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Introduction to Congenital Heart

Disease Anatomy

Pierangelo Renella and J. Paul Finn

4.1 Introduction

Imaging of the complex anatomy associated with many
forms of congenital heart disease (CHD) requires knowledge
of the morphology of the various cardiac chambers, valves,
and extra-cardiac vasculature. For the cardiac diagnostician,
assembling together the pieces of disordered anatomy is best
done with the so-called segmental approach. This approach
breaks down the cardiovascular anatomy sequentially, con-
sidering first the position of the abdominal viscera, next the
cardiac atria, then the looping pattern of the ventricles, and,
finally, the position of the semilunar valves and anatomic ori-
entation of the great arteries. In this manner, the various
forms of CHD may be precisely identified and the proper
management applied by the clinician. The large field of view,
good spatial and temporal resolution cine imaging, coupled
with three-dimensional multiplanar reconstruction and vol-
ume rendering capability of angiographic images, as well as
the lack of ionizing radiation exposure, make cardiac mag-
netic resonance (CMR) the ideal imaging modality for the
initial evaluation and serial follow-up of patients with
CHD. This holds particularly true for adult and postoperative
patients who may have suboptimal echocardiographic imag-
ing windows. This chapter introduces the segmental approach
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to the diagnosis of CHD vis-a-vis CMR imaging. Each “seg-
ment” of the cardiovascular system is described with particu-
lar attention paid to the distinguishing features of normal
structures so that abnormal features may be more clearly
identified. Salient examples of pathology in each segment
are also presented with their relevant clinical features.

4.2  \Viscero-Atrial Anatomy

and Morphology

The specific arrangement of the various thoracoabdominal
organs is commonly described as the viscero-atrial “situs.”
Situs may be classified as solitus (normal arrangement),
inversus, or ambiguous (Fig. 4.1) [2, 3]. In viscero-atrial
situs solitus, the abdominal and thoracic organs are arranged
in the normal fashion, with the liver on the right side, and the
spleen and stomach on the left. In addition, the right-sided
lung is normally trilobed with an eparterial bronchus, while
the left-sided lung has two lobes and a hyparterial bronchus.
In viscero-atrial situs solitus, the morphologically left atrium
is left-sided and posterior to the morphologically right
atrium. Conversely, the morphologically right atrium resides
rightward and anterior to the morphologically left atrium.
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Fig. 4.1 Types of viscero-
atrial situs [1]. Shown are the
three types of spatial
arrangement of the visceral
organs and the cardiac atria.
Situs solitus is the normal
configuration with the
stomach and spleen on the left
side of the body and the liver
on the right. Situs inversus is
the mirror image of situs
solitus. The term situs
ambiguous is applied when
there is ambiguity with
respect to the specific
sidedness of the organs, and
the atrial morphology cannot
be precisely determined. RA
right atrium, LA left atrium

]
D)

Stomach Spleen

Situs solitus

Table 4.1 Morphological features of the right and left atria

Left atrium Right atrium

Thin “finger-like” appendage  Broad pyramidal shaped appendage
Smooth wall Pectinate muscles

Pulmonary venous Crista terminalis

connections

Ostium secundum Coronary sinus ostium

Connection of the inferior vena cava
Connection of the superior vena
cava

Morphological features of left and right atria are presented in
Table 4.1. Situs “inversus” refers to the mirror image of the
normal arrangement. The third category, in which elements
of both situs solitus and inversus coexist in the same patient,
is termed situs ambiguous (Fig. 4.1). Several different
permutations of the thoracic and abdominal organ locations
are possible in situs ambiguous, including the presence of
two morphologically left or right atria and/or two morpho-
logically left or right bronchi. The liver may be either on the
left side or transverse in location. The stomach may be found
on either side of the abdominal cavity [3, 4].

4.2.1 Heterotaxy Syndrome

In the heterotaxy syndrome, various aberrations of thora-
coabdominal organ right-left orientation may be seen
(Fig. 4.2). There exist several published definitions of het-
erotaxy. A unified definition was proposed by the
International Nomenclature Committee for Pediatric and
Congenital Heart Disease Nomenclature Working Group

Types of viscero-atrial situs: Atrial localization

N
d_¢

Spleen Stomach

Situs inversus

“Situs ambiguous”

[3]. According to this definition, heterotaxy is ... an abnor-
mality where the internal thoraco-abdominal organs demon-
strate abnormal arrangement across the left-right axis of the
body.” This definition excludes patients with pure situs
inversus and includes patients with situs ambiguous.
Heterotaxy may be associated with either the absence of a
spleen (asplenia) or with multiple spleens (polysplenia).
Asplenia has also been labeled “bilateral right-sidedness,”
and polysplenia has been referred to as “bilateral left-sided-
ness.” For example, a patient with heterotaxy and asplenia
(i.e., bilateral right-sidedness) may have bilateral morpho-
logically right-sided bronchi and atria, while in heterotaxy
with polysplenia, there may be bilateral morphologically
left-sided bronchi and atria. Considerable anatomic varia-
tion can exist among patients with asplenia or polysplenia.

Heterotaxy syndrome is uncommon, occurring in only
approximately 1% of patients with congenital heart disease
(CHD) [5]. However, when present, it is often associated
with severe cardiac abnormalities (Table 4.2). The 1-year
survival without surgical intervention is poor (<15% in
asplenia and <50% in polysplenia) [6, 7]. In spite of special-
ized palliative medical and surgical strategies, approximately
one-third of patients will die or require orthotopic heart
transplantation within 35 years of Fontan surgery [8].

Transthoracic echocardiography and cardiac catheteriza-
tion have long been successfully applied in patients with het-
erotaxy syndrome. CMR has been also shown to be of value
in this patient population and, in fact, may be superior in
terms of precise localization of the thoracoabdominal organs,
bronchial anatomy, cardiac chamber morphology, and con-
nections of the pulmonary and systemic veins often encoun-
tered in these patients [9, 10].
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Fig. 4.2 Heterotaxy syndrome with viscero-atrial situs inversus (MR
steady-state free precession imaging). (a) SSFP image in the axial plane
through abdomen demonstrating visceral situs inversus (left-sided liver
and right-sided stomach). Note also that the IVC is on the left and the
aorta is on the right. (b) SSFP image of atrioventricular discordance in
a patient with I-loop transposition of the great arteries. In this patient,
there is viscero-atrial situs inversus with discordant connections of the

atrial to their respective ventricles. (¢) Same patient as in (b) depicting
abnormal atrioventricular and ventriculo-arterial discordance (“double
discordance”). The RV connects to the anteriorly and leftward posi-
tioned (I-malposed) aorta. (d) Same patient as in (b). This patient has
undergone surgical LV to PA conduit placement to bypass native sub-
pulmonary stenosis. /VC inferior vena cava, LV left ventricle, RV right
ventricle, LA left atrium, RA right atrium, PA pulmonary artery
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Table 4.2 Cardiac malformations associated with heterotaxy

syndrome
Anatomic Asplenia (“bilateral Polysplenia (“bilateral
feature right-sidedness’) left-sidedness™)

Liver position  Transverse (76-91%) Transverse (50-67%)

Lung lobes Bilaterally trilobed Bilaterally bilobed
(81-93%) (72-88%)

Bronchial Bilaterally eparterial Bilaterally hyparterial

morphology (95%) (68-88%)

Superior vena  Bilateral (46-71%) Bilateral (33-50%)

cava

Inferior vena  Interrupted with azygos Interrupted with azygos

cava continuation (rare) continuation (58-100%)

Pulmonary Total anomalous Anomalous drainage

veins connection (64-72%) (normal connection) due
to atrial septal
malalignment (37-50%)

Atrial Common atrium (57%) Common atrium

morphology (25-30%)

AV canal defects
(84-92%)

Cardiac crux AV canal defects (80%)

Ventricles Functional single Functional single
ventricle (44-55%) ventricle (37%)

Cardiac Dextrocardia (36-41%) Dextrocardia (33—42%)

position

Ventriculo- Double outlet right Double outlet right

arterial ventricle (82%); ventricle (17-37%)

connection transposition of the

great arteries (9%)
Adapted from Bartram et al. [5]

4.3  Veno-Atrial Connections

Two distinct venous systems connect to the cardiac atria: the
systemic veins (inferior vena cava, superior vena cava,
hepatic veins, coronary sinus) and the pulmonary veins
(Fig. 4.3). The systemic veins carry deoxygenated blood to
the morphologically right atrium. Conversely, the pulmonary
veins carry oxygenated blood to the morphologically left
atrium. In fact, as already reviewed in Table 4.1, the very
connections of the coronary sinus (CS) and inferior vena
cava (IVC) to the right atrium help define it as the morpho-
logically right atrium (Table 4.1). Similarly, the connections
of the pulmonary veins are one of the distinguishing features
of a morphologically left atrium.

4.3.1 SystemicVenous Connections

The superior vena cava (SVC) forms from both brachioce-
phalic (innominate) veins. There is usually a single right
SVC, although it is possible to have a single left SVC (with
an absent right SVC) or bilateral SVCs (with or without a
bridging vein). The right SVC normally courses anterior to
the right pulmonary artery and against the posterolateral
aspect of the ascending aorta before connects to the roof of
the morphologically right atrium (Fig. 4.3a) [11].

The IVC receives systemic venous drainage from the
lower body, including the retroperitoneum, portal circula-
tion, and lower extremities (Fig. 4.3b). After traversing supe-
riorly, itcourses within the liver and through the diaphragmatic
hiatus to reach the floor of the right atrium [11]. This nor-
mally occurs on the right side of the body but may be on the
left or even midline, depending on the atrial situs. In atrial
situs inversus, for example, the [IVC may connect to a mor-
phologically right atrium located on the left side of midline.
The intrahepatic portion of the IVC may be absent (inter-
rupted) as a normal variant or in the heterotaxy syndrome,
particularly the polysplenia subtype (as described above). In
this case, the IVC blood would continue to the SVC via the
more posteriorly located azygos vein [12, 13].

The coronary sinus (CS) is the confluence of the majority
of the coronary venous drainage and opens normally to the
morphologically right atrium (Fig. 4.3c). It may also receive
a persistent left superior vena cava (LSVC) or an anoma-
lously connected pulmonary vein (or veins). In rare instances,
the CS may be “unroofed” and thus open directly into the
morphologically left atrium, resulting in an abnormal right-
to-left shunt. Complete atresia of the CS ostium has also
been reported [11].

The hepatic veins typically drain to the IVC directly and/
or the floor of the morphologically right atrium (Fig. 4.3d).
In the case of an interrupted IVC with azygos continuation,
the hepatic veins will connect directly to the floor of the
morphologically right atrium. Naturally, when there is
viscero-atrial situs inversus, the hepatic veins may be found
left of midline. In situs ambiguous, the hepatic veins may
drain in the midline to a common atrium of indeterminate
morphology or have separate connections to one or both
atria.

4.3.1.1 Total Anomalous Systemic Venous
Connection

Very rarely all the systemic veins connect anomalously to the
morphologically left atrium. This is known as total anoma-
lous systemic venous connection. In this lesion, there is usu-
ally a single left SVC connecting to an unroofed CS, such
that venous drainage from the upper body drains directly to
the left atrium. In addition, the IVC is interrupted with con-
tinuation via the azygos vein to the left SVC. Finally, the
hepatic veins also anomalously connect to the floor of the left
atrium. Most often, this condition occurs in the setting of
heterotaxy and complex cyanotic CHD [12]. In isolation, this
defect would be expected to cause profound cyanosis.
However, arterial saturation may be somewhat improved by
a bidirectional atrial level shunt (e.g., in the setting of a com-
mon atrium). An example of a variant of this lesion is
depicted in Fig. 4.4. Surgical repair may consist of an intra-
atrial baffle constructed to direct the IVC, SVC, and CS flow
appropriately to the right atrium [12].
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Fig. 4.3 Normal systemic and pulmonary veno-atrial connections. (a)
The superior vena cava (SVC) carries venous drainage from the upper
body to the morphologically right atrium (asterisk). (b) The inferior
vena cava (/VC) carries lower body venous drainage to the morphologi-
cally right atrium (RA), and indeed, this IVC connection is one of the

Fig. 4.4 Total anomalous
systemic venous connection.
Contrast-enhanced MRA
maximum intensity
projections in the coronal and
sagittal planes. (a, b) Left
superior vena cava receiving a
dilated azygos vein (due to
interruption of the inferior
vena cava) with direct
connection to the left-sided
atrium (yellow asterisks). The
right hepatic vein connects to
the left-sided atrium (yellow
arrow). In this patient, the
only systemic vein not to
connect to the left-sided
atrium is the right hepatic
vein (red arrow). Its
connection is to the right-
sided atrium

defining features of an RA (asterisk). (¢) The coronary sinus (CS)
ostium is another defining feature of a morphologically RA. It carries
the coronary venous blood (asterisk). (d) The hepatic veins either con-
nect to the IVC and/or directly to the floor of the RA (asterisk)
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4.3.2 Pulmonary Venous Connections

In the normal heart, venous drainage from the lungs returns
via the pulmonary veins to the morphologically left atrium.
In the normal configuration, two pulmonary veins (one upper
and one lower) from each lung course to the morphologically
left atrium. The right upper and lower pulmonary veins
course posteriorly to the right atrium and SVC, while the left
upper and lower pulmonary veins course just anterior to the
descending thoracic aorta. The right upper pulmonary vein is
usually formed by branches from the right upper and right
middle lobes of the lung. The right upper and right middle
pulmonary veins typically join together prior to connecting
to the left atrium. However, as a normal variant, the right
middle branch may enter the left atrium separately. In addi-
tion, it is not uncommon for the two left-sided pulmonary
veins to join the atrium as a single common vein [11]. Of
clinical interest, the cardiac end of each pulmonary vein con-
tains myocardial cells rather than smooth muscle cells [11].
This area of the pulmonary veins has been implicated in
abnormal electrical circuits predisposing patients to atrial
fibrillation. As such, the proximal pulmonary veins are
potential targets of transcatheter radiofrequency ablation
therapy for atrial fibrillation [14]. Pre-procedural planning
for treatment of atrial fibrillation via transcatheter ablation
often includes CMR imaging [15].

During embryological development of the pulmonary
veins, there exist connections between the primitive pulmo-
nary and splanchnic venous plexi. If the common pulmonary
vein fails to connect to the posterior morphologically left
atrium, these pulmonary and splanchnic connections persist,
resulting in anomalous pulmonary venous connections of
various types [16]. In the case of total anomalous pulmonary
venous connection (TAPVC), all the pulmonary veins retain
their embryonic connections to the systemic venous system
and do not connect directly to the morphologically left
atrium. These connections may become obstructed and pres-
ent either at birth, or within the first part of infancy, with
cyanosis and rapid clinical deterioration. In fact, “obstructed”
TAPVC is one of the few surgical emergencies in pediatric

cardiology. In partial anomalous pulmonary venous
connection (PAPVC), at least one, but not all, of the pulmo-
nary veins connect abnormally.

Three general categories of TAPVC are described based
on which systemic veins the anomalous pulmonary veins
maintain an embryonic connection to Fig. 4.5. In decreasing
order of frequency, these are (1) supracardiac, (2) cardiac,
and (3) infradiaphragmatic. When the pulmonary venous
connections consist of some combination of these categories,
the designation of “mixed” TAPVC is given. The “mixed”
form of TAPVC is the least common, occurring in only 8%
of patients [18]. “Supracardiac” TAPVC occurs in approxi-
mately 50% of the cases and consists of pulmonary venous
blood being redirected via a “vertical vein” (to usually the
innominate vein) on its way to the right SVC or to a left SVC
directly [16]. The “cardiac” form of the disease typically
involves drainage of the pulmonary veins directly to the cor-
onary sinus. The “infradiaphragmatic” form of TAPVC is
described in detail below.

4.3.2.1 Infradiaphragmatic Total Anomalous
Pulmonary Venous Connection (TAPVC)

Although a relatively uncommon form of TAPVC, when
the connection of the pulmonary venous confluence to the
systemic circulation is via an infradiaphragmatic route, the
risk of obstruction and subsequent early clinical deteriora-
tion is relatively high. In infradiaphragmatic TAPVC, the
pulmonary venous blood courses via a “vertical vein” run-
ning parallel to the aorta, through the diaphragm (at the
esophageal hiatus), connects to the portal venous system,
and then into the hepatic circulation (via the ductus veno-
sus), on its way to the right atrium (Fig. 4.6). This round-
about pathway back to the heart creates multilevel resistance
to blood flow. In particular, the more common sites of
obstruction are at the level of the vertical vein as it passes
through the diaphragm, from closure of the ductus venosus,
and/or due to high resistance intrahepatic connections [16].
Additionally, due to the complete mixing of pulmonary and
systemic venous blood in the right atrium, patients may be
profoundly cyanotic.
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a b
Supracardiac
Cc
Cardiac d
TAPVC
IAC
Cardiac
TAPVC

Fig. 4.5 Total anomalous pulmonary venous connection (TAPVC)
[17]. This diagram depicts the three general categories of TAPVC. (a)
Supracardiac TAPVC: the pulmonary venous blood returns to the heart
via a vertical vein to the innominate vein and ultimately to the SVC and
right atrium. (b) Infracardiac (infradiaphragmatic) TAPVC: a particu-
larly insidious subtype of TAPVC due to its relatively higher propensity
for pulmonary venous obstruction and clinical deterioration in the neo-

Infracardiac
TAPVC

Great
cardiac vein

Coronary sinus

natal period. (¢) Cardiac TAPVC shown with direct anomalous pulmo-
nary venous connections to the right atrium (d) and with the more
common scenario involving anomalous drainage to the right atrium via
direct connection of the pulmonary vein confluence with the coronary
sinus. JAC interatrial communication, TAPVC total anomalous pulmo-
nary venous connection. (Copyright 1985 by the Texas Heart Institute,
Houston. Illustration by Bill Andrews)
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Fig.4.6 (a,b)
Infradiaphragmatic

TAPVC. Infant boy with
infradiaphragmatic

TAVPC. The left panel (a) is a
coronal projection of a
high-resolution contrast-
enhanced MR angiogram
showing all four pulmonary
veins joining a confluence and
coursing caudally through the
diaphragm via a vertical vein
(asterisk) toward the liver. It
then drains into the portal
circulation and subsequently
to the IVC. The panel on the
right (b) is a posterior
projection of a volume
rendered image of the MR
angiogram

Atrioventricular Connections
and Ventricular Morphology

4.4

The accurate diagnosis of complex CHD depends on cor-
rectly identifying the morphology of the heart chambers, the
atrioventricular connections, and their specific locations
within the chest cavity. The anatomic components that iden-
tify the right and left atria are reviewed above (Table 4.1).
Like the atria, the left and right ventricles also each have
distinguishing morphological features (Table 4.3). Notably,
the shape of the morphologically left ventricle (LV) resem-
bles a prolate ellipsoid or “bullet” shape (Fig. 4.7a). It has a
smooth basal septal surface (asterisk), and the mitral valve
apparatus attaches to the free wall rather than the ventricular
septum (“septophobic” attachments). The shape of the mor-
phologically right ventricle (RV) is a complex pyramidal
shape [19, 20]. It has three distinct parts: (1) inflow portion,
(2) body and apex, and an (3) outflow or “infundibulum.”
There is a moderator band located toward the apex, and the
tricuspid valve apparatus attaches to both the ventricular sep-
tum (“septophillic” attachments) and the RV free wall
(Fig. 4.7b-d).

After establishing the morphology of the atria and ven-
tricles, attention can then be directed to how the chambers
connect. In the normal configuration, a given ventricle typi-
cally receives inflow of blood only from its respective atrium
via one of the two atrioventricular (AV) valves, the mitral or

Table 4.3 Morphological features of the ventricles

Left ventricle Right ventricle
Smooth basal septal surface Muscular infundibulum (outflow
tract)

Coarse trabeculations
Guarded by tricuspid valve
Complex pyramidal shape
Moderator band

Relatively thin free wall

Fine trabeculations
Guarded by mitral valve
Prolate ellipsoid (“bullet’)
shape

tricuspid valve. Normally, the left atrium connects to the LV
via the mitral valve, and the right atrium connects to the RV
via the tricuspid valve.

Aberrations of these connections are the basis of some
forms of CHD. For example, in double inlet left ventricle
(DILV), both atrioventricular valves connect to a single mor-
phologically left ventricle (see below). The LV would then
give off either the aorta or the pulmonary artery. In these
cases, there also exists a small outflow chamber that receives
blood from the single left ventricle via a bulboventricular
foramen that then connects to the other great artery. This out-
flow chamber does not have a direct atrioventricular connec-
tion (see below) and thus is not labeled a true ventricle in the
strict sense.

In the very rare case of a double inlet right ventricle
(DIRV), the opposite applies. That is, the single morphologi-
cally RV receives the inflow of both the left (“mitral”) and
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Fig. 4.7 Normal left and right ventricular morphology. (a, b) The
shape of the morphologically left ventricle most closely approximates
the shape of a prolate ellipsoid (“bullet” shape). Other distinguishing
features include a smooth basal septal surface (asterisk) and attach-
ments of the mitral valve to the free wall rather than to the ventricular
septum. (b) The shape of the morphologically right ventricle is a com-
plex pyramidal shape with an inflow portion, a body and apex, and an
outflow portion (infundibulum). The presence of the moderator band

right (“tricuspid”) AV valves and connects to one of the great
arteries. Just as in the case of DILV, in DIRYV, there also exists
a diminutive outflow chamber that connects to the other great
artery. DILV and DIRV have also been referred to as types of
“univentricular atrioventricular connections.”

Conversely, in the case of complete atrioventricular canal
defect (AVCD), there are two distinct ventricles with one
common AV valve rather than separate mitral and tricuspid
valves (see below). When the common AV valve directs
blood equally to the two ventricles, it is referred to as a “bal-
anced” AVCD. This results in both ventricles being of ade-
quate size. In “unbalanced” AVCD, however, the common
AV valve orifice is directed preferentially toward one of the
ventricles, causing the other to become hypoplastic and often
not able to handle a full cardiac output. Thus, many patients

(arrow) is a very reliable feature of a morphologically right ventricle.
(¢) Other distinguishing features include coarse trabeculations of the
ventricular wall, septal band (S), parietal band (P), and attachments of
the tricuspid valve to the ventricular septum as well as the free wall
(““septophillic” attachments). (d) “Cast” of the right ventricle from a 3D
volume rendered high resolution cardiac MR angiogram highlighting
the complex geometry typical of an RV (yellow outline)

with unbalanced AVCD are not be candidates for standard
surgical closure of the defect and may in fact require “single
ventricle” surgical palliation [21].

4.4.1 Unbalanced Right-Dominant Complete

Atrioventricular Canal Defect (AVCD)

As described above, the complete form of the atrioventricular
canal defect (AVCD), also known as “atrioventricular canal”
or “atrioventricular septal defect,” is due to incomplete differ-
entiation of the crux of the heart. This creates a primum atrial
septal defect (ASD), an inlet ventricular septal defect (VSD),
and failure of formation of the right and left halves of the atrio-
ventricular canal which become the mitral and tricuspid valves
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[22]. Physiologically, this can result in a large left-to-right
shunt and congestive heart failure. AVCD commonly occurs as
part of more complex CHD, extracardiac defects, and genetic
syndromes. For example, approximately one-half of AVCD
patients have Down syndrome [23, 24]. AVCD may also be
combined with conotruncal defects (such as tetralogy of
Fallot) in some patients, particularly in those with Down syn-
drome [24, 25]. In general, there are four basic types of AVCD:
(1) complete, (2) intermediate, (3) transitional, and (4) partial
(Fig. 4.8) [26]. In the complete form, the AV valve has one
large common orifice and five or six rudimentary leaflets,
along with significant primum ASD and inlet VSD compo-
nents. In the intermediate form, there remain significant ASD
and VSD components, but the AV valve has midline tissue
dividing it into two distinct orifices. The transitional form is
similar to the intermediate form, except that the VSD compo-
nent is made smaller by dense attachments of the AV valve
leaflets to the crest of the ventricular septum. The partial
AVCD is characterized by simply a primum ASD and a cleft
mitral valve, but no VSD. The tricuspid valve is usually nor-
mal. Note that all forms of AVCD, except the complete form,
feature a “cleft” in the mitral valve that points toward the inter-
ventricular septum. In addition, based on the alignment of the
common AV valve with the ventricles, the flow of blood may

be directed either equally to the two ventricles (“balanced”
AVCD) or may favor one ventricle over the other (“unbal-
anced” AVCD). Unbalanced AVCD can be either right- or left-
dominant, depending on which ventricle is larger (Fig. 4.9). A
“balanced” complete AVCD is presented in Movie 4.1.

4.4.2 Double Inlet Left Ventricle (DILV)

Double inlet left ventricle (DILV) is the most common form
of “single ventricle” and occurs due to the persistence of the
primitive state of the bulboventricular loop and failure of the
atria to properly align themselves with the AV valves [27].
This results in the morphologically left ventricle receiving
the inflow of both atria. In the majority of cases, the outflow
of the left ventricle usually occurs via a transposed pulmo-
nary artery, and the aorta arises from a rudimentary outflow
chamber positioned anterior and leftward of the left ventricle
(Fig. 4.10) [28]. Blood from the LV reaches the great artery
arising from the outflow chamber via a bulboventricular
foramen. This outflow pathway is prone to obstruction in the
sub-valvar, valvar, and supra-valvar areas, as well as distally
along length of the vessel. For example, in cases where the
aorta arises from the diminutive outflow chamber, there is an

AVSD Summary

Similar physiology — VSD and ASD

Similar physiology — ASD

Intermediate

Complete

Transitional Partial

Similar AV valve anatomy:

A tongue of tissue divides the common AV valve
into a right and left component by connecting the
anterior and posterior “bridging” leaflets centrally

Fig. 4.8 Summary of atrioventricular canal defects (AVCD) [26]. The
four basic types of atrioventricular canal defects (AVCD). The “com-
plete” AVCD features large primum ASD and inlet VSD components
with a truly single common AV valve orifice. The “intermediate” form
is similar to the complete form, but the AV valves have separate orifices,
even though there remains a “cleft” in the mitral valve. The “transi-

tional” AVCD is similar to the intermediate form, but the AV valves
have separate orifices, there is a mitral valve cleft, and there is a rela-
tively smaller VSD component. In the “partial” form of AVCD, there is
no VSD component, the tricuspid valve is normal, and the mitral valve
is cleft. ASD atrial septal defect, VSD ventricular septal defect, AV
atrioventricular
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Fig. 4.9 Unbalanced right-dominant AVCD. (a) SSFP MR imaging in
the horizontal long axis (“four chamber”) view of a right-dominant
AVCD. Clearly shown is the primum ASD, the large inlet VSD, and the
common AV valve which spans across the cardiac crux and separates
the ASD superiorly and the VSD inferiorly. Note the size discrepancy

increased risk of associated coarctation. In approximately
15% of cases, the great arteries are oriented normally, the
so-called Holmes heart, with the aorta arising from the LV
and the pulmonary artery from the outflow chamber. It is also
possible to encounter a double inlet right ventricle (DIRV),
but this lesion is considerably rarer.

Physiologically, all types of “functionally single ventri-
cle” exhibit total mixing of venous and arterial blood at the
atrial and/or ventricular levels. Depending on the balance of
pulmonary versus systemic blood flow, the patient may be
deeply cyanotic, less cyanotic but in congestive heart failure

between the ventricles with the RV being dominant. (b) SSFP MR
imaging in the short axis plane. The common AV valve is disproportion-
ately aligned with the RV, thus resulting in LV hypoplasia. SSFP steady-
state free precession, ASD atrial septal defect, VSD ventricular septal
defect, AV atrioventricular, RV right ventricle, LV left ventricle

from a large left-to-right shunt, or have relatively well-
balanced systemic and pulmonary circulations with mild
cyanosis but not in congestive heart failure.

Management of patients with single ventricle anatomy
consists of a staged surgical strategy with the goal of separat-
ing the systemic venous circulation from the heart. First, the
superior vena cava is anastomosed directly to the branch pul-
monary arteries. Later, this strategy culminates in the Fontan
surgery where the inferior vena cava is also redirected to the
branch pulmonary arteries using an artificial conduit (see
Fig. 4.11 and Movie 4.2).
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Fig.4.10 Double inlet left ventricle (DILV) [28]. (a) SSFP MR imag-  are clearly aligned with the left ventricle (LV). The aortic valve (AoV)
ing in the horizontal long axis (“four chamber”) view of a patient with  arises from the anterior and leftward diminutive “outflow chamber”
DILV. Both the left AV or “mitral” (MV) and right AV or “tricuspid”  (asterisk), as there is no true right ventricle in this lesion. AV
valves (TV) are aligned with the single left ventricle (LV). (b) SSFP MR atrioventricular

imaging in the short axis plane. Note that both atrioventricular valves
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Fig.4.11 Fontan circulation in two adult patients with single ventricle
anatomy who have undergone surgical Fontan completion. (a)
Ferumoxytol-enhanced MR angiogram 3D multiplanar reconstruction
in the coronal plane demonstrating connections of the superior vena
cava (SVC) and the inferior vena cava (IVC) to the branch pulmonary
arteries. The extracardiac artificial Fontan conduit connecting the IVC

4.5 Ventriculo-Arterial Connections
Embryologically, both the aortic and pulmonary valves
become associated with a “pedestal” of tissue known as the
conus arteriosus  overlying the  morphologically
RV. According to one prominent theory, beginning at approx-
imately 30-34 days of gestation, the conus under the aortic
valve begins to resorb. This allows for the aortic valve to
move into its conventional position posterior and rightward
of the pulmonary valve. When the subaortic conus persists
and the sub-pulmonary conus resorbs instead, the aortic
valve position is anterior and rightward of the pulmonary
valve and becomes associated with the RV, leaving the pul-
monary valve to connect to the LV. If the ventricles are nor-
mally looped, this “dextro-transposition” of the aortic valve
may lead to a condition known as d-loop or complete trans-
position of the great arteries (TGA) (see below) [29].
Alternatively, when both sides of the conus fail to resorb,
association of both the aortic and pulmonary valves with the
RV occurs and is termed “double outlet right ventricle.”

to the pulmonary circulation is noted by the black asterisk. The native
SVC was directly anastomosed to the branch pulmonary arteries during
a prior surgery. (b) Posterior projection of a 3D volume rendered
ferumoxytol-enhanced MR angiogram in a different patient with situs
inversus who required a left-sided Fontan connection. The black aster-
isk again denotes the Fontan conduit

4.5.1 D-Loop Transposition of the Great

Arteries (D-Loop TGA, Complete TGA)

In d-loop TGA, the aorta is positioned anterior and rightward
of the pulmonary artery and is connected to the morphologi-
cally RV, while the pulmonary artery arises more posteriorly
and leftward from the LV (Fig. 4.12 and Movie 4.3). It is the
most commonly encountered type of “discordance” of the
ventriculo-arterial connections, occurring in approximately
2.4 in 10,000 live births [30]. D-loop TGA is often found in
isolation with no other associated cardiac or extracardiac
pathology. The most common subtype is “simple” d-loop
TGA. That is, the ventricles are normally looped, and there
are no associated ventricular septal defects (VSD) or other
cardiac abnormalities. A VSD may be present in approxi-
mately one-half of patients and has been termed “complex”
d-loop TGA. With a VSD present, there may be associated
pulmonary valve stenosis/atresia, sub-valvar pulmonary ste-
nosis, or coarctation of the aorta [31].
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Fig.4.12 D-loop transposition of the great arteries (d-TGA) in a neo-
nate. Ferumoxytol-enhanced MR angiogram 3D multiplanar recon-
struction in the axial and sagittal planes (a, b). (a) The pulmonary artery
(red arrow) arises posteriorly from the left ventricle (LV). There is a
ventricular septal defect (VSD) present as noted by the red asterisk. (b)

Physiologically, deoxygenated blood from the RV is dis-
tributed to the systemic circulation via the transposed aorta.
Oxygenated blood is sent back to the lungs, resulting in inef-
ficient gas exchange. As a result, profound cyanosis may
occur, particularly in the absence of adequate intermixing
between the two circulations. Mixing usually occurs via an
atrial septal defect, VSD, and/or patent ductus arteriosus.
Inadequate mixing will eventually lead to worsening cyano-
sis and death if not promptly addressed.

4.5.2 L-Loop Transposition of the Great
Arteries (“Congenitally Corrected”
Transposition)

In contrast to d-loop TGA, the I-loop variety is considerably
less common, occurring in approximately 2—7 in 100,000
live births or 0.5% of all CHD [30, 32]. L-loop TGA is char-
acterized by “doubly discordant” atrioventricular and
ventriculo-arterial connections. As the name implies the ven-
tricles are l-looped. This allows for the alignment of the mor-
phologically RV with the morphologically left atrium and
vice versa for the right atrium and LV. The aortic valve in this
condition is most often positioned anterior and leftward of

The aorta (red arrow) arises anteriorly from the right ventricle (RV). (¢)
Anterior projection of a colorized 3D volume rendering in the same
patient demonstrating the anterior aorta arising from the RV (both col-
ored in red). The more posterior pulmonary artery is shown colored in
gold

the pulmonary valve and is connected to the right ventricle.
As such, patients are not typically cyanotic because oxygen-
ated blood from the left atrium courses to the aorta, albeit via
a “systemic” right ventricle. It is for this reason that I-loop
TGA has been referred to as “congenitally corrected” or
“physiologically corrected” transposition.

The vast majority of 1-loop TGA patients have associated
cardiac structural abnormalities. These include VSD, left
ventricular outflow tract (sub-pulmonary) stenosis, Ebstein’s
malformation of the tricuspid valve, mitral valve dysplasia,
and a 2% per year incidence of spontaneous complete heart
block [32]. In addition, dextrocardia or mesocardia may be
seen in association with I-loop TGA [33].

4.6 Arterial Malformations (Vascular

Rings and Slings)

Certain malformations of the aorta and pulmonary arteries
exist that may lead to external tracheal and/or esophageal
compression [34]. The most common types are presented in
Table 4.4. A complete vascular “ring” occurs when various
components of the aortic arch and ligamentum arteriosum
completely encircle the trachea and esophagus causing vari-
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Table 4.4 Most common vascular malformations causing external tra-
cheal and/or esophageal compression

Left aortic arch with aberrant right subclavian artery (incomplete
vascular ring)

Double aortic arch (complete vascular ring)

Right aortic arch with aberrant left subclavian artery (from a
diverticulum of Kommerell) and left ligamentum arteriosum
(complete vascular ring)

Left pulmonary artery sling

Adapted from Kussman et al. [35]

able degrees of external compression of these structures.
With incomplete vascular rings, and in the case of a vascular
“sling,” tracheal and/or esophageal compression can occur,
but the involved vascular components do not completely
encircle the trachea and esophagus.

Vascular rings and slings arise from aberrations in the
complex sequence of formation and regression of the six
pairs of embryonic aortic arches that connect the truncus
arteriosus and aortic sac with the paired dorsal aortae. This
process has been well described elsewhere [34, 36]. Edwards
proposed a simplified model of the various types of vascular
rings and slings by way of a conceptual “hypothetical double
arch with bilateral ductus arteriosus” model (Fig. 4.13) [37].
The Edwards model may be further simplified into a series of
line drawings, as shown in Fig. 4.14 [34]. By imagining the
regression of specific segments of this double arch, one may
arrive at the various types of existing aortic arch anomalies
(Fig. 4.14).

Although aortic arch anomalies consist of less than 1% of
all CHD, they may cause varying degrees of tracheal and/or
esophageal compression and can be diagnosed early in life.
Some cases are not diagnosed until adulthood and others
may never be diagnosed at all. In the patient with significant
wheezing, stridor, feeding intolerance, and/or recurrent air-
way obstruction, it is important to maintain a high index of
suspicion for vascular malformations, particularly when
other more common causes have been ruled out [35].

4.6.1 Complete Vascular Rings

The most common complete vascular ring is the double aor-
tic arch. In this lesion, the two aortic arches persist and sur-
round the trachea and esophagus (Fig. 4.14a). In only 5% of
cases are both arches patent, however. In up to 80% of the
time the right arch is patent and the left arch is atretic. The
left arch is patent and the right arch atretic in the remainder
of cases [38]. It is important to remember that atretic arch
segments are not usually visualized by imaging techniques

Fig. 4.13 Edwards’ hypothetical “double aortic arch with bilateral
ductus arteriosus’” model [34]

and must be inferred based upon the appearance of vascular
outpouchings or based on knowledge of their typical loca-
tion. This also holds true for the ductus arteriosus portion of
vascular rings.

The second most common complete vascular ring is
formed by a right aortic arch with aberrant left subclavian
artery and a left ductus arteriosus (Fig. 4.14c and Movie 4.4).
In this lesion, the ring is formed by the left common carotid
artery, the transverse aortic arch, a posterior aberrant left
subclavian artery, and the left-sided ductus arteriosus. The
left subclavian artery arises from a remnant of the left fourth
arch called the diverticulum of Kommerell, which encircles
the esophagus posteriorly [38].

4.6.2 Incomplete Vascular Ring

A left aortic arch with an aberrant right subclavian artery is
the most common aortic arch variant with an incidence of
approximately 0.5% in the general population (Fig. 4.14b)
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Fig. 4.14 Vascular rings [34, 38]. Line diagram illustrating the origin
of various types of vascular rings and slings (derived from Edwards’
double arch model shown in Fig. 4.13). (a) The double aortic arch is the
most common type of vascular ring. In this lesion, neither of the dorsal
aortae regresses. The right most panel is a 3D volume rendered MR
angiogram of a double aortic arch with an atretic left arch. The atretic
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arch does not fill with contrast, and thus its presence must be inferred.
(b) Left aortic arch with aberrant right subclavian artery is an incom-
plete ring and, as such, infrequently causes symptoms. (¢) Right aortic
arch with aberrant left subclavian artery is the second most common
type of vascular ring. The right most panel is a 3D volume rendered MR
angiogram of this lesion
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[39]. This variation of aorta anatomy forms an incomplete
vascular ring as the aberrant right subclavian compresses the
esophagus posteriorly as it traverses toward the right arm.
This anatomic variant only rarely has
consequences.

any clinical

4.6.3 Left Pulmonary Sling

In left pulmonary artery sling, the left branch pulmonary
artery arises more distally than normal, branching directly
off of the right pulmonary artery. The left pulmonary artery
then courses around the right bronchus and then between the
trachea and esophagus in order to reach the left lung hilum
(Fig. 4.15). Approximately half of patients may have associ-
ated complete tracheal rings rather than the normal “C-”
shaped tracheal rings. Posterior tracheal compression from
the left pulmonary artery in conjunction with tracheal lumi-
nal narrowing by the complete tracheal rings often manifests
as stridor, wheezing, and recurrent pneumonia in the neona-
tal period [40].

4.6.4 Coarctation of the Aorta

Narrowing of the aortic isthmus is termed coarctation of the
aorta and occurs in 6-8% of infants born with CHD [41].
Severe coarctation most often presents in the first 1-2 weeks
of life. After the patent ductus arteriosus closes, there may be
inadequate blood flow to the lower body leading to circula-
tory shock. The typical location of the narrowing is “juxta-
ductal,” which is the area of the aortic isthmus opposite the

Oesophagus =

i

(e

ir. ﬁP1 i
gl

Fig.4.15 Left pulmonary artery sling [38]. The left pulmonary artery
arises more distally off the right pulmonary artery and makes an acute
turn, coursing in between the trachea and esophagus to reach the left
lung hilum. This causes the classic anterior compression of the esopha-
gus seen on conventional upper GI imaging

insertion of the ductus arteriosus (Fig. 4.16). There is often
an associated long-segment narrowing of the transverse aor-
tic arch proximal to the area of coarctation. Other associated
defects include bicuspid aortic valve, ventricular septal
defects, and mitral valve abnormalities.
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Fig. 4.16 Coarctation of the aorta. (a) MR contrast-enhanced angiogram 3D multiplanar reconstruction in the sagittal plane demonstrating a
juxtaductal coarctation of the aorta (red arrow) in a neonate. (b) 3D volume rendered MR contrast-enhanced angiogram of the same

4,7 Conclusion

CMR imaging is ideally suited for the characterization of
congenital anatomic and physiologic aberrations of the car-
diovascular system. The advantages of CMR over other
imaging modalities include its noninvasive nature, absence
of ionizing radiation, the use of a non-iodinated contrast
agent, comprehensive view of both the intracardiac struc-
tures and extra-cardiac vasculature, quantification of blood
flow, and myocardial tissue characterization. Continuing
technical developments in the areas of image processing
speed, increased spatial resolution, and machine learning
will ensure CMR’s integral role in the comprehensive assess-
ment of patients with congenital heart disease [42, 43].

Practical Pearls

* CMR imaging allows for a comprehensive assessment of
intracardiac structures, extra-cardiac vasculature, and
blood flow.

e The noninvasive nature of CMR and the lack of ionizing
radiation and iodinated contrast make CMR imaging
advantageous for congenital heart disease patients who
require serial lifelong imaging studies.

» In the initial diagnosis and serial evaluation of congenital
heart disease, CMR should be considered complimentary
to other traditional imaging techniques such as echocar-
diography and cardiac catheterization.

* CMR in congenital heart disease is ideally performed and
interpreted in concert with specially trained radiologists,
cardiologists, and cardiothoracic surgeons.
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