 3D/4D sonography
showing hand-to-mouth movement

Fig. 20: A sequence of images recorded by 4D sonography showing
fetal mouth opening movements at 16 weeks of gestation

general movements were found to be the most frequent
movement pattern between 9 and 14 weeks of gestation.'®
From 14 to 19 weeks of gestation, fetuses are highly active
and the longest period between movements last only 5 and
6 minutes. Inthe 15th week, 16 different types of movements
can be observed. Besides the general body movements and
isolated limb movements, retroflection, anteflection and
rotation of the head can be easily seen. Moreover, facia
movements such as mouthing (Fig. 20), yawning, hiccups,
suckling and swallowing, can be added to the widerepertoire
of fetal motor activity in this period.’® The earliest eye
movements appear as sporadic movements with a limited
frequency, at 16 to 18 weeks of gestation. %1% The delayed
onset of eye movements can be explained with later onset
of midbrain maturation.

Although the midbrain beginsto form at amost the same
time asthe pons, its maturation does not even begin until the
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second trimester. It consists of the dopamine producing
substantia nigra, the inferiorauditory and superiorvisual
colliculus, and crania nerveslll and 1V, which, together with
MLF and cranial nerve VI, control eye movements.'66167

Fetal human brain has anumber of transitory structures,
which cannot be observed in the adult human brain. One of
the very important zone in the developing cortex is the
subplate zone, that is a site for transient synapses and
neuronal interactions. The development of subplate zone,
between the 15 and 17th week of gestation, isaccompanied
with an increase in the number of cortical synapses, which
probably form the substrate for the earliest cortical electric
activity at 19 weeks of gestation.*%® Subplate zone can play
amagjor role in the developmental plasticity following peri-
natal brain damage.*%°

The second half of pregnancy is characterized by
organization of fetal movement patterns and increase in
complexity of movements. The periods of fetal quiescence
begin to increase and the rest-activity cycles become
recognizable. Hardly any new movement pattern emerges
in this period. The number of general body movements,
which tendsto increase from the 9th week onward, gradually
declines during the last 10 weeks of the pregnancy.’0-172
Although thisdecrease wasfirst explained as aconsequence
of the decrease in amniotic fluid volume, it is now
considered to be a result of cerebral maturation processes.
Asthe medullaoblongatamatures, myelinatesand stabilizes,
these spontaneous movements are less easily triggered, and
begin to be controlled by more stable intrinsic activities
generated within the brainstem.' It is very important to
point out that general movements are characterized by large
variation and complexity in the third trimester.'”®
Revolutionary improvement in the study of fetal facial
movements came with the development of 3D and 4D
sonography. Our results confirmed the potential of 3D/4D
sonography for theinvestigation of structural and functional
development of the fetal face.l’® The application of 4D
sonography in the examination of fetal facial movements
has revealed the existence of a full range of facial
expressions, including smiling, crying and eyelid move-
ments, 417 similar to emotional expressions in adults, in
the 2nd and 3rd trimesters. Other facial movements, such
asyawning, suckling, swallowing and jaw opening can also
be observed in this period by 4D ultrasound. Recent study
demonstrated that the most frequent facial movement
patterns in the 2nd trimester were isolated eye blinking,
grimacing, suckling and swallowing, whereas mouthing,
yawning, tongue expulsion and smiling could be seen less
frequently. Mouthing was the most frequent facial
movement during early third trimester'”® (Figs 21A and B).

Figs 21A and B: Images of the fetus in the 3rd trimester
recorded by 3D/4D sonography, exhibiting mouthing movements

Fig. 22: A sequence of images of the fetus in the 3rd trimester
recorded by 4D sonography showing eye blinking

Our longitudinal analysis of the frequencies of different
facial movementsin the 2nd and 3rd trimester revealed some
interesting results. Contrary to the declining trend of head
movement and hand movement patternsfrom the beginning
of the second trimester to the end of the third trimester, a
constant increase in the frequencies of amost all facial
movement patterns was observed during the 2nd trimester.
Varioustypesof facial expression patterns displayed a peak
frequency at the end of 2nd trimester, except eye blinking
pattern (Fig. 22), which displayed a peak frequency at
28 weeks of gestation. During the remainder of pregnancy,
decreasing or stagnant incidence of facial expression
patterns was noted. %4 Obviously, this developmental trend
provides yet another example of the maturation of the
medulla oblongata, pons and midbrain, or perhaps even the
establishment of control of more crania structures. Thefacts
that even in the embryonic period same inductive forces
that cause the growth and reshaping of the neural tube
influence the development of facial structuresand that many
genetic disorders affecting the CNS are also characterized
by dysmorphology and dysfunction of facial structures,
emphasize the importance of structural and functional
evaluation of the fetal face.>%"" Our recent study has
demonstrated that there were no movements observed in
fetal lifethat were not present in neonatal life. Furthermore,
prenatal—neonatal continuity exists even in subtle, fine
movements such as facial mimics.*’®
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In addition to morphological studies of the devel opment
of the central nervous system and studies about fetal
behavior that provide insight into the functional develop-
ment of central nervous system of fetuses, attention of
researchers attracts the devel opment of the fetal senses. For
along time, experts from different fields of science debate
about whether the fetus feels pain. In humans, it is possible
to distinguish several different reactions to pain. The
simplest isreflex motor reaction, removal of stimulated body
parts from painful stimuli. Next unconscious reaction
involves the secretion of the so-called stress hormones—
cortisol and catecholamines. The most complex reaction is
conscious perception of pain and emotional reaction to it.
We can claim with certainty that the first two are already
present in the fetal period. The earliest reactions to painful
stimuli are motor reflexes, resembling withdrawal reflexes.
They appear early in gestation. Reflex threshold is
remarkably low and various kinds of stimuli may induce
very holistic and unspecific reactions. It is important to
emphasize that these reactions are completely reflexive,
directed by the spinal cord, and higher perception or
processing of painful sensation does not exist at this stage.*™®
Further, asearly as 16 to 18 weeks of gestation, fetal cerebral
blood flow increases during invasive procedures.*8%181 This
increase of blood flow toward the brain may be mediated
by the sympathetic system or by other undetermined
mechanisms.*® With regard to the autonomic and endocrine
responses to pain, an elevation of noradrenaline, cortisol
and beta-endorphin plasma levels, in response to needle
pricking of the innervated hepatic vein for intrauterine
transfusion, wasregistered in a 23-week-old fetus. Pricking
of the noninnervated placental cord insertion for the same
purpose had no effect.’®2183 Obviously, painful stimuli
trigger a wide spectrum of reactions, such as activation of
the hypothalamo-hypophysial axis or autonomic nervous
system, without reaching the cortex. It has been suggested
that neither motor reflexes nor hormonal stress responses
to invasive procedures prove the existence of fetal pain.’8*
It is unknown whether and when the fetus begins
consciously to feel pain. Functional thalamocortical
connections are required for fetal awareness of noxious
stimuli. Thalamocortical path isformed between 22 and 26
weeks and after this period, the fetusis probably capable of
consciously perceiving painful stimuli. Evidence for
conscious pain perception during intrauterinelifeisindirect,
but evidencefor the subconsciousincorporation of fetal pain
into neurological development and plasticity is incontro-
vertible. ¥ Despite the great interest in conscious experience
and memory of pain, unconscious reactionslikethe secretion
of stresshormonesand their far-reaching detrimental effect,

are probably more dangerous for the development of fetus
than terrifying memories.

Reflex arcsinvolving the brainstem, such as vestibular,
auditory and olfactory, mature early in fetal life. Vestibular
nerve cells mature earlier than neurons of the lateral and
inferior vestibular nuclei, which begin to function during
the 9th week of pregnancy. It is believed that vestibular
stimulation has a role in the emerging fetal movements.
Nearly weightless state of the fetusin the uterus provides a
particularly convenient medium for the vestibular reflexes.
According to electrophysiological examinations of evoked
potentialsin prematurely delivered healthy infants, cochlear
function develops between 22 and 25 weeks of gestation
and its maturation continues during the first 6 months after
delivery.*®&18 However, fluid in the fetal ear aswell asthe
immaturity of the cochlea, complicate the sound
transmission, so that only strong acoustic stimuli can be
registered by the fetus.*> Due to this reason and because of
theimmaturity of the cochlea, avery strong stimuli isneeded
for fetus to notice it. Maternal heartbeats and motility of
gastrointestinal tract during digestion appear to generate
60 to 90 decibels of sound in utero, which is comparable to
noise of the busiest street.'® During the last weeks of
pregnancy, from the 36th gestational week onward, thefetus
reactsto extremely loud soundsand even the mother’ svoice
with reflex movements of the body, by turning his head,
and increased heart rate. More fascinating is the notion that
a fetus at this age not only hears sounds but also can
discriminate between different sounds. This finding is
explained by the tonotopic organization of the cochlear
nuclei and by the maturation of the brainstem during the
last weeks of pregnancy. It was noted that the devel opment
of the auditory system can be disrupted by the influence of
adverse factors (cigarette consumption) and also in some
pathological conditions (intrauterine growth retardation,
maternal hypertension).'%>1%2|t isimportant to mention also
that development of the auditory system affects the
subsequent learning of speech and language acquisition.

Animal experiments have indicated that the intrauterine
environment is not completely deprived of light. Although
the devel oping fetus cannot distinguish objects clearly, the
intensity of light isequal to the splendor that occursthrough
the cheek when mouth is highlighted by the powerful
batteries. Furthermore, according to some experimental
results, the development of visual and auditory organs could
not be possible without any light or auditory stimu-
lation.1%31%% The structural development of sensory path-
ways is a prerequisite for functional development, but the
final organization of the brain circuitries depends mainly
on guidance from external inputs.X®® A histological study
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of the human visual pathway has shown that thalamic
projectionsreach the visual cortex between 23 and 27 weeks
of gestation.'®> The primary visual cortex can be clearly
delineated in the occipital lobe by immunohistochemical
staining even before the 25th week. In this cortical area,
synaptogenesis persists between 24 weeks of gestation and
8 months after delivery,'®® while myelination of the optical
tract begins at 32 weeks of gestation.’® Cortical visual
evoked potential sindicate the devel opment and maturation
of the primary visual cortex. Maturation of the visual cortex
is characterized by the appearance of surface-positive
evoked potentials, which occurs between the 36 and 40th
weeks.'®* New data have shown that the amplitude of visual
evoked responses can be used in the assessment of fetal
and neonatal habituation to light stimuli.% Flash stimuli
over the maternal abdomen can cause the visual evoked
brain activity in the human fetus, recorded by magneto-
encephal ography. Thelatency of thefetal responsefallswith
increasing gestational age and begins to approach the adult
latency near term.%” Recent experimental findings have
demonstrated the importance of fetal eye maotility inretina
(neuronal) cell differentiation, as well as eye functional
maturation.%®

Fetal lifein uteroisorganizedin cyclical patterns. From
the midgestation onward, periods of activity begin to
aternate with the periods of rest. Between 30 and 38 weeks
of pregnancy the difference between quiet and paradoxical,
‘active’ sleep can be seen. In advanced pregnancy, thefetus
usually sleeps at the same time as the mother. In fetal
animal's, simultaneous measurements of fetal electrocortical
activity, eye and body movements have shown that deep
sleep, characterized by high-voltage waves and decreased
fetal activity, occurred during 54% of aday. Thetotal length
of the REM sleep period, characterized by low-voltage
waves and rapid eye movements, lasted 40% of aday. The
wakeful state (6% of aday) ischaracterized by low-voltage
waves.® In human premature newborns, born 4 weeksprior
to term, 60 to 65% of the total sleeping period is REM
sleeping, whereas in term-newborns, the REM sleeping
period includes 50% of thetotal 16 hours of sleep.?®® During
delivery, fetal EEG shows waves characteristic for quiet
sleep, active sleep and wakeful-ness of the newborn.? It is
thought that REM sleep plays arole in the development of
the nervous system, similar as physical activity helps to
develop muscles. REM dleep is probably caused by intense
activity of neural circuits and thus participates in the
development of the central nervous system.?%

The human brain is intricately designed to execute
cognitive functions, such as perception, attention, memory
and learning. Psychobiologic investigations inspired the

hypothesis that the acoustically rich environment in the
uterus contributesto fetal learning.2®> Theintrauterineorigin
of learning and memory processes has been investigated
extensively employing habituation methods, classical
conditioning or exposure learning to assess fetal learning.

It was also found that the fetus has the ability to
remember tastes to which it was exposed during the
intrauterine period. Flavors from the mother’s diet during
pregnancy are transmitted to amniotic fluid and are
swallowed by thefetus. Consequently, thetype of food eaten
by the mother during pregnancy isexperienced by theinfants
beforetheir first exposureto solid food. For instance, garlic
ingestion by pregnant women significantly alters the odor
of their amniotic fluid, barely 45 minutes after ingestion.?**
Prenatal experience of taste greatly affects the newborn
child. It preparesit for the taste of the mother’ smilk, whose
taste also depends on the mother’ s diet. Prenatal and early
postnatal exposure to a flavor enhances the infant’s
enjoyment of that flavor in solid foods during weaning.?®
A study has shown that the infants who have been exposed
to the flavor of carrots in either amniotic fluid or breast
milk behaved differently in response to that flavor in food
than did the nonexposed control infants. Specifically,
previously exposed infants exhibited fewer negative facial
expressions while being fed the carrot-flavored cereal
compared to the plain cereal, whereas control infantswhose
mothers drank water during pregnancy and lactation
exhibited no such difference.?® According to recent data,
the neonate strongly reacts to fragrant signals of mother’s
breasts. 2629 | n the close proximity of mother’s breasts, in
thefirst minutes after birth, the newborn spontaneously turns
toward the breast and starts making the movement of sucking
even before coming in the direct contact with the breast.?®
Inthefirst days of life, it demonstrates asimilar reaction to
its own amniotic fluid.?® To some extent, the chemical
profile of breast secretions overlaps with that of amniotic
fluid. Therefore, early postnatal attraction to odors
associated with the nipple/areola may reflect prenatal
exposure and familiarization.?'°

The development of human brain is not completed at
the time of delivery. Only subcortical formations and
primary cortical areas are well developed in a newborn.
Associative cortex, barely visible in a newborn, is scantily
developed in a 6 months old infant. Postnatal formation of
synapses in associative cortical areas, which intensifies
between the 8th month and the 2nd year of life, precedes
the onset of first cognitive functions, such as speech.
Following the 2nd year of life, many redundant synapses
are eliminated. Elimination of synapses beginsvery rapidly
and continues slowly until puberty, when the same number
of synapses as seen in adults is reached.?*!
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Fetal Stress

A large number of environmenta factors can trigger the
fetal stress response. For instance, maternal undernutrition
or placental insufficiency can alter the intrauterine
environment, causing fetal stress.?'? Painful stimuli also lead
to the fetal stress response.’*® Even severe maternal
emotional stress or stressful life events, according to some
investigations, may influence the fetal environment.?4-216
The primary role of stressis the protection of organism but
fetal exposure to stress may affect neurodevelopment, as
well as the development of many other organ systems and
have lifelong consequences. Many adaptive changes
induced by fetal stressincrease the chance of fetal survival
by creating ashort-term protection. However, these changes
canleave profound alterationsin the structure and functions
of the organism.?*? It is a known fact that fetal cardio-
vascular adaptation to hypoxia is manifested by the
redistribution of blood flow primarily toward thefetal brain.
However, our latest investigations have shown that severe
brain damage can develop despite the fetal blood flow
redistribution and increased brain perfusion, even earlier
thanit was previously thought.?’ The neuroendocrine stress
axis includes the production of the corticotropin releasing
hormone (CRH), adrenocorticotropic hormone (ACTH) and
cortisol. Fetal CRH has been shown to influence the timing
of birth. These findings have pointed to an active role of
the fetus in the initiation of parturition.8! Furthermore,
ACTH impairs motor coordination and muscle tonicity,
reduces attention span and increasesirritability.?'? Recently,
epidemiological and experimental investigations have
shown that chronic exposureto high levelsof cortisol during
intrauterinelife, occurring either asaresult of its exogenous
application or the fetal stress, has a very adverse effect in
thelong run. Unfortunately, it has been recently established
that cortisol, which accelerates lung and brain maturation
and enables survival of premature infants, may have an
adverse effect on growth of the lungs, development of the
secondary alveolar septa and even on the growth of the
whole organism.?'® Accelerated maturation of the brain is
also associated with the structural as well as behavioral
changes. Stress induces structural changes of the
hippocampus?'®2?? that are associated with memory
impairment and learning disabilities. Behavioral changes
associated with accelerated maturation of the brain include
hyperalertness and impaired fetal responsiveness to novel
stimuli.??® Retrospective studies on children whose mothers
experienced severe psychological stress or adverse life
events during their pregnancy have suggested long-term
neurodevel opment effects on theinfant.?242%” Such children
exhibited symptoms of attention deficit hyperactivity

disorder, sleep disorders, unsociable and inconsiderate
behavior, as well as psychiatric disorders, including
schizophrenic episodes, depressive and neurotic symptoms,
drug abuse and anxiety.??® Increased maternal stress during
pregnancy seems to influence infant temperament and
cognitive functions.??>?% Moreover, stressful maternal life
events measured during the first part of pregnancy
negatively affected the child’ s attention/concentration index
measured at the age of six.?%! The adverse health effects of
stress may also include an increased risk of certain birth
defects (cleft palate, cleft lip with or without cleft palate,
d-transposition of the great arteries and tetralogy of
Fallot).?* Chronic high glucocorticoid exposurein utero is
associated with adult hypertension and according to some
datawith coronary disease. Impaired glucose tolerance has
also been noticed.*>234We can conclude that some of the
most common diseases of the modern society may havetheir
originsin prenata life.

CONCLUSION

Fetal developmental potential is determined at the moment
of conception by genetic inheritance. However, this
development is modulated by environmental factors. Basic
and clinical researches into fetal life present us with ever
deeper understandings of important role that the
environment plays in prenatal and postnatal life. It is
important to recognize that both, the mother and the fetus,
actively participate in the maintenance of the physiological
intrauterine environment. Unfortunately, the fetus is not
entirely protected from harmful influences of the externa
factors. By altering the intrauterine environment, these
factors can have along-term effect on fetal health. Finally,
physiological fetal growth and development is the
precondition for optimal child development.
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