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Establishing Cardiac Crescent

The first organ which is formed and began to function during the embryonic periods
is the heart. In fact, when the embryo could no more support its nutritional require-
ments just by the simple diffusion from the placenta, the heart appears as a new
organ.

From epiblast, the primitive streak comes out; however, the primitive streak, in
turn, gives origin to mesoderm. Myocardial progenitor cells come out of anterior
splanchnic mesoderm. As described by Abu-Issa and Kirby, these myocardial pro-
genitor cells start their development process through four “sequential but at times,
overlapping” stages (Abu-Issa and Kirby 2007; Lin et al. 2012):

. Cardiogenic mesoderm specification

. Bilateral establishment of heart fields

. Composition and configuration of heart field

. Differentiation of cardiomyocyte and formation of heart tube
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The heart as noted is one of the organs originating from anterior splanchnic
mesoderm. Also, parts of the endoderm are involved in the development of the
heart; these endodermal parts are enveloped by mesoderm to form the endodermal
portions of the heart (Lin et al. 2012).
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The cardiac progenitor cells develop locally into the splanchnic layers of the
lateral mesoderm on both left and right sides of the embryo to form bilateral blood
islands in splanchnic mesoderm, leading to cardiogenic mesoderm specification.
Also, blood islands appear bilaterally in this mesoderm, which will later form blood
cells and two dorsal aortae (Gittenberger-de Groot et al. 2005).

In the next stage, after the development of the cardiac progenitor cells in the
lateral mesoderm, two “lateral mesodermal islands™ or “lateral cardiogenic plates”
are created. These two lateral islands fuse together in the midline to form the car-
diac crescent which has the following features (Yutzey and Kirby 2002; Lockhart
etal. 2011):

e It has an “arch-shaped” or “bow-shaped” or “horseshoe-shaped” feature in the
caudal part of the embryo.

e It constitutes the so-called primary heart field or first heart field (PHF or FHF),
in days 16-18.

e Then, PHF gives rise to some of the main structure of the mature heart: atria, left
ventricle, atrioventricular (AV) canal, and most part of the right ventricle
(Fig. 2.1).

PHF has two poles with the following order in migration and looping:

* A cephalad pole will later constitute the bulbus cordis and aortic roots (i.e., the
outflow tract).

e The caudal pole, which is also known as the sinus venosus, will later constitute
the ventricles and the ends of those major veins that bring the venous blood to the
heart; also, some segments of the atria are made from the caudal pole (Lin et al.
2012).
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Fig. 2.1 Early development of the heart; (a—c) Dorsal view of an embryo. Hemangioblasts reside
in the splanchnic mesoderm in front of the neural plate and on each side of the embryo
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While the cardiovascular system forms in about the middle of the third week, this
primary heart tube has rhythmic peristalsis activity by the end of the third week.
After rightward looping of the primary heart tube, these two poles of the primary
heart tube are changed accordingly:

* Anterior specification: ventricular segments
» Posterior specification: atrial segments

During later stages of the cardiac development, another important part named
secondary heart field (SHF) is created with the following characteristics (Moorman
et al. 2003; Verzi et al. 2005; Restivo et al. 2006; Watanabe and Buckingham 2010;
Xin et al. 2013; Calkoen et al. 2016):

e SHF is “a second cellular pool.”

e Ttis derived from the ventral pharyngeal splanchnic mesoderm.

e SHF is located medial and anterior to the cardiac crescent (i.e., medial and ante-
rior to PHF and dorsal to the primary heart tube).

 Its main function is to give cellular origin to “the arterial and venous side of the
heart.”

e SHE, during days 20 and 21, primarily gives origin to the conotruncal region of
the heart, which includes mainly the following segments in the mature heart:
other primordial parts of the right ventricle, the interventricular septum (IVS),
and endothelial and myocardial components of the outflow tract (i.e.,
conotruncus).

* Another major function of the SHF is laterality of cardiac constituents.

Clinical Note
Some of the most common congenital heart disorders due to conotruncal
defects are:

 Persistent truncus arteriosus

» Tetralogy of Fallot

* Double-outlet right ventricle

* Pulmonary atresia

* Pulmonary stenosis (Restivo et al. 2006)

Formation of the Heart Tube

The heart arises from a common mesodermal pool of progenitor cells, which is part
of the cardiopharyngeal region. During the early phases of cardiac development,
some parts of the primary cardiogenic area are anterior to the neural tubes; however,
due to the very rapid growth of brain vesicles, there is a cephalad movement of the
oropharyngeal membrane, which in turn pushes the heart into the more caudal parts;
then, the heart comes to an inner position to be part of the future thorax. From



14 A. Dabbagh et al.

another point of view, the oropharyngeal region becomes compressed in between
the brain, the yolk, and the heart (Soukup et al. 2013; Diogo et al. 2015).

The process of body folding involves both cephalocaudal and lateral folding of
the embryonic plate. As the embryonic plates fold laterally, the endocardial tubes
fuse with each other to form a heart tube; by this process, the heart tube is gradually
formed (Yutzey and Kirby 2002; Abu-Issa and Kirby 2007).

Usually, looping of the heart tube which is discussed in the next paragraphs is
considered as the primary visible sign for asymmetry during embryo development.
However, formation of the atrioventricular canal is structurally asymmetric associ-
ated with left-sided bulging (Moorman et al. 2003).

Therefore, the heart tube is composed of three distinct layers (Yutzey and Kirby
2002; Lockhart et al. 2011):

1. The inner endothelial cover, i.e., endocardium (which lines the inner layer of the
heart tube).

2. The outer myocardial layer, i.e., myocardium; the endocardium and myocardium
are separated by an acellular space which is rich in extracellular matrix (ECM);
this thick ECM, also named cardiac jelly, is secreted by myocardium and is rich
in a number of specific molecules including hyaluronic acid, hyaluronan, fibro-
nectin, fibrillin, proteoglycans, and collagens which have important roles in
heart development, especially for proper development of endocardial cushion of
the atrioventricular junctions.

3. The epicardium (visceral pericardium) is derived from mesodermal cells that
arise from splanchnic mesoderm on the surface of the septum transversum and
sinus venous which migrate onto the outer surface of the myocardium.

During later developmental phases, the heart tube become swelled and progres-
sively invaginates into the pericardial cavity. At first, it is attached to the dorsal wall
of the body through the dorsal mesocardium which is a fold of the mesodermal tis-
sue (Moorman et al. 2003; Lin et al. 2012). However, the central portion of dorsal
mesocardium degenerates and forms the transverse pericardial sinus, which is
located between the left and the right sides of the pericardial cavity (Fig. 2.2).

The heart is now attached only at its caudal and cranial parts in the pericardial
cavity by blood vessels; i.e., the ventricular loop of the heart has gained both “inlet
and outlet components.” The inflow to the heart is initially supplied by three pairs of
drainage veins into the tubular heart through vitelline veins (return poorly oxygen-
ated blood from the umbilical vesicle), umbilical veins (carry well-oxygenated
blood from the chorion), and common cardinal veins (return poorly blood with low
oxygen from the embryo body) (Moorman et al. 2003; Lin et al. 2012). On the other
side, the outlet supports the cardiac outflow tract; it means that the left and right
dorsal aortae make the outflow of the heart vessels, which in turn leads to arteries
emerging from the aortic sac and then going to pharyngeal arcs. In the area of the
arches, the dorsal aortae are arranged as paired vessels, but caudal parts of the dorsal
aorta join together to form a single aorta (thoracic aorta and abdominal aorta).

However, with improvements in heart development, the heart loop is completed
and expands; the dorsal mesocardium breaks up, except in the most caudal segment
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Fig. 2.2 Transverse sections and longitudinal section through embryo at different stages of heart
tube formation; (a) 17 days, (b) 18 days, (¢) 22 days

Heart tube

which plays the role of venous pole for the heart; this dorsal mesenchymal part has
a central role in some major events of heart development like pulmonary vein devel-
opment and atrioventricular mesenchymal complex formation.

The Looping of Cardiac Tissue

The primitive heart tube begins to elongate on day 23; however, signaling pathway
guaranteeing right-sided looping is initiated earlier. It means that the looping pro-
cess is signaled during gastrulation; as mentioned earlier, looping of the heart tube
is the primary visible sign for asymmetry during embryo development. The process
of cardiac loop is completed by day 28 (Yutzey and Kirby 2002; Moorman et al.
2003; Jacobs et al. 2007).

As the primitive heart tube elongates in both cranial and caudal parts, the dorsal
mesocardium is detached from the developing left ventricle, leading to liberation of the
heart tube. The heart tube bends rightward after its liberation (Moorman et al. 2003).

Then, in the process of looping, the cephalic part of the heart tube bends in three
directions:

¢ Ventral
e Caudal
e To the right
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However, the caudal part itself bends again and extends in these three

directions:

Dorsal
Cranial
To the left

As mentioned before, these processes of bending are completed by day 28 and

lead finally to the cardiac loop.

Over the next 5 weeks, a series of “strictures” and “bulged areas” are created in the

primitive heart tube. Through the bulged regions, the following structures come out:

Bulbus cordis (which includes truncus arteriosus, conus arteriosus, and conus
cordis)

Ventricle

Atrium

Sinus venosus

The resultant “ventricular loop” has two main components:

The inlet gives origin to the sinus venosus, which starts at the caudal end and
consists of left and right sinus horns; these right and left horns are partially con-
fluent; also, the common cardinal veins drain into the sinus venosus (Yutzey and
Kirby 2002).

The outlet consists of the conus and truncus, and the arterial system (including
aorta and pharyngeal arcs) originates from the outflow tract SHF which is the
origin of the outflow tract myocardium which comes out of the ventricular outlet
(Restivo et al. 2006; Watanabe and Buckingham 2010).

There are two other chambers that are cranial to the sinus venosus; these are:

The primitive atrium which will form the common atrium (also known as primi-
tive atrium); this primitive atrium will form the left and the right atria.

The primitive ventricle which will form the left ventricle; however, the primitive
ventricle is separated from the next expansion (i.e., the bulbus cordis) by the bul-
boventricular sulcus; the latter segment will form much of the right ventricle.

Conotruncal segment The distal outflow tract of the right and left ventricles has
the same origin. The conotruncal segment is the cranial-most segment of the ven-
tricles and forms the following parts:

Outflow tract: the distal outflow region each of the left and right ventricles.
Conus cordis (or conus arteriosus): after creating the outflow tract, the conotrun-
cal segment is further subdivided into the conus cordis (or conus arteriosus) and
the truncus arteriosus; conus cordis will be eventually incorporated into the cor-
responding right and left ventricles.

Truncus arteriosus: this is the third part of the conotruncal segment and splits
into two parts to form the pulmonary artery and the ascending aorta; however, the
most cranial end of the truncus arteriosus is connected to a dilated expansion
called the aortic sac (Fig. 2.3).
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Fig. 2.3 Developing of the cardiac loop. (a) 18 days. (b) 22 days. (c¢) 23 days. (d) 24 days.
(e) 28 days. (f) 35 days
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The aortic sac is continuous with the first aortic arch and, eventually, with the
other four aortic arches. The aortic arches form major arteries that transport blood
to the head and also to the trunk. On the other hand, the sinus venosus receives
blood from the common cardinal vein, the umbilical vein, and the vitelline vein
which bring the blood back to the heart from the chorion, the umbilical vesicle, and
the embryo, respectively.

Clinical Note
In the case of abnormal looping, there may be:

* Random looping
* Anterior looping
* Leftward looping

In clinic, abnormal looping could be seen in the following clinical
syndromes:

e Abnormal atrial situs (situs inversus or isomerism)
e Dextrocardia
e Ventricular inversion

We never see heterotaxia patterns in ventricles; heterotaxia is exclusively
seen in the atria of the heart (Gittenberger-de Groot et al. 2005; Jacobs et al.
2007).

The Formation of the Sinus Venosus

At the end of the fourth week, the heart contracts synchronously that led to moving
of the blood in one direction. During this time the venous blood from right and left
sinus horns enters to the sinus venosus. Usually three important veins enter to the
right and left horns including (1) embryo via the common cardinal veins, (2)
developing placenta via the umbilical veins, and (3) umbilical vesicle via the vitel-
line vein. The primordial atrium receives blood from the sinus venosus under the
control of sinoatrial valves. The blood then enters into the primordial ventricle
through the atrioventricular canal. Simultaneously, with the contraction of the
ventricle, the blood is pumped via the bulbus cordis and truncus arteriosus and
enters into the aortic sac. The blood then distributes to the embryo, umbilical
vesicle, and placenta through the dorsal aortas. Initially, the opening between the
atrium and the sinus is big. Soon, however, the sinus entrance shifts to the right
side. This shift is affected primarily by left-to-right shunts of blood, which take
place in the venous system during the fourth and fifth weeks of development
(Fig. 2.4).
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Fig. 2.4 Different stages of development in “sinus venosus”; (a) 24 days, (b) 35 days

The Next Steps in Differentiation: Atrial Development

Blood flow from left to right causes enlargement of the right sinus and right-sided
veins. The right horn is the main confluence between the original sinus venosus and
the atrium; this right horn develops gradually into the right atrium and makes the
smooth part of the right atrial wall. Now, the sinoatrial orifice is edged on each side
by a valvular fold; these folds will create the right and the left venous valves. After
a while, the dorsocranial parts of these valves fuse together; the result is formation
of a ridge called septum spurium (Fig. 2.5a).

In the next stage, the right sinus horn is merged into the atrial wall; however, the
left venous valve and the septum spurium fuse with the atrial septum. Meanwhile,
all of the superior parts of the right venous valve are drawn back, but the inferior
parts are changed into two parts: the inferior vena cava valve and the coronary sinus
valve (Fig. 2.5b).
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Fig. 2.5 Coronal sections of the heart at the atrioventricular canal level; (a) 5 weeks, (b) fetal stage

As mentioned in the previous segments, during development of the heart, the
heart segments are arranged from cephalad to caudal as the order (Fig. 2.3d):

e Vitelline veins
e Primitive atrium
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¢ Sinus venosus

e Ventricle

e Conotruncal segment (including outflow tract, bulbus cordis, and truncus
arteriosus)

However, the sinus venosus is located between vitelline veins (cephalad) and
primitive atrium chamber (caudad). In fact, the sinus venosus persists until adult-
hood, when the sinus venosus forms the smooth-walled parts of the right atrium; in
the mature heart, this smooth part of the right atrium is called sinus venarum or
venarum sinus, which composes the main parts of the posterior atrial wall and the
majority of the interatrial septum and the lateral wall of right atrium; in the adult
heart, sinus venarum surrounds the openings of the venae cavae and the coronary
sinus (Taylor and Taylor 1997; Ho et al. 2002).

There is a junction between the sinus venosus and the primary atrium which is
called crista terminalis (Fig. 2.5b); in the mature heart, crista terminalis is a fibro-
muscular ridge at the posterolateral region of the right atrium. Crista terminalis is
the anatomical margin between the anterior wall of the right atrium (i.e., the
trabeculated-walled right atrium which contains pectinate muscles and the right
atrial appendage) and the posterior wall of the right atrium (i.e., the smooth-walled
parts of the right atrium also named sinus venarum) (Freedom et al. 2005).

Clinical Note

Crista terminalis functions as the anterior pathway for typical atrial fibrilla-
tion or atrial flutter. Also, in some patients, crista terminalis mimics the right
atrium masses in echocardiographic exams especially in patients with supra-
ventricular arrhythmias in which a suspicious mass in the right atrium is of
utmost importance and needs vigilance for differential diagnosis; sophisti-
cated transesophageal echocardiography and/or cardiac computed tomogra-
phy/magnetic resonance imaging are needed to rule out the differential
diagnosis (Ellis et al. 2000; Gaudio et al. 2004; Akcay et al. 2007; Salustri
et al. 2010; Na et al. 2011; Siddiqui et al. 2013; Nakanishi et al. 2015).

The primary atrium starts to be formed at about 2 weeks of gestation. As the
primitive atrium enlarges, it partially envelops the bulbus cordis; meanwhile, the
right atrium and the left atrium are created out of the primary atrium mainly due to
the growth of the septum primum:

e The primitive right atrium is created out of the primitive atrium by fusion of the
right sinus horn; as mentioned above, the right atrium is consisted of two main
parts, the trabeculated right atrial appendages which give origin to pectinate
muscle and the smooth-walled sinus venarum originating from the right horn of
the sinus venosus; the pectinate muscles cover the entire wall of the right atrial
appendage (Ho et al. 2002).
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e The primitive left atrium expands according to the following order: first of all, an
outgrowth of the posterior left atrial wall develops in the left side of the septum pri-
mum to the primary pulmonary vein (Fig. 2.5a); this primitive pulmonary vein con-
nects with the veins of the developing lung buds; however, during the next expansion,
the pulmonary vein and its branches are merged into the left atrium, making the large
part of smooth wall of adult left atrium. In the left atrium, there is not such a structure
like crista terminalis; so, the mouth of the appendage plays the differentiation role
between rough and smooth parts of the left atrium. Only one vein opens initially into
the left atrium; however, in the mature heart, four pulmonary veins drain into the left
atrium. The left atrial wall is smooth in the majority of its segments; but, a few parts
are rough; meanwhile, much less amount of pectinate muscle is seen in the left
atrium compared to the right atrium. In complied heart, the left atrium originates
from the appendage of the trabeculated atrial wall, and its roof is adjacent to the aorta
and pulmonary artery with its trabeculated surface. On the other hand, the smooth-
walled portion covers the majority of left atrial surface, initiates from the pulmonary
vein component, and is continued up to the body and the vestibule of the left atrium;
also, the smooth wall includes the superior and posterior walls of the left atrium
(Fig. 2.5a, b) (Ho et al. 2002).

The Primordial Heart Septation

After cardiac looping, the heart, composed of inner endocardial lining and outer
myocardial cells, is septated into four main independent regions, which eventually
conform the typical anatomy of the future heart chambers and extracardiac arterial
system (Lin et al. 2012):

e The atrium

¢ The atrioventricular canal (also contains endocardial cushions)
¢ The ventricle

¢ The outflow tract (also contains endocardial cushions)

Septation is a critical transitional stage event in heart development, since during
septation, the heart is changed from a single chamber peristaltic tube to a four-
chambered pump with unidirectional valves and specific cardiac routes for blood circu-
lation; also, we should note that in normal developmental sequence of the heart, cardiac
looping is an essential prerequisite for septation; so we will have the following three
stages as the logical and subsequent stages which constitute cardiac development:

* Cardiac looping
» Septation
e Chamber formation

Also, septation, though a single stage in cardiac development, takes place at
three different anatomic levels that any defect in each of these levels results in spe-
cific lesions; these levels are (Gittenberger-de Groot et al. 2005):



2 Cardiovascular System Embryology and Development 23

e The atrium
e The ventricle
e The arterial pole

However, myocytes participating in chamber formation are not materially
involved in septation (Lamers and Moorman 2002; Lin et al. 2012).

Human heart septation starts at the fourth week and is accomplished by the end
of the seventh week and involves two main phases which are composed of sequen-
tial events:

e During the first phase, two actively growing tissue masses (known as ridges)
advance toward each other, until they fuse and make a septum (Fig. 2.6a, b). This
septum primarily divides the heart lumen info two main single canals (Fig. 2.6a).
Similar septum may also be actively shaped by a single mass of growing tissue
which will develop till it launches into the opposite side of the lumen (Fig. 2.6c¢).
Synthesis of extracellular matrices and cell proliferation play a main role in the
formation of such tissue masses.

e The endocardial cushions develop into the conotruncal and atrioventricular
parts; endocardial cushions are local tissue swellings, made of accumulated
“cardiac jelly”; in fact, cardiac jelly is abundant masses of extracellular matrix
incorporated between the endocardium and the myocardium (Lin et al. 2012).
Cardiac jelly is acellular at first; however, after formation of AV cushions, there
is an epithelial-to-mesenchymal transition (EMT) of the endocardial cells which
cover the cushions (Lockhart et al. 2011).

* However, endocardial cushions when created participate in the formation of
membranous parts of atrial and ventricular septa, the atrioventricular canals,
the atrioventricular (AV) valves, and the aortic and pulmonary valves. But, we

A: Ridge formation B & C: Septum formation

Fig. 2.6 (a) Ridge formation by two actively growing masses; (b) septation and septum formation
by two actively growing masses that close to each other until they fuse and make a septum; (c)
septation by a single actively growing mass
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should remember that endocardium cushions usually do not participate in
true septum formation. Instead, endocardial cushions take part in septation
process in a different way. Their mechanism is that a thin strip of mass tissue
in the walls of the atria and ventricles grows and spreads around to well
expand the surrounding tissue, until it makes a thin ridge between two contra-
lateral parts; each of these contralateral thin ridges grows on either side until
they reach each other and eventually fuse to form a septum. However, this
septation mechanism usually does not completely divide the original lumen;
but, it leaves a thin link between the two contralateral parts; while later on,
the thin canal is endorsed and secondarily supported by proliferation of
neighboring tissues. This mechanism of septation separates the ventricles and
atria partially (Fig. 2.6a—c). At times, due to this mechanism or other similar
mechanisms, some of the cardiac structures are created that are known as
classic septum while they are not real septum and are in fact folds or layers of
the myocardial tissue that engulf some adipose tissue in between (Anderson
et al. 2003a).

Whatever the mechanism of septation, the process of septum formation and car-

diac chambering is not completed until three major subsequent events will happen
which eventually will lead into the typical “four-chambered heart”:

Creation of the primitive atrial septum (PAS)

Creation of the atrioventricular (AV) cushions which also gives origin into tricus-
pid valve apparatus and mitral valve apparatus

Creation of the interventricular septum (IVS)

These three major events are discussed in the next paragraphs.

Septum development in the common atrium Creation of the primitive atrial sep-
tum (PAS)

The septation process in the common atrium starts at the beginning of the fifth

week and includes the following steps (McCarthy et al. 2003; Gittenberger-de Groot
et al. 2005; Sukernik and Bennett-Guerrero 2007; Asrress et al. 2015; Calkoen et al.
2016):

A sickle-formed crest derived from the roof of the common atrium grows toward
the middle of the heart lumen; this crest makes the first part of the structure
called septum primum.

The caudal end of this septum primum develops toward the fused endocardial
cushion which is located in the atrioventricular canal.

In this stage, there is a gap between two parts of the common atrium which is
called the ostium primum and allows blood flow between the two parts of the
common atrium (i.e., interatrial flow).

The septum primum is fenestrated spontaneously in its superior regions by apop-
tosis to create ostium secundum; these fenestrations appear in order to create
right-to-left shunt in the fetal circulation which allows flow of oxygenated blood
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coming from the umbilical vein to the other organs of fetal body; in this way, the
superior part of the septum primum will be obliterated, though it will be com-
pleted by septum secundum.

* A crescent muscular mass of the ventrocranial common atrial wall originates
from the right atrium and grows downward on the right side of the septum pri-
mum; this infolding will produce the superior segment of the future interatrial
septum; this structure is called septum secundum and it will cover the main part
of the ostium secundum; this muscular septum secundum develops during the
fifth and sixth weeks of gestation.

* So, we see that the future interatrial septum is the result of two merging septa:
septum primum and septum secundum.

e The left venous valve and the septum spurium merge with the right side of the
septum secundum.

e Meanwhile, the pulmonary veins will be relocated from the right atrium to the
dorsal wall of the left atrium.

e The defect in the septum secundum is called the fossa ovalis which is usually
compensated by septum primum.

e There is a defect in the borders of septum primum and septum secundum called
the foramen ovale, an obliquely elongated cleft in the interatrial septum which is
open as long as fetal circulation persists; after birth, transition of circulation from
fetal circulation to normal circulation leads to increased pressure in the left car-
diac chambers and closure of the foramen ovale, at first physiologically and after
a while, anatomically.

* The sinus venosus is the part of the tissue separating right pulmonary veins from
the SVC from the posterior and inferior aspects of the free wall of the right
atrium; coronary sinus septum is the part of the myocardial tissue separating the
coronary sinus from the left atrium (Geva et al. 2014).

The communication between the endocardial cushions and the lower edge sep-
tum primum named the foramen primum or the ostium primum. The ostium pri-
mum, as a shunt, helps the oxygenated blood to cross from the left to the right
atrium. In the next growth, expansions of the lower and higher endocardia cush-
ions develop toward the rim of the septum primum and block the ostium
primum.

Genetic factors related to the development of interatrial septum: a set of genetic
studies have shown that atrial septal defects and defects in the conduction system
are closely related to NKX2.5 mutations. The other genes that play a main role in
the heart development are GATA4 gene. The product of this gene and its interaction
with other gene products including TBXS play an important role in cardiac develop-
ment. Mutations in this gene alter the transcriptional activity of GATA4 and result
in ASD, VSD, and pulmonary valvular stenosis (Gourdie et al. 1999; Gourdie et al.
2003; Christoffels et al. 2004; Moorman et al. 2005; Tomita-Mitchell et al. 2007,
Remme et al. 2009; Moskowitz et al. 2011; Xin et al. 2013; Stefanovic and
Christoffels 2015).
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Clinical Notes

* ASD is discussed in detail in Chap. 19; however, some of its developmen-
tal notes are discussed here in brief.

o If the pulling-down process of septum primum and septum secundum is
deficient, a type of defect occurs in the interatrial septum known as ASD
secundum or ostium secundum ASD (ASD II) which is the most common
type of ASD.

o If the ostium primum is not closed by septum primum coming from the
underlying AV cushions, primary atrial septal defect (ASD I) occurs which
is often in combination with varying degrees of abnormalities in AV cush-
ions, namely, AVSD which is discussed in Chap. 18—AV Septal Defects.

* In a minority of newborns, fetal circulation persists, leading to a clinical
status called persistent fetal circulation (PFC) which is discussed in detail
in Chap. 3—Cardiac Physiology; however, PFC leads to increased pres-
sure in the right side over the left side which is the main etiology for per-
sistence of the foramen ovale, a disease known as persistent foramen ovale
(PFO) which is discussed under the interatrial defects.

* The last major type of interatrial defects is called sinus venosus atrial sep-
tal defect, which is due to abnormal attachment of venae cavae (often the
superior vena cava) leading to atrial septal defect which is usually associ-
ated with anomalous attachment of pulmonary veins; this defect is often
discussed under anomalous pulmonary venous drainage (Kerut et al. 2001;
Sukernik et al. 2001; Oliver et al. 2002; McCarthy et al. 2003; Van Praagh
et al. 2003; Sukernik and Bennett-Guerrero 2007; John et al. 2011; Briggs
et al. 2012).

Septum development in the atrioventricular canal Creation of the atrioventricu-
lar cushions associated with tricuspid and mitral valves

At the fifth week of gestation, the superior and inferior endocardial cushions are
going to be created, so they gradually appear over the primitive left ventricle. Then,
an endocardial mass is produced on the ventral and dorsal parts of atrioventricular
(AV) canal, and at the same time, this mass is penetrated by mesenchymal cells. In
this way, the AV endocardial cushions are made close to each other, while in the
next stage, they merge together and are separated to form the left and the right AV
canals; these AV canals could discriminate incompletely the primordial ventricle
from the primordial atrium.

However, specialized parts of extracellular matrix or cardiac jelly play a crucial
role in the development of endocardial cushion; this is why the effect of specific
molecules including hyaluronic acid, hyaluronan, fibronectin, fibrillin, proteogly-
cans, and collagens in cardiac jelly is a leading role (Lockhart et al. 2011; Ray and
Niswander 2012; Lalani and Belmont 2014).


http://dx.doi.org/10.1007/978-3-319-44691-2_19
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The cells that constitute the endocardial cushion tissues are primarily endocar-
dial in origin; however, these endothelial cells migrate into the inner layers of the
heart tube to create the primitive mesodermal tissue of this tube which is located in
the crux of the heart. This critical process in formation of cardiac cushions is called
endothelial-to-mesenchymal transition of endothelial cells in cardiac cushions
(Zhang et al. 2014; Davey and Rychik 2016).

There is a detailed list of cellular and molecular factors which play their role in the
development of cardiac cushions, and any impairment in their role may lead to endo-
cardial cushion defects; these factors include but are not limited to the following:

e Transforming growth factors and proteins (like bone morphogenetic protein,
BMP)

 Intercellular signaling molecules and enzymes

e Extracellular matrices

e Transcription factors and mutations in their related genes, like GATA4 transcrip-
tion factor, TGF beta, FOG factor, Smad4, Zic family member 3 (Zic3), NK2
homeobox 5 (Nkx2.5), and T-box protein 5 (Tbx5)

e Mutations in genes such as CYSTEINE-RICH PROTEIN WITH EGF-LIKE
DOMAINS (CRELD1, a cell adhesion molecule) (Yamagishi et al. 2009; Lockhart
etal. 2011; Moskowitz et al. 2011; Ray and Niswander 2012; Garside et al. 2013;
Liu et al. 2013; Paffett-Lugassy et al. 2013; Xin et al. 2013; Lalani and Belmont
2014; Kathiriya et al. 2015; Stefanovic and Christoffels 2015; Gordon and
Gordon 2016)

Atrioventricular Valves

For the creation of the atrioventricular (AV) valves, the following steps happen:

e The AV valves are produced in a process called endothelial-to-mesenchymal
transition of endothelial cells in cardiac cushions through the following subse-
quent stages.

* The endocardial cushions are the “progenitors” of the AV valves.

* The embryologic cells that constitute the endocardial cushions are endothelial
cells migrating into the inner layer of the heart tube; this migration creates the
primary mesodermal tissue of the heart tube which is located in the heart crux.

* Afterward, the AV endocardial cushions merge.

e Then the mesenchymal tissue proliferates locally and surrounds the orifice of the
AV canals.

* In the next stage, the blood flow dips out the tissue on the ventricular surface of
the mesenchymal proliferations, which leads to more final form of the valves.

* However, there is still persistence of the valve links to the ventricular wall by
muscular cords; in the last stage, the muscular cords are changed to a dense con-
nective tissue, followed by obliteration of muscular part of the cords.
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Atrioventricular valves

Chordae tendinea

Papillary muscle

Fig. 2.7 Development of the atrioventricular valves and chordae tendineae

Now the valves include the connective tissue endorsed by endocardium, which
are attached by chordae tendineae to the papillary muscles (Fig. 2.7).

And now we have two final valves: the two-leaflet valve in the left atrioventricu-
lar canal which is bicuspid, known as the mitral valve, and three-leaflet valve in
the right atrioventricular canal known as the tricuspid valve (Gaussin et al. 2005;
Zhang et al. 2014; Davey and Rychik 2016).

Many cellular and molecular factors play their role in the normal development of

AV cushions; any impairment in their process leads to impaired endocardial cushion
development; some of these factors are presented here:

Transforming growth factors and proteins (like bone morphogenetic protein,
BMP)

Intercellular signaling molecules and enzymes

Transcription factors and mutations in their related genes, like GATA4 transcrip-
tion factor, TGF beta, FOG factor, Smad4, Zic family member 3 (Zic3), NK2
homeobox 5 (Nkx2.5), and T-box protein 5 (Tbx5)

Extracellular matrices (Yamagishi et al. 2009; Moskowitz et al. 2011; Ray and
Niswander 2012; Garside et al. 2013; Liu et al. 2013; Kathiriya et al. 2015;
Stefanovic and Christoffels 2015)

Clinical Note

If normal development of the endocardial cushions is impaired, the resulting
defects would be seen as defects in the septum (at the crux of the heart) and,
also, impairment in normal development of the AV valves, a clinical state
known as atrioventricular septal defect “AVSD.” However, these abnormalities
in the septum and the AV valves do not have a constant spectrum with varying
degrees; so, there are different phenotypes seen in patients with AVSD; detailed
discussion on this disease could be found in Chap. 18—AV Septal Defects.


http://dx.doi.org/10.1007/978-3-319-44691-2_18
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Septum development in the ventricles Creation of the interventricular septum (IVS)

At the beginning of the fifth week, the primeval ventricles start to expand and
create the apical portions of the future ventricles from the primary heart tube. The
interventricular septum (IVS) sulcus is the externally separating margin of right and
left ventricles, while the internal separator of right and left ventricle is the bulboven-
tricular flange which is part of the primitive ventricle and leads to the development
of the muscular part of IVS. Development of the primeval ventricles is one of the
main steps in the development of IVS. There are two main parts in IVS:

e The muscular IVS developed from the bulboventricular flange.
e The membranous IVS connects the upper margin of the bulboventricular flange
to the anterior and posterior endocardial cushions.

However, there are a number of following sequential events leading to the devel-
opment of IVS:

» The first sign of division in primordial ventricle is the creation of muscular IVS
which is a median ridge in the ventricle floor adjacent to its apex; the edge of
muscular IVS is concave and free.

* During early stage of development, IVS achieves its height by expansion of the
ventricles on each side.

» Afterward, IVS myoblasts start active proliferation, resulting in increased size.

* The next step is conus septum completion, which happens as a result of tissue
extension, starting from the inferior part of endocardial cushion alongside top of
the muscular IVS; these parts of tissue finally merge with the neighboring por-
tion of the conus septum.

* And the final step is closure of the opening above the muscular IVS; when the inter-
ventricular foramen closes completely, the membranous part of the IVS is formed.

» Three sources of tissue take part in the closure of the interventricular opening
and formation of the membranous IVS: the left bulbar ridge, the right bulbar
ridge, and the endocardial cushions.

The primary ventricular septum or primary ventricular fold is produced following
the trabeculation of the ventral part of the muscular IVS. However, there is a smooth part
on the dorsal wall of IVS, named the inlet septum; this nomenclature is used because it
is located nearby the AV canals. The moderator band or septomarginal trabecula is
located on the right wall of muscular [VS, between the primary trabeculated fold and the
inlet septum. This structure is a firm connection between the muscular septum and the
anterior papillary muscle. When the right ventricular chamber expands, the moderator
band is formed nearby the AV canal and dorsal muscular IVS. Eventually, a large part of
the mature right ventricular chamber is formed by this expansion. However, if this ana-
tomic area expands incompletely, the developing tricuspid part of the atrioventricular
canal remains attached to the interventricular foramen, leading to tricuspid atresia and/
or other tricuspid valve anomalies (Lamers and Moorman 2002; Gittenberger-de Groot
et al. 2005; Togi et al. 2006; Lin et al. 2012; Poelmann et al. 2014).

Failure or gaps in the development of IVS leads to different forms of VSD; a
detailed discussion on VSD is found in Chap. 19.


http://dx.doi.org/10.1007/978-3-319-44691-2_19
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Septum Development in the Truncus Arteriosus and Conus
Cordis

There is a paired ridge, composed of two cushions, which appears in opposing sites
of the truncus. These two ridges are located as follows:

e On the right side of superior wall: the right swelling lies on the superior truncus.
e On the left side of the inferior wall: the left swelling lies on the inferior truncus.

During the fourth week of gestation, the right-sided swelling located on the supe-
rior site of truncus progresses distally and toward the left. Meanwhile, the left-sided
swelling located on inferior truncus develops distally to the right. Henceforward,
these swellings grow toward the aortic arch, while at the same time, they turn around
each other. During this turning movement, they foreshadow the spiral pathway of
the upcoming septum (Webb et al. 2003; Anderson et al. 2010).

These swellings deal with a spiral twist of about 180°. Some of the neural crest
cells are transferred from the embryonic pharynx and pharyngeal arches to arrive in
these edges. The streaming of the blood from the ventricles is one of the main fac-
tors that may play a major role in the spiral orientation of the bulbar and truncal
edges (Webb et al. 2003; Anderson et al. 2012).

Anyway, this model of development results in the formation of a spiral aortico-
pulmonary septum when the edges merge. However, after these edges are com-
pletely merged, they make the aorticopulmonary septum, separating the truncus
into two parts: an aortic channel and a pulmonary channel (Fig. 2.8) (Steding and
Seidl 1981; Webb et al. 2003; Okamoto et al. 2010).

Pumonary trunk

Aorta Pumonary

trunk

Fig. 2.8 Septation of the heart outflow tract and complete the ventricular separation. Formation of
the conotruncal ridge; conotruncal ridge fuses with the other compartment to complete the inter-
ventricular septum
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During the fifth week of gestation, ridges from the subendocardial tissue are
formed in the common outflow tract. The spiral orientation of these ridges results in
a spiral aorticopulmonary septum during fusion of these ridges. This is the septum
that divides the outflow tract into two channels, the pulmonary trunk and the aorta.
The second heart field (SHF) plays a crucial role in the development of the outflow
tract. Any impairment in SHF or neural crest results in major defects in growth and
development of the conotruncal region (Steding and Seidl 1981; Webb et al. 2003;
Restivo et al. 2006).

Semilunar Valve Formation

When conotruncal septa are formed, two other cushions are developed which
oppose each other in the outflow tract; they are called “the intercalated cushion in
the distal conal fragment”; the new cushions, after being remodeled, make two
main outflow tract cushions. These two cushions together with the lateral interca-
lated cushions are excavated; the final result of this process is creating cavities at
the origin of the future pulmonary artery and ascending aorta. The primordial
deviations from these cavities and the intervening tissues are valvular sinuses and
semilunar valves. A set of studies in mice show that semilunar valve leaflets origi-
nate mainly from endocardial cushion tissue, associated somewhat with neural
crest cells and epicardial cells. The development of semilunar valves in human is
completed up to the ninth week (Fig. 2.9) (Anderson et al. 2003b; Hinton and
Yutzey 2011; Goenezen et al. 2012; Lin et al. 2012; Sherif 2014; van Geemen
et al. 2016).

Semilunar valves

Valve swelling  Endocardium
| P i b I |
Fig. 2.9 Development of semilunar valves at weeks 6 (a), 7 (b), and 9 (c). The superior surface is
hollowed to form the valves
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Development of the Cardiac Conducting System in the Heart

The cardiac conducting system (CCS) is composed of several integral components
in a delicate hierarchy which is the mainstay for effective mechanical contractions
of the heart chambers (Desplantez et al. 2007; Dun and Boyden 2008; Atkinson
etal. 2011).

e The sinoatrial (SA) node which is the main excitatory and impulse generating
location in the heart, generating the regular and rhythmic leading impulses of the
heart; they have the most rapid intrinsic rate for impulse generation all over the
cardiac cells.

e Specialized conduction system known as conductive cells which is mainly com-
posed of the atrioventricular conduction pathways, atrioventricular (AV) node,
His bundle, and its right and left branches; finally, there are the Purkinje fiber
cells or the Purkinje fiber network which is distributed over all parts of the ven-
tricles and conducts the electrical impulse effectively and rapidly over the ven-
tricles (Fig. 2.10).

Development of the sinoatrial (SA) node During the very early phases of heart
development, while there is no conduction system development, all of the epitheli-
oid myocytes are electrically active; however, more sophisticated studies have
shown that pacemaking area cells have been evolved as a primitive area in the pri-
mary sinus venosus and atrium well before the heart begins; these cells are devel-
oped and start signaling toward the outflow tract of the developing heart well before
any other part of the CCS is developed; their impulses are spread over the heart
through gap junctions and connexin proteins (Jalife et al. 1999; Mikawa and Hurtado
2007).

The pacemaker cells changing later to SA node are placed in the caudal portion
of the left heart tube at the beginning of their development. At first, the primitive
atrium plays the main role of pacemaker in the heart, but in the next phases of devel-
opment, this role is transferred to sinus venosus. Later, during the fourth week, SA
node develops. It is located in the right wall of the sinus venous during early phases
of development; however, in the next couple of weeks, its gradual development
leads to its merge with the right atrial wall. In the normal heart, SA node lies in the
cephalic portion of the posterior wall of right atrium just near the orifice of
SVC. During its normal function, SA node has a complex architecture leading to
heterogeneous electrical activity. Also, pacemaking cells, especially in SA node,
have a number of specific specifications:

e Higher rate of spontaneous beating
 Faster activation of the funny current (/;)
e Greater density of the funny current (Mikawa and Hurtado 2007)

Development of AV node During the next phases of CCS development, the cells
derived from left wall of sinus venous form the atrioventricular node and bundle;
these cells are usually placed in the inferior part of interatrial septum and anterior to
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Higher rate of spontaneous
beating

Slowdown of impulse
velocity at the AV
junction

and
dissociation of “direct
electrical coupling”

Apex-to-base shift

in the His bundle
and Purkinje fibers

Fig. 2.10 Cardiac conductive system and its elements; in the left, see the relationship of normal
electrocardiography with the elements of the system. (a) Relationship of each anatomical segment
with electrocardiograph; (b) the embryologic “role definition” for each of the electrical segments
of the heart during its development (Modified from Dabbagh (2014). Published with kind permis-
sion from © Springer, 2014. All Rights Reserved)

the coronary sinus foramen. The AV node lies just superior to the endocardial cush-
ions. Development of AV node is a multiple step mechanism. The first theory is that
AV node cells are in fact a subpopulation of the primary myocardial cells which
their differentiation into “normal” mature myocardial cells is restrained, leading to
AV node cells with slow conducive properties; however, additional cellular and
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molecular theories (including signaling mechanism) are proposed for AV node
development; these are beyond the scope of this chapter (Christoffels et al. 2004;
Moorman et al. 2005; Mikawa and Hurtado 2007).

During the development of AV node, there are three basic changes in differentia-
tion of the impulse propagation pattern of the CCS; these changes occur during
looping of the heart tube and ensure productive and successful pumping of the blood
in the four-chambered heart; they are mainly the result of the following three major
developmental steps:

1. Significant slowdown of impulse velocity at the AV junction: this impulse slow-
down is synchronized with morphologic cleavage between atrial and ventricu-
lar chambers; also, this time delay in combination with development of AV
cushions leads to production of an effective peristaltic wave in myocardial con-
traction; the final result will be augmented pumping efficiency of the develop-
ing heart.

2. The second step is dissociation of direct electrical coupling between atrial syn-
cytium and ventricular syncytium due to the creation of the interventricular
septum.

3. Shift in the electrical direction of the impulse: when septation occurs in the ven-
tricular chambers, there is a very clear and specific change in the process of
impulse generation and propagation and that is a dramatic shift in the electrical
direction of the impulse from base-to-apex model to apex-to-base model
(Mikawa and Hurtado 2007).

Development of bundle branches and His bundles During the next developmen-
tal phases, the AV node bundle fibers pass through the atrium to the ventricles and
divide into the right and left bundle branches, distributing over the ventricular myo-
cardial tissue. The growth of the AV node is simultaneous with the formation of the
bundle of His, a specialized conducting fiber, connecting the bundle branches to the
Purkinje fibers in the peripheral ventricular conduction system. His bundles distrib-
ute into the left and the right ventricles by the moderator band.

Development of Purkinje fibers Development of the Purkinje fibers is from the
“working myocytes” as a result of interactions between contractile myocytes with
endocardial cells and arterial cells, leading to the development of subendocardial
and intramyocardial Purkinje cells, respectively; also, coronary arteries have a very
essential role in differentiation of Purkinje cells; endothelin signaling is another
main factor that promotes transdifferentiation process of the Purkinje fiber (Gourdie
et al. 1999, 2003; Gassanov et al. 2004; Mikawa and Hurtado 2007; Hua et al.
2014).

The CCS has a pivotal role in the function of the heart; any developmental defects
leading to abnormalities in the CCS lead to life-threatening cardiac arrhythmias
(Wu et al. 2014). Also, the repair of congenital heart defects, especially in patients
with ventricular septal defects, is associated with a great risk of damage during
surgical correction in all of these conducting structures (Racker 2004).
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Atrioventricular (AV) Valve Anomalies

Abnormalities in AV valve development significantly contribute to errors in the
remodeling process that leads to formation of valve leaflets, chordae tendineae, and
papillary muscles; they originate from endocardial cushion and ventricular myocar-
dium. Partitioning of truncus arteriosus and conus arteriosus in the fifth week of
embryologic development is associated with the spiral development and twisting
migration of neural crest cells; the final result as mentioned before is the develop-
ment of the structures known later as “outflow tracts” and “great arteries” (Anderson
et al. 2003b; Restivo et al. 2006).

In the pulmonary tract system, the related conus known as pulmonary conus
takes part in the formation of the infundibulum which is the anatomic structure
between pulmonary valve and the AV valves on one side and the muscular infun-
dibulum on the other side. In the outflow tract of the systemic circulation, the sub-
aortic conus is obliterated leading to the development of the aortic valve surrounded
by fibrous continuity of the AV valves (Hinton and Yutzey 2011).

Till now, the main pathogenesis mechanism of AV valve atresia (leading to com-
plete obliteration of the orifice of each valve) is not well known. When the AV sep-
tum is not formed, the wedging and remodeling of valves are impaired, and
consequently, alignment of the AV canals with their appropriate ventricles fails. It
seems to be the underlying mechanism leading to single inlet for the ventricle: ven-
tricular inflow from both atria.

Likewise, in double-outlet right ventricle (DORV), there may be double outlets
for a ventricle, due to malalignment of the outflow tract; in other words, the affected
ventricle has both the aorta and the pulmonary artery. In this disease, the aortic and
pulmonary outflow tracts link to the right ventricle, associated in almost all cases
with a ventricular septal defect, leading to arterial blood flow leaving the right ven-
tricle while the blood is a mixture of high oxygenated and poor oxygenated blood.
In these patients, the ductus arteriosus links the pulmonary trunk and aorta to each
other. Impairment in biventricular circulation leading to a univentricular heart func-
tion leads to left ventricle-driven circulation and enlargement of the left ventricle and
hypoplastic right ventricle; ductus arteriosus should remain open. Usually this con-
dition leads to cardiac failure unless treated. This disease is discussed more in Chap.
30—Double Outlet Right Ventricle (Anderson et al. 2001, 2003b; Mahle et al. 2008).

Stenosis of Cardiac Semilunar Valves

Stenosis of the semilunar valve is defined as stenosis of either the aortic valve or the
pulmonary valve. These conditions are discussed in Chap. 24, Right-Sided
Obstructive Lesions, and Chap. 26, Congenital Aortic Valve Anomalies. Congenital
valvular stenosis is due to abnormal cavitation and remodeling within the distal
conal cushion tissue responsible for forming the aortic semilunar valves, leading to
different congenital diseases of the aortic valve.
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Cardiac Outflow Tract Septation Anomalies

Truncus arteriosus Cardiac neural crest cells are multipotent migratory cells that
contribute to the cardiac outflow tract formation and the pharyngeal arch arteries.
Today we know that a great number of many of the outflow tract septation malfor-
mations are in association with abnormal development of neural crest cells; as a
result, the conotruncal septa do not form at all, leading to persistent truncus arterio-
sus. This abnormality will inevitably embrace a defect in ventricular septation, lead-
ing to mixing of the blood during departure from two ventricles, i.e., in the common
outflow tract; however, the result of this mixing is mainly a left-to-right shunt lead-
ing to pulmonary hypertension (Fig. 2.11). If not treated, the child usually dies
within the first 2 years of life. This defect is usually corrected surgically, by fixing
the VSD and implanting a valved prosthetic shunt connecting the right ventricle and
the pulmonary arteries.

Transposition of the great vessels In about 5 per 10,000 live-born infants, the
conotruncal septa develop but without the usual spiral pattern, leading to transpo-
sition of the great vessels, in which the left ventricle empties into the pulmonary
circulation and the right ventricle empties into the systemic circulation. Inversion
of the great vessels is often fatal unless the ductus arteriosus remains patent or is
accompanied by intrinsic ASD or VSD or by surgically introduced atrial defects
aiming to establish an interatrial communication and hence allowing the deoxy-
genated systemic and the newly oxygenated pulmonary blood to mix. Inversion
can be surgically modified with a favorable prognosis. Nevertheless, it is the main
cause of death in infants with cyanotic heart disease younger than 1 year old. A
full discussion of the disease is presented in Chap. 21—Transposition of Great
Vessels.

Aorta

Truncus arteriosus

Interventricular
septal defect

Fig. 2.11 The outflow cardiac tract septation defects
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Tetralogy of Fallot (TOF) TOF is a syndrome described by Danish Niels Stensen
in 1671, then reported by Eduard Sandifort in 1777, and the exact anatomy of TOF
illustrated by William Hunter from St George’s Hospital Medical School, London,
in 1784. It was in 1888 that Etienne-Louis Arthur Fallot described L’anatomie
pathologique de la maladie bleu; in 1924, the term “tetralogy of Fallot” was created
for the first time by Canadian Maude Abbott (Berry 2006; Evans 2008; Van Praagh
2009). The term fetralogy refers to four classic malformations, demonstrated as a
graphic in Fig. 2.12, and includes:

e Pulmonary stenosis

e Ventricular septal defect

e Rightward displacement of the aorta (usually known as overriding of the
aorta)

* Right ventricular hypertrophy

The main etiologic mechanism is uneven separation of the outflow tract which
results to overriding of the aorta and also malalignment of the muscular outlet sep-
tum regarding right and left ventricles; these defects lead to increased filling pres-
sures in the right ventricle, with resultant right ventricular hypertrophy. TOF is
among the common cyanotic congenital heart diseases and is generally corrected
surgically, including release of the pulmonary trunk obstruction, repair of ventricu-
lar septal defect, and, at the same time, correction of overriding; a few years later a
considerable number of patients refer for correction of the pulmonary insufficiency
which is a sequel of pulmonary stenosis repair. TOF is presented in detail in Chap.
20 (Therrien et al. 2005; Apitz et al. 2009; Starr 2010).

" Patent ductus arteriosus
Superior vena cava

Overriding of aorta

of aorta and

) interventricular septal defect
1- Pulmonary stenosis

(Narrow pulmonary

Nilar septal defect
outlet)

Inferior vena cava

Fihe right ventricle

Fig. 2.12 Tetralogy of Fallot: (1) pulmonary stenosis, (2) overriding of aorta, (3) interventricular
septal defect, and (4) hypertrophy of the right ventricle


http://dx.doi.org/10.1007/978-3-319-44691-2_20

38 A. Dabbagh et al.
Vascular Formation

Two main mechanisms are involved in the development of blood vessels:

1. Vasculogenesis, a process producing vessels through the process of angioblast
coalescence; this mechanism is responsible for the production of the two main
vessels, the dorsal aorta and cardinal veins (Williams et al. 2010; Charpentier
et al. 2015).

2. Angiogenesis, new buds emerge from the preexisting vessels, and in this way,
new vessels are created; this is the mechanism responsible for the development
of all body vessels except for dorsal aorta and cardinal veins; however, vascular
endothelial growth factor (VEGF) and other growth factors play a crucial role
throughout this mechanism (Charpentier and Conlon 2014).

Arterial System

Development of Aortic Arches

The aortic arches are a series of paired developing vascular organs in the embryo-
logical development; in addition, they are also known as pharyngeal arch arteries
or branchial arches, and they give origin to a number of important vascular
structures.

The creation of aortic arches begins between 22nd and 24th days of develop-
ment. At first a pair of arches is formed; then, following the folding of body, the
endocardial tubes move toward the future thorax; meanwhile, the cranial ends of the
attached aortae are drawn into a dorsoventral loop. This leads to the location of the
first aortic arch pair into the condensed mesenchyme of the first pharyngeal arches
in each side of the developing pharynx.

The arterial lumen of the aortic arch arises from the ventral part of the aortic sac,
which is an enlargement at the cranial part of the truncus arteriosus. They are linked
to the right and left dorsal aortae. Aortic arches are located ventral to the dorsal
aorta. The dorsal aortae persist as discrete vessels in the aortic arches area; however,
in the fourth week of gestation, they merge together throughout the fourth thoracic
segment to the fourth lumbar segment to make a dorsal aorta in midline. Development
of aorta occurs during the third week of development, in relation with development
of the endocardial tube. During days 26-29, through the process of angiogenesis
and vasculogenesis, the second, third, fourth, and sixth arches grow inside their
related pharyngeal arches; then, they are incorporated with EPCs that are trans-
ferred from the inclosing mesoderm. Also, neural crest mesenchymal cells in the
pharyngeal arches play a main role in the usual growth of the arch arteries; here the
neural crest cells do not have a direct relationship with the endothelium of these
vessels (Kau et al. 2007).
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Development of Arterial Tree from Aortic Arches

During 28th to 32nd days of embryonic development, the blood departs the heart
via the outflow tract and comes back to the heart through the extrapericardial aor-
tic sac. There is a very important connection between the aortic sac and bilateral
dorsal aortae; this connection is developed through third, fourth, and sixth pha-
ryngeal arch arteries, which run in their corresponding pharyngeal arches and then
separate in the dorsal region; finally, they merge with the paired dorsal aortae.
Later, during the course of development, the aortic sac obliterates and is no more
recognized (days 37-42). A summary of the organs created during the embryo-
logic period from the aortic arches is discussed here for each aortic arch based on
related extensive studies; also, a very brief summary is presented in Table 2.1
(Graham 2003; Kau et al. 2007; Strilic et al. 2009; Kellenberger 2010; Mirilas
2011; Lammert and Axnick 2012; Stojanovska et al. 2012; Bamforth et al. 2013;
Neufeld et al. 2014; Rana et al. 2014; Gupta et al. 2015, 2016; Menshawi et al.
2015; Plein et al. 2015).

The first aortic arches As the future arches are going to be formed, the first two
arches go to remission and go to their earlier states. Later, as the second arch devel-
ops, the first arch degenerates absolutely (except a small remnant which makes a
part of the maxillary arteries).

The second aortic arches By day 26, the second aortic arch grows in the second
pharyngeal arches and joins the dorsal aortae to the aortic sac; however, the second
arch degenerates at the time that the sixth arch is developed; just a small part of the
second arch remains which makes the stapedial artery, providing future blood sup-
ply to the stapes bone in the developing ear.

Table 2.1 Embryologic aortic arch pairs (Kau et al. 2007; Rana et al. 2014)

Aortic arch pair | Originated arteries

First pair Maxillary and external carotid arteries

Second pair Stapedial arteries

Third pair Internal carotid artery also, proximal parts of the third pair constitute the
(carotid arch) common carotid arteries

Fourth pair Right arch: constitutes the proximal right subclavian artery until the origin of

right internal mammary branch
Left arch: originates the aortic arch between the left common carotid artery
and left subclavian artery (ductus arteriosus)

Fifth pair Rudimentary vessels
Sixth pair Right arch: constitutes the right pulmonary artery

Left arch: the main and left pulmonary artery and ductus arteriosus
Seventh pairs Right arch: constitutes part of the right subclavian artery; in addition, the

right fourth arch and the right dorsal aorta contribute information of the right
subclavian artery
Left arch: the left subclavian artery
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The third and fourth aortic arches During regression of the first arch on day 25,
the third and fourth aortic arches are formed; the aortic arch is made of the joint
venture of left fourth aortic arch with the merged dorsal aorta and a small part of the
aortic sac; this combination is converted to ascending aorta or to aortic arch and the
most cranial part of the descending aorta. When the dorsal aortic segments are
merged, they lead to caudal parts of the descending aorta at the fourth thoracic level.

During these developmental processes, the fourth arch is much more profuse and
protuberant than the third and sixth arterial arches.

The third aortic arch is attached to the dorsal aortae at its cranial part; this attach-
ment has an “end-to-side” fashion, leading to the development of internal carotid
arteries as cranial extensions of this attachment.

There is another part of dorsal aorta located between the third and the fourth
aortic arches, known as carotid duct; this arterial segment is narrower than caudal
segments of the dorsal aorta.

In the next stage of the arterial system development, the dorsal aorta disappears
on either side by day 35; these aortic parts join the third and the fourth arch arteries.
Therefore, the third aortic arches drain totally into the cranial parts of the dorsal
aortae which perfuse the head.

The arteries derived from the third arch include:

* Right common carotid artery
e Left common carotid artery
e Proximal part of the right and left internal carotid arteries

The distal part of each internal carotid artery is developed from the cranial part
of the ipsilateral dorsal aorta, and the right and left external carotid arteries develop
from the common carotids.

The fifth aortic arches The fifth pair is not involved in these developmental stages;
as a matter of fact, some authors have even questioned its presence or at least
claimed that no specific role is attributable to this arch in the development of con-
genital heart diseases; however, others have defined some role (Bamforth et al.
2013; Gupta et al. 2015, 2016).

The sixth aortic arches It is formed on day 29 while the second arch degenerates
simultaneously; the proximal end of the aortic sac gives rise to the right and left
sixth arches which are asymmetrical in the next developmental phases. The right
sixth arch loses its distal connection with the right dorsal aorta by the end of the
eighth week; in comparison, the left sixth arch does not disappear and its distal part
forms the ductus arteriosus. This duct lets the blood transfer from the pulmonary
trunk into the descending aorta during gestation. After birth, this duct is closed and
is transformed later to ligamentum arteriosum, a rudimentary joint between the pul-
monary trunk and aorta.

The uneven growth of the right and left sixth arches has another consequence:
asymmetry between left and right recurrent laryngeal nerves, which are branches
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of the vagus nerves. The laryngeal nerves rise initially under the level of the sixth
arch; then, they pass under the right and left sixth arches. Recurrent laryngeal
nerves innervate intrinsic muscles of the laryngeal system. Throughout develop-
ment, the larynx moves cranially in relation to aortic arch; however, the left
recurrent laryngeal nerve is trapped below the left sixth arch and remains circled
under the developing ligamentum arteriosum. In contrast to the left recurrent
nerve, the right recurrent laryngeal nerve is entrapped below the fourth arch
which is changed later to the right subclavian artery due to the degeneration of
the distal portion of the right sixth aortic arch and also no further development in
the fifth arch.

Finally, during these phases, sprouts of pulmonary trunk emerge as the following
order: sprouts of the pulmonary trunk could be visible at the caudal segment of the
sixth aortic arch. The embryonic pulmonary arteries grow in the splanchnopleuric
mesoderm; they initially join the fourth aortic arch; then, they create a new and
secondary link with the sixth arch before missing their link with the fourth aortic
arches. In fact, the pulmonary arteries join the sixth arch arteries and in the next
stages, to the pulmonary trunk; however, pulmonary artery buds are not near each
other in this stage; instead, the lumen of the aortic sac is insinuated between them;
at this time, the right primary pulmonary artery is more laterally located compared
to the left primary pulmonary artery. The distal part of the pulmonary arteries in the
lung tissue anastomoses with the existing vasculature in the mesenchymal tissue
surrounding the bronchial sprouts.

The seventh aortic arches The seventh pair of dorsal intersegmental aortae meets
and joins; left and right subclavian arteries originate at the caudal point of their
convergence; then, they vegetate toward the sprouts of the corresponding upper
limb. The right subclavian artery which will supply the upper limbs has a triple-
based origin:

1. The right seventh intersegmental artery
2. A short segment of the right dorsal aorta
3. The right fourth arch

The brachiocephalic arteries are derived by the modification of the joint area of
the aortic sac and the right fourth arch. The left subclavian artery provides blood to
left upper limb; it is developed progressively from the ascending aorta (Menshawi
et al. 2015).

By the seventh week, the right dorsal aorta is disconnected from the merged
“right sixth arch and midline dorsal aorta”; however, preserving its connection to
the right fourth arch. In addition, the right dorsal aorta obtains a branch named the
right seventh cervical intersegmental artery, which grows into the right upper limb
sprout area.

Also, at the dorsal aspect of the dorsal aortae, a number of small intersegmental
arteries sprout at regular distances; they run toward the developing spinal cord to
support blood supply to the future spinal cord.
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Fate of the Vitelline and Umbilical Arteries

The umbilical vesicle (yolk sac), allantois, and chorion are supplied by the unpaired
ventral branches of the dorsal aorta. The three vitelline arteries perfuse the embryo-
logic segments as they pass to the vesicle and later the primitive gut by the following
order:

Celiac arterial trunk is the most superior of the three abdominal vitelline arteries
and supplies the foregut. During its course, celiac trunk initially joins the dorsal
aorta at the seventh cervical level; later, this connection continues down to the 12th
thoracic level. The branches of celiac artery vascularize the abdominal part of the
foregut, the abdominal esophagus up to the descending segment of the duodenum,
and also the liver, pancreas, gallbladder, and spleen. The branch perfusing the spleen
develops within the mesoderm of the dorsal mesogastrium. Dorsal mesogastrium is
the portion of the dorsal mesentery that suspends the stomach (Cavdar et al. 1997,
Yi et al. 2008; Stimec et al. 2011).

Superior mesenteric artery (SMA) is the second abdominal vitelline artery which
supplies the midgut. At the beginning of its course, SMA joins the dorsal aorta at the
second thoracic level. This connection moves later to the first lumbar level. This
artery supplies the developing midgut, including the part of intestine extending from
descending segment of the duodenum to transverse colon near the left colic flexure
(Rouwet et al. 2000; Bhatnagar et al. 2013).

Inferior mesenteric artery (IMA) is the third and final segment of abdominal
vitelline artery which supplies the hindgut. IMA initially joins the dorsal aorta at the
12th thoracic level and later ends at the third lumbar level supplying distal portion
of transverse colon, descending colon, sigmoid colon, and the superior rectum
(Moonen et al. 2012; Bhatnagar et al. 2013).

Blood supply to the inferior end of the anorectal canal comes from the branches
of the iliac arteries. Two umbilical arteries pass from the connecting stalk (primor-
dial umbilical cord) and locate along sides with vessels in the chorion, the embry-
onic part of the placenta. The umbilical arteries carry poorly oxygenated blood to
the placenta. Proximal parts of the umbilical arteries form the internal iliac and
superior vesical arteries. However, after birth, distal parts of umbilical artery oblit-
erate and become the medial umbilical ligaments.

Dorsal Aorta Gives Rise to Lateral Branches

Lateral branches of the descending aorta supply the suprarenal glands, gonads, and
kidneys. However, these three organs and their arteries have different developmen-
tal pathway.

The suprarenal glands originate in the posterior body wall between the sixth and
12th thoracic segments; they are supplied by a pair of lateral aortic branches that arise
at an upper lumbar level. Also, some branches from the renal artery and inferior phrenic
artery supply the suprarenal glands, but the suprarenal arteries developing from these
aortic branches remain the major supply to the glands (Dutta 2010; Sato 2013).
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The presumptive gonads become vascularized by gonadal arteries which arise
initially at the tenth thoracic level. The gonads descend during development, but the
origin of the gonadal arteries becomes stable at the third or fourth lumbar segments.
The gonadal arteries elongate, as the gonads (especially the testes) descend further;
there are many retroperitoneal anastomoses of the gonadal veins in fetal period, and
afterward, left side anastomoses are much more common in both sexes (Raz 2004;
Szpinda et al. 2005; Hen et al. 2014; Alfahad and Scott 2015).

In contrast, the definitive kidneys arise in the sacral region and move upward to a
lumbar position just below the suprarenal glands. As they migrate, they are
vascularized by a sequence of transient aortic side streams that originate at higher
levels. These arteries do not elongate for following the ascending kidneys; in con-
trast, they degenerate. The definitive renal arteries develop from final pair of arteries
in the upper lumbar region. Sometimes, a more inferior pair of renal arteries remains
as accessory renal arteries (Alfahad and Scott 2015).

Intersegmental Branches

At the beginning of the fourth week, the vasculogenesis process leads to the rise of
small sprouts in the posterolateral segments; these primitive sprouts are located along-
side the cervical somites extending through to the sacral somites; they grow up and at
the same time join to dorsal aorta. In lumbar and thoracic segments, the dorsal branch
derived from each of these intersegmental vessels vascularizes toward the growing
neural tube and also the epimeres (i.e., the dorsal portion of each somite which gives
origin to dorsal muscles that are innervated from the related spinal somite). In addi-
tion, the dorsal skin is supplied by the cutaneous branches of these arteries (Gans and
Northcutt 1983; Northcutt and Gans 1983; Technau and Scholz 2003).

Besides, these intersegmental vessels vascularize the hypomeres; i.e., hypomeric
muscles and related skin are supplied by the ventral branches of intersegmental ves-
sel (hypomeric muscles are those muscles derived from a hypomere and are also
innervated by an anterior ramus of the related spinal nerve; also, hypomere is the
lateral plate of the mesoderm which grows up to form the ventral body parts)
(Finnegan 1961a, b; Technau and Scholz 2003).

The ventral intersegmental arteries in the thoracic segments are transformed to
intercostal arteries and cutaneous branches, while in the sacral and lumbar regions,
they are developed to lateral sacral and lumbar arteries.

A small branch, the median sacral artery, arises from the dorsal aorta in the area
of common iliac artery bifurcation.

In cervical regions, the branches derived from intersegmental arteries link
together and create a new complex form of vascularization. Some paired vertebral
arteries rise from longitudinal branches that anastomose together in order to form a
longitudinal vessel, while in back, they secondarily miss their intersegmental links
to the aorta. The anastomoses of intersegmental arteries cause to the development of
some arteries such as ascending cervical, deep cervical, internal thoracic, superior
intercostal, and inferior and superior epigastric arteries (Adameyko and Fried 2016).
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Formation of Limb Arteries

During the development of the limb buds, the arteries derived from seven cervical
and five lumbar intersegmental arteries grow into the limb buds to provide blood to
them; this primitive perfusion system works through an axial artery, which develops
alongside the central axis of each limb. In the upper limb, the axial artery gives
origin to the following arteries:

e Brachial artery

e Anterior interosseous artery of the forearm
e Deep palmar arch of the hand

e Radial, ulnar, and median arteries

In the lower limb, in contrast to the upper limb, the axial artery degenerates; so,
the external arteries supply the blood flow of the lower limb, finally leading to these
main arteries (Funke and Kuhn 1998):

e The small sciatic artery which provides the blood for the sciatic nerve in the
posterior thigh.

e A branch of the popliteal artery.

e A segment of the peroneal artery in the foreleg.

e All additional arteries of the lower limb are derived from the external iliac artery.

The Formation of Coronary Arteries

Coronary arteries originate from two different segments:

1. The proepicardial cells
2. The epicardial cells

Vascular development in the myocardial tissue follows the initial development of
cardiac loop. The primary coronary beds are formed in the trabeculations of the
myocardial tissue, while the underling myocardial cells lead to some degrees of
epicardial cell change in the form of “epithelial-to-mesenchymal transition,” in such
a way that the newly formed mesenchymal cells penetrate the endothelial and
smooth muscle cells located in the walls of coronary arteries. The endothelial plexus
located in the subepicardial layer is connected to the endothelial sprouts which are
located in the walls of the aortic sinuses.

On the other hand, the neural crest cells help smooth muscle cells alongside the
proximal division of coronary arteries. The endothelial sprouts of coronary arteries
develop some forms of vascular ring which is peritruncal; then, they penetrate and
merge into the aortic wall. In fact, coronary arteries attach to the aorta following the
development of endothelial cells in such a way that coronary arteries penetrate into
the aorta. However, there are only two sprouts of coronary arteries which can
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produce their lumen and orifices: these are the left and the right coronary arteries.
This is one of the main differences between coronary arteries and cardiac veins:
coronary arteries are perfused from the systemic circulation through the root of
aorta; however, coronary sinuses are the specific site for cardiac veins to connect
general circulation. Coronary arteries are perfused in the third trimester. Chapter 34
deals in detail with coronary artery anomalies (Song et al. 2015; Perez-Pomares
et al. 2016) (Fig. 2.13).
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Fig. 2.13 Schematic drawings of the aortic arches and dorsal aorta before transformation into the
definitive vascular pattern and after transformation
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The Formation of Venous System

During the early 2nd month, three main veins can be found in each side of the body:
vitelline vein, umbilical vein, and cardinal vein; these veins are discussed here

(Fig. 2.14):

1. Vitelline veins or omphalomesenteric veins transfer blood from yolk sac to the

sinus venosus. The vitelline veins make a plexus around the duodenal part of the
small intestine; afterward, they arrive in sinus venosus after crossing septum
transversum. After trespassing the septum transversum, they are invaded by the
liver cords growing into the septum; this will lead to interruption of venous
courses. In the final stage, hepatic sinusoids are formed as a wide vascular net-
work. Blood transfer from the left side to the right side of the liver leads to for-
mation of an expanded right vitelline vein. In the next developmental phases, the
right hepatocardiac channel gives origin to the hepatocardiac segment of IVC;
but the proximal portion of the left vitelline vein gradually disappears.

The set of arteries around the duodenum anastomose and grow as a single vessel:
portal vein. A small bud of artery grows from the right vitelline vein and creates the
superior mesenteric vein. Later on, the distal part of left vitelline vein degenerates.

. Umbilical veins originate from the chorionic villi and transfer highly oxygenated
blood from the placenta to the embryo body. During the early stages, a pair of
veins, i.e., the umbilical veins, passes from both sides of the liver, to connect in
later stages to sinusoids of the liver. At this time, the proximal portion of each
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Internal jugular
vein

sveC Left subclavian vein
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Fig. 2.14 Illustrations of the primordial veins; initially, three systems of veins are present: the
umbilical veins from the chorion, the vitelline veins from the yolk sac, and the cardinal veins from

the body of the embryo
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umbilical vein and the remnants of the right umbilical vein begin to disappear.
Therefore, the left vein is the only vein that transfers blood from the placenta to
the liver. With increased blood flow through the placenta, a direct connection,
named ductus venosus, is created between the right hepatocardiac channel and
the left umbilical veins. Ductus venosus bypasses the sinusoidal plexus in the
liver. However, obliteration of the left umbilical vein leads to ligamentum veno-
sum and obliteration of ductus venosus leads to ligamentum teres.

3. Cardinal veins drain the whole embryo body. In the embryonic period, cardinal
veins are the early main veins draining the cephalic portion of the embryo.
Anterior and posterior cardinal veins are derived from this early venous system;
the anterior cardinal vein drains the cephalic segment of the embryo, while the
posterior cardinal vein drains other segments of embryo. These anterior and
posterior veins connect together before arriving into the sinus horn, making the
short common cardinal vein. Throughout the 2nd embryologic month, a consid-
erable number of veins are created including:

e The sacrocardinal veins which drain the lower limbs
e The subcardinal veins which drain the left and right kidneys
* The supracardinal veins which drain the body wall

The anastomosis between the left and right veins leads to development of vena
cava system, transferring the blood from the left side to the right side.

Inferior vena cava (IVC) development The development of IVC occurs during
the fourth to eighth gestation weeks. Creation of IVC has many different stages with
many developmental complexities, involving all the anatomic venous segments
originating from different venous parts (Spentzouris et al. 2014). It was in 1793 that
IVC anomalies were first described by Abernethy in a 10-month-old baby with con-
comitant polysplenia and dextrocardia (Petik 2015).

IVC has four distinct segments (Spentzouris et al. 2014; Petik 2015; Smillie
et al. 2015):

Hepatic IVC: vitelline vein is the origin of the hepatic IVC.

Suprarenal IVC is originated from right subcardinal vein.

Renal IVC is created after anastomosis between right subcardinal and right supra-
cardinal veins.

Infrarenal IVC: embryologic development of infrahepatic IVC is the neatly ordered
sequence of regression and formation between three paired embryonic veins:

e Subcardinal veins
e Supracardinal veins
e Posterior cardinal veins

The anterior cardinal veins anastomose together and form the left brachioce-
phalic vein. This will lead to an important event in the future: the venous blood
drains from the left side of the head and the left upper limbs to the right venous side.
Also, the right common cardinal vein and the proximal part of the right anterior
cardinal vein join to make the superior vena cava.
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The end part of the left posterior cardinal vein enters the left brachiocephalic
vein; this venous segment is preserved as a small vessel named the left superior
intercostal vein; venous blood from the second and third intercostal spaces drains
into these vessels.

The left renal vein is formed by the anastomosis between the subcardinal veins.
After that, the left subcardinal vein gradually disappears; only remnants of its distal
portion remain which are named the left gonadal vein. Therefore, the right subcar-
dinal vein remains as a main drainage channel which forms the renal segment of the
inferior vena cava.

The sacrocardinal veins merge together and make the left common iliac veins. The
right sacrocardinal vein forms the sacrocardinal portion of the inferior vena cava.

When the renal and hepatic parts of inferior vena cava anastomose together, the
formation of hepatic, renal, and sacrocardinal segments is completed.

After degeneration of the posterior cardinal veins, the supracardinal veins take
the main role in body wall venous drainage. The azygos vein is formed after merg-
ing of these veins:

e The fourth to 11th right intercostal veins
* The right supracardinal vein
e Part of the posterior cardinal vein

However, the left fourth to seventh intercostal veins merge and create the hemia-
zygos vein which is drained into the left supracardinal vein; later on, the hemiazygos
vein drains into the azygos vein. One should always consider that during the fetal
life and later on until adulthood, there are many anatomical variations of the azygos
and hemiazygos veins (Krakowiak-Sarnowska et al. 2003; Keskin et al. 2013;
Piciucchi et al. 2014).

The Formation of Lymphatic System

The development of the lymphatic system starts around the end of the sixth week,
i.e., 2 weeks after recognition of the primordial cardiovascular system. The growth
pattern of the lymphatic vessels is much similar to blood vessels. In the final fate of
the lymphatic system, there are some connections with the venous system. The early
lymphatic capillaries connect with each other to make a lymphatic network (Park
et al. 2015).

Development of Lymph Sacs and Lymphatic Ducts
At the end of the embryonic period, there are six primary lymph sacs that include:

* Two jugular lymph sacs which are located near the junction of the subclavian veins
with the anterior cardinal veins which will be the future internal jugular veins
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e Two iliac lymph sacs close to the junction of the iliac veins with the posterior
cardinal veins

* One retroperitoneal lymph sac which is located in the root of the mesentery,
located on the posterior abdominal wall

* One cisterna chili located dorsal to the retroperitoneal lymph sac

In earlier phases, lymphatic vessels create some connections with the lymph sacs
and pass along the main veins, in such a way that they create these connections:

e From the jugular lymph sacs to the head, neck, and upper limbs.

* From the iliac lymph sacs to the lower trunk and lower limbs.

* From the retroperitoneal lymph sac and the chyle cistern to the primordial gut;
the cistern connects two large channels (right and left thoracic ducts) which are
connected to the jugular lymph sacs; later on, between these channels, large
anastomosis develops.

The Development of Thoracic Duct

The thoracic duct develops from different parts including:

e The caudal part of the right thoracic duct
e The anastomosis between the left and right thoracic ducts
e The cranial part of the left thoracic duct

Therefore, there are various variations in the origin, course, and insertion of the
adult thoracic duct. The right lymphatic duct is created after merging of the right
thoracic duct in its cranial part. Both the thoracic duct and the right lymphatic duct
join with the venous system at the venous angle which is located between the inter-
nal jugular vein and the subclavian vein (Butler et al. 2009; Park et al. 2015).

Circulation Before and After Birth

Fetal Circulation

Prior to birth, the umbilical vein transfers the blood from placenta to the fetus while
80 % of its content is oxygen saturated; when the blood reaches the liver, it goes
directly through the ductus venosus into the inferior vena cava (IVC) in a phenom-
enon called “short-circuiting the liver.” A small amount of this blood arrives to the
liver sinusoids; then, it is combined with the blood coming from the portal circula-
tion. The flow of the umbilical blood via the liver sinusoids is regulated by the
sphincter of the ductus venosus, located near the entry of the umbilical vein. The
sphincter of ductus venosus closes as soon as the first uterine contraction occurs in
order to increase venous entry as much as possible and avoid unexpected overload-
ing of the heart.
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The blood coming from the placenta is well oxygenated; it comes from the
maternal circulation, going through placenta to the umbilical veins and ductus veno-
sus; there, the deoxygenated blood coming from the lower limbs is mixed with the
oxygenated blood; from here, the mixed, though still oxygenated, blood is trans-
ferred through IVC, going finally to the right atrium.

From this point, part of oxygenated blood trespasses the foramen ovale to go
from the right atrium to the left atrium, then the left ventricle and aorta to perfuse
systemic organs, including brain and heart muscles, which are the first organs
receiving well-oxygenated blood coming from the placenta.

In addition, the remaining oxygenated blood coming from IVC goes through the
right atrium to the right ventricle and goes to the pulmonary trunk perfusing the
lungs and then returning through pulmonary veins to the left atrium, left ventricle,
and descending aorta to go to the to the umbilical artery. However, part of the blood
goes through the pulmonary trunk to the ductus arteriosus and aorta to flow into the
systemic circulation.

Superior vena cava (SVC) drains the desaturated blood coming from the arms and
head; then, in the left atrium, this blood is combined with the desaturated blood coming
from the lungs. Afterward, the blood goes into the left ventricle and ascending aorta.

In fetal life, because of high resistance of pulmonary vessels, the majority of
blood directly goes from the ductus arteriosus to the descending aorta and does not
pass through pulmonary vessels. In the descending aorta, the blood is combined
with the blood coming from the proximal aorta. Finally, the desaturated blood goes
through the descending aorta and then two umbilical arteries toward the placenta to
leave fetal circulation.

As a brief, mixture of the saturated and desaturated blood takes places in the fol-
lowing locations:

1. In the liver, a small amount of the desaturated blood coming from the portal
system mixes the saturated blood.

2. In IVC, the deoxygenated blood returned from the organs such as the lower
limbs, kidneys, and pelvis is added to the saturated blood.

3. In the right atrium, the desaturated blood returned from the upper and lower
limbs and the head is added to the saturated blood.

4. In the left atrium, the blood returned from the lungs is added to the saturated
blood.

5. At the junction of the ductus arteriosus with the descending aorta, the desatu-
rated blood coming from the pulmonary trunk is added to “now relatively satu-
rated blood” which finally enters the descending aorta.

Circulatory Alterations After Birth

The events in circulation after birth are discussed in detail in Chap. 3—Pediatric
Cardiovascular Physiology. In summary, the fetal circulation shift to a neonatal cir-
culation pattern is an adaptive change in order to tolerate the new “out of the uterus”
environment; the final goal is achieving a biventricular parallel circulation pattern
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instead of the series circulation of the fetus; here, these steps are discussed in brief
(Rabi et al. 2006; Gao and Raj 2010; Katheria and Leone 2012; Noori et al. 2012;
Rabe et al. 2012; Duley and Batey 2013; Galinsky et al. 2013; McDonald et al.
2013; Azhibekov et al. 2014; van Vonderen et al. 2014a, b; Baik et al. 2015; van
Vonderen and Te Pas 2015; Yigit et al. 2015):

1.

9,1

10.

11.

The establishment of the first inspiratory effort leads to inflation of the lungs
and commencement of gas exchange; the result is increased oxygen pressure in
the pulmonary vascular bed and the alveoli, which is among the earliest initia-
tives for transition of circulation; as a result, pulmonary vascular resistance
(PVR) drops suddenly in the first 10 min after birth.

. Placental vessels are clamped; abrupt increase in systemic vascular resistance

(SVR) happens.

. Foramen ovale is closed due to increased pressure in the left atrial chamber over

the right atrial chamber; the mechanism of closure is anatomic relationship
between septum primum and septum secundum; however, very shortly after-
ward, the ductus arteriosus is closed, preventing flow between pulmonary artery
and the aorta; this is an essential “shift” in body circulation from a “series cir-
culation” to a “parallel circulation.”

. Complete anatomical closure of the foramen ovale and ductus arteriosus occurs

later; often, the foramen ovale is closed physiologically first and then anatomi-
cally during a few days, with a minority having only physiologic closure of the
foramen ovale even in adulthood; however, the ductus arteriosus is closed dur-
ing the first 48—72 h after birth.

. The umbilical vein stops its venous flow at birth.
. Portal venous system pressure increases, leading to redirection of flow through

the hepatic veins.

. P-receptors are not as much frequent in the newborn heart; but, they increase in

myocardium after birth.

. This transitional circulation needs a minimum of 5 min during the first stages

of life, resulting in the “normal postnatal oxygen saturation” state.

. Blood pressure in the early postnatal period depends on a number of factors, mainly

cardiac output (CO) and systemic vascular resistance (SVR); in addition, these fac-
tors affect blood pressure: neonatal asphyxia, drugs transferred from the mother like
antihypertensive agents or some anesthetics, term infants vs preterm infants, vagi-
nal delivery compared to cesarean section, and gender (female vs male neonates).
Cardiac output considered as left and right heart output assumes the “normal”
pattern after birth; in fact, in the fetal circulation, the main load of cardiac output
is on the right heart; however, just after birth, i.e., in the postnatal period, while
the transition from series circulation to parallel circulation ensues, left ventricle
and right ventricle cardiac output equalizes and the dominancy of right ventricle
output (RVO) disappears, and at the same time, left ventricle output (LVO) and
left ventricle stroke volume (SV) increase; also, cardiac output increases in the
early postnatal 2-5 h, while after that, due to closure of ductus arteriosus, car-
diac output gradually drops to a bit lower level to become stable.

If any pathology impairs this process, the transition from fetal to neonatal cir-
culation does not occur correctly, leading to persistence of fetal circulation.



52 A. Dabbagh et al.

12. Increased PVR due to hypoxia, acidosis, and hypercarbia, history of diabetes in
mother during pregnancy, intrauterine inflammation due to infection or other
reasons, increased pressure in the right atrium over the left atrium leading to
impaired closure of foramen ovale, or patency of ductus arteriosus are among
the main etiologies for persistence of fetal circulation.

Angiomas

Abnormal and unnecessary growth of small capillary networks is named a capillary
hemangioma. On the other side, accumulating and germinating bundle of large
venous sinuses is a cavernous hemangioma. Infantile hemangiomas are the most
common vascular tumors in childhood. These tumors develop rapidly and cause an
uncontrolled growing mass composed of endothelial cells, lumen obstruction, mul-
tilayered basement membranes, and fibrous tissue. Their only risk is when they are
located on critical anatomical points like the skull or vertebral canal or in the air-
ways (Marler and Mulliken 2005).

Genetic basis linked with developmental syndromes or chromosomal abnormali-
ties has been proposed for some hemangiomas. For example:

e 5¢g31-33 of chromosomal region has close link with some hemangioma, contain-
ing genes such as FGF4, PDGFp, and FMS-RELATED TYROSINE KINASE,
coding the molecules essential in blood vessel growth.

e Dysregulation of the T/IE/ANG signaling pathways.

e Mutations of VEGFR?2.

e Multiple hemangioblastomas are related with von Hippel-Lindau disease, with
mutations in a gene at chromosome 3p25-26.

» Excessive angiogenesis may be due to great levels of vascular endothelial growth
factor (VEGF) and hypoxia inducible factor 1-alpha (HIF1a) secretion by stro-
mal tumor cells.

Abnormalities of the Ductus Arteriosus

The ductus arteriosus which is located in the right side of the aortic arch grows
toward the right side either in front or behind the esophagus and trachea, making
ligamentum arteriosum after its postnatal closure.

If it passes from behind of the esophagus, it can lead to a constriction of the
esophagus and trachea with clinical dysphagia and/or dyspnea.

When the right and left fourth aortic arches are disappeared and the distal right
of dorsal aorta persists, a disease state known as interrupted aortic arch happens.
After birth, the aorta supplies the upper body, upper limbs, and head, but the pulmo-
nary artery (contains blood with poorly oxygenated) supplies the lower body and
limbs through a patent ductus arteriosus. Detailed discussion about interrupted aor-
tic arch could be found in Chap. 27.
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Aortic Coarctation

Coarctation of the aorta (CoA) is one of the common congenital defects, more com-
mon in males than females. CoA may occur as a separated abnormality or in asso-
ciation with various other injuries, usually bicuspid aortic valve (BAV) and
ventricular septal defect. The disease is discussed in Chap. 24.

CoA is often defined as a restricted aortic segment encompassing localized
medial thickening, with some enfolding of the medial and overlaid neointimal
tissue.

The underlying mechanism for aortic coarctation is still controversial, although
the deformity may be initiated by genetic factors or by teratogens.

There are two main potential etiologies proposed as the causative mechanism for
CoA, namely, “ductal theory or ductus tissue theory” and “hemodynamic theory or
flow theory” described as follows:

e Hemodynamic theory or flow theory: more widely accepted, this theory known
as Rudolph theory states that during the fetal period, the development of the
aortic arch (including the length and the diameter of the arch) depends on the
amount of blood flow which passes through the arch; if this blood flow is
impaired, it leads to a narrowed and/or hypoplastic aortic arch. This phenomenon
explains three main features of CoA: (1) the posterior shelf, (2) the intracardiac
defects which are concomitant embryologic lesions, (3) fubular hypoplasia
which is often a concomitant lesion of CoA, and (4) the right-sided obstructive
lesions which are very rarely associated with CoA.

*  Ductal theory or ductus tissue theory: this theory is also known as Skodaic hypoth-
esis which assumes “abnormal distribution or aberrant migration” of smooth mus-
cle cells (SMC) from the ductus arteriosus to the adjacent aortic tissue as the
etiology of CoA; in other words, the ectopic ductal tissue in the aortic isthmus
causes CoA and aortic constriction, usually in the isthmus of the aorta (i.e., the
junction of aorta with ductus arteriosus) (Krediet 1965; Gillman and Burton 1966;
Hutchins 1971; Heymann and Rudolph 1972; Rudolph et al. 1972; Shinebourne
and Elseed 1974; Moore and Hutchins 1978; Ho and Anderson 1979; Momma
et al. 1982; Van Meurs-Van Woezik and Krediet 1982; Russell et al. 1991; Jimenez
et al. 1999; Liberman et al. 2004; Carroll et al. 2006; Kenny and Hijazi 2011).

CoA occurs in three forms:

e Juxtaductal location which is close to the ductus arteriosus, which is more com-
mon than other forms.

e Preductal CoA, i.e., proximal location which is upstream of the ductus; usually,
collateral circulation does not develop, since the ductus arteriosus connects most
of the oxygen- and nutrient-enriched blood from the placenta to the lower por-
tion of the body (Fig. 2.15).

e Postductal CoA, i.e., distal location which is downstream of ductus; postductal
CoA is asymptomatic in some newborn infants, since other arteries including
subclavian, internal thoracic, transverse cervical, suprascapular, superior
epigastric, intercostal, and lumbar arteries create collateral circulation through-
out the embryonic and fetal period (Fig. 2.15).
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Fig. 2.15 Coarctation of the aorta: (a) preductal type, (b) postductal type

When the ductus is closed after birth, the infants suffering from CoA are imposed
with many abnormalities. In this disease the upper part of the body and head are
well perfused but the lower part is somewhat ischemic. CoA repair may be done by
surgery, stenting, or balloon dilation angioplasty with different outcomes and
chance of recurring stenosis. More detailed discussion on this topic is found in
Chap. 24 of this book.

Alagille syndrome refers to genetic problems that result in various symptoms in
different parts of the body, including the liver, kidney, heart, and other systems of
the body such as paucity of bile ducts and arterial stenosis. Abnormalities related to
the disorder generally become apparent in early childhood or infancy.

Vena Cava Anomalies

The anomalies of venae cavae are categorized under two main classes: IVC anoma-
lies and SVC anomalies.

IVC Anomalies

Inferior vena cava (IVC) anomalies were first described in 1793 by Abernethy in a
10-month-old baby who had polysplenia and dextrocardia (Petik 2015).

Embryologic development of IVC is the neatly ordered sequence of regression
and formation between three paired embryonic veins (Fig. 2.14):

e Subcardinal veins
* Supracardinal veins
e Postcardinal veins

As mentioned in the previous pages, under IVC development, these events occur
between the fourth and eighth gestational weeks, in a multistage process; so,
embryologic development of IVC is a potential process for many developmental
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malformations. Since the development of cross-sectional imaging, congenital anoma-
lies of the IVC and its side streams have been encountered much more frequently, and
in a large number of affected patients, these anomalies have been symptom-free.

Congenital anomalies of IVC are diverse, and at least 14 types of anomalies have
been reported till now; among these 14, the most important ones are these four types
(Srivastava et al. 2005; Dutta 2010):

e Double IVC, also known as duplication of IVC
e Left IVC or left-sided IVC

e Retroaortic left renal vein

e Circumaortic left renal vein

Among the other lesions are interrupted IVC, other left renal vein anomalies,
gonadal vein anomalies, and preduodenal portal vein (Malaki et al. 2012; G et al.
2014; Hagans et al. 2014; Spentzouris et al. 2014; Petik 2015).

Persistent left IVC is usually the result of two events which happen together:
regression of the right supracardinal veins plus persistence of the left supracardinal
veins.

The typical form of persistent left IVC is that it will merge with the left renal vein
then crosses to the other side, reaching the right renal vein, anterior to the aorta; this
crossover from left to right is almost always at the level of renal veins. The final
result is a normal right-sided IVC which is located in prerenal position (Bass et al.
2000; Malaki et al. 2012; Petik 2015).

There may be two forms of azygos continuation of IVC:

e Left IVC and absent infrarenal IVC with azygos continuation of IVC
e Left IVC and absent infrarenal IVC with azygos and hemiazygos continuation

Double IVC is a rare anomaly; its etiology is failure of regression in the caudal
part of the left supracardinal veins, leading to persistence of both supracardinal
veins and creation of an abnormal left IVC accompanied with right IVC; hence,
there will be two IVCs. Significant asymmetry between the sizes of right and left
IVCs is possible. The venous blood arriving left IVC will ultimately drain into one
of the following veins:

e Right IVC via the left renal vein
e Hemiazygos vein rising from thoracic part of the supracardinal system (Bass
et al. 2000; Malaki et al. 2012)

SVC Anomalies
Left Superior Vena Cava
In some patients, the left anterior cardinal vein remains, leading to preserved con-

nection between the anterior cardinal vein and the left sinus venosus. Its incidence
in general population is about 0.3-0.5%. If left SVC persists, the blood coming
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Fig. 2.16 Left SVC: (a) double SVC, (b) single left SVC

from the left side of the head, neck, and the upper extremity is emptied through the
abnormal left SVC into the coronary sinus. This anomaly is presented either as a
steady left (double) SVC or a single left SVC. A single left SVC is seen if the left
anterior cardinal vein persists while at the same time, the right one is eliminated. In
this situation, the left anterior cardinal vein leads to a superior vena cava draining
the blood from the entire head and neck, both upper extremities, and the azygos
system, then directing all this venous blood into the coronary sinus and right atrium.
However, when double and left SVC are present, left SVC drains directly into the
left atrium; this condition is seen more commonly in heterotaxy cases (Fig. 2.16). In
about 65 % of all left SVC cases, the left brachiocephalic vein is either very small or
does not exist at all.

Lymphatic System Anomalies

Lymphedema may result from lymphatic hypoplasia. Primary lymphedemas also
known as lymphatic obstruction are swellings of the lymphatic vasculature and a
major hereditary congenital disorder of the lymphatic system which is induced by
hypoplasia of the lymphatic system. This condition usually is accompanied with
other abnormalities. There are a number of genes involved in development of
lymphedema (Dellinger et al. 2008; Stoll et al. 2013; Sabine and Petrova 2014; Yang
and Oliver 2014; Park et al. 2015):

e FOXC2 gene

e The transcription factors related to the Forkhead family

e SOX18 gene mutations and SRY-related transcription factor
e Ang2, Nrp2, Net, Podoplanin, and Syk
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The most severe swellings usually take place in the legs, but, for lymphedema
related to Turner syndrome, the lymphatic ducts are obstructed in the neck region
and upper trunk; however, this clinical feature may also be the result of lymph-filled
cyst development (known as cystic hygromas). These cysts may withdraw if drain-
age of lymphatic recovers during subsequent stages of development.

Milroy disease is associated with impaired function of the lymphatic system; so,
it is a primary lymphedema syndrome due to mutations in the VEGFR3 gene.
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