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    Preface   

 Congenital heart disease (CHD) with a worldwide incidence of 0.8 % represents the most com-
mon class of inborn birth defects. Improvements in surgical techniques and medical manage-
ment result in an increased life expectancy and lead to a greater number of children with CHD 
surviving into adulthood. It is now estimated that at least 85 % of children with CHD will 
survive to adulthood, and many of these patients will require follow-up medical care as an 
adult [1, 2]. 

 Consequently, adult cardiologists will have the opportunity to care for increasing numbers of 
patients with congenital heart defects. In many instances, these patients have undergone pallia-
tive but not corrective procedures and may be at higher risk for the development of congestive 
heart failure, cardiac arrhythmia, and overall cardiovascular morbidity and mortality. Furthermore, 
as this adult congenital heart disease population ages, their risk of developing coronary artery 
disease is similar or in certain instances higher than the age- and risk-matched population. 

 The amount of time devoted to congenital heart disease during adult cardiovascular 
 fellowships and radiology residencies is rather modest. Furthermore, most cardiologists and 
radiologists have limited experience in imaging adult patients with complex CHD. In addition, 
patient care is not infrequently transferred from pediatric to adult cardiologists who may not 
be adequately prepared to provide care for these patients. Moreover, the cardiologist or radi-
ologist may encounter an adult patient presenting with unknown, corrected, or palliated CHD. 
Therefore, it is critical that they be familiar with the imaging appearances of corrected and 
uncorrected CHD classes and of their potential long-term complications. 

 Traditionally, invasive angiography was used to evaluate these patients. As imaging tech-
nology has advanced, noninvasive techniques such as echocardiography, magnetic resonance 
imaging (MRI), and multidetector computed tomographic angiography (CTA) are applicable. 
Despite its relatively low cost, portability, accessibility, and lack of radiation exposure, echocar-
diography is often limited in its ability to completely evaluate complex native and palliated 
CHD due to its operator dependency and potential lack of adequate acoustic windows. In addi-
tion, extracardiac structures such as the pulmonary arteries, pulmonary veins, and aortic arch 
are dif fi cult to evaluate with echocardiography. For these reasons, MRI is superior to echocar-
diography but may be challenging due to prolonged imaging times and to the presence of 
image degrading metal implants (embolization coils and intravascular stents). Moreover, MRI 
is contraindicated in patients with pacemakers and de fi brillators, which are frequently 
implanted in long-term survivors of CHD. Furthermore, the diagnostic capabilities of MRI are 
limited for the evaluation of the airways and lungs. 

 In the past several years, we have witnessed a rapid increase in the use of CTA, driven 
mainly by technical improvements that allow shorter imaging times and high spatial and tem-
poral resolution. Thus, CTA combines widespread availability with the advantages of volumet-
ric data acquisition, short acquisition times, and the possibility of simultaneous evaluation of 
myocardial and extracardiac structures, ventricular function, and coronary anatomy. The 
American College of Cardiology (ACC), the American Heart Association (AHA), and the 
Society of Cardiothoracic Computed Tomography (SCCT) have recognized CT as a reason-
able and state-of-the-art imaging technique for the assessment of CHD, and this indication is 
listed as appropriate in the 2010 appropriateness criteria document [3]. 



x Preface

 This CT Atlas of Adult Congenital Heart Disease is intended to serve as a reference for 
pediatric and adult cardiologists and for radiologists. In addition to classic CHD, we have also 
included chapters on hereditary cardiomyopathies and aortopathies. This book includes com-
prehensive pathology descriptions and discussions of the utility of CTA in the diagnosis of 
adult CHD as well as details regarding the relevant techniques for designing CTA protocols 
required to evaluate CHD. There are a multitude of CTA images and drawings to help illustrate 
the pathologies and to serve as a reference. 

 Our goal is to give the cardiologist and radiologist a framework for recognizing patterns of 
CHD in adult patients. Although the primary focus of this Atlas is adult CHD, pediatric CHD 
cases prior to palliative or corrective procedures are also included to allow a better understand-
ing of anatomy and pathophysiology. The Atlas is a result of the work of a select group of adult 
and pediatric cardiologists and radiologists, and every attempt has been made to present the 
most updated information. We expect you will  fi nd this book invaluable in the care of adults 
with CHD. 

 Cincinnati, OH, USA   Wojciech Mazur 
 St. Louis, MI, USA   Marilyn J. Siegel 
 Kraków and Wrocław, Poland   Tomasz Miszalski-Jamka 
 Cincinnati, OH, USA   Robert Pelberg 
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    Part I 

  Cardiac Embryology and the Normal Heart    
     



3W. Mazur et al., CT Atlas of Adult Congenital Heart Disease,  
DOI 10.1007/978-1-4471-5088-6_1, © Springer-Verlag London 2013

 A minimum basic knowledge regarding cardiac embryogenesis 
is necessary to facilitate understanding congenital heart mal-
formations. This chapter is meant as a basic overview to 
achieve this end and is not meant to fully encompass the 
totality of this complex subject. 

 The human embryo at the primitive streak stage (about 15 
days after fertilization) is morphologically symmetrical  [  1  ] . 
The primordia of the cardiovascular system originate as clus-
ters of paired, symmetrical mesenchymal cells in the coelo-
mic mesoderm. These cells migrate and multiply and in some 
cases resorb to ultimately form the mature human heart. 
Errors in this process lead to congenital heart defects. 

 Initially located on the cephalad and dorsal aspect of the 
embryo, the mesenchymal cells migrate around the buc-
copharyngeal membrane of the forming foregut and join at 
the midline of the ventral aspect of the embryo. Subsequent 
infolding and fusion of primitive tissue along its long axis 
transforms a  fl at structure into a tubular shape. Initially, the 
cardiovascular primordia lie within the cephalad section of 
the undivided coelomic cavity. The right and left intracoelo-
mic cavities approach the midline and join together, forming 
a midline thoracic cavity (the pericardium), which surrounds 
the primitive heart  [  1–  3  ] . 

 At  fi rst, the primitive heart is a straight median tube called 
the straight tube heart (Fig.  1.1a ). The arterial and venous 

ends are relatively  fi xed in space requiring that the growth of 
the bulboventricular segments occur by bending of the car-
diac tube. Soon, the primitive cardiac tube develops constric-
tions which de fi ne four future segments: atria, ventricle, 
bulbus cordis, conus, and truncus arteriosus (Fig.  1.1b )  [  2–  4  ] . 
The cranial-most area is the bulbus conus, which connects 
cranially with the truncus arteriosus, which in turn connects 
to arterial structures (aortic arches and the dorsal aorta). 
Caudal to the bulbus cordis is the primitive ventricle. The 
caudal-most structure of the primitive heart is the primitive 
atrium, which connects to the sinus venosus, which in turn 
connects to the omphalomesenteric veins. At day 21–23, all 
structures are connected in series. There is no inner circula-
tion, and the heart is simply a hollow, empty tube. The heart 
tube starts to beat on day 22, but circulation does not begin 
until days 27–29  [  2–  4  ] .  

 The caudal-most areas, the primitive atrium and sinus 
venosus, are the primary determinants of atrial sidedness 
(situs). The atria are  fi xed in position early in develop-
ment by the sinus venosus and its entering veins  [  5  ] . 
Errors in the early stage of heart tube development will 
result in abnormalities of atrial position (situs). Since 
atrial situs corresponds to visceral situs, abnormalities of 
atrial situs are often associated with abnormalities in the 
situs of other organs. 

      Cardiac Embryology                     1



4 1 Cardiac Embryology   

    1.1   Ventricular Development 
and Cardiac Looping 

 The primitive heart tube continues to develop by continuous 
cellular migration and multiplication. On approximately day 
23, the embryonic heart becomes morphologically asymmet-
ric due to the right or left looping of the bulboventricular 
segments, forming either a rightward loop (dextra or  D -loop) 
or a leftward loop (levo or  L -loop), respectively (Fig.  1.1c ) 
 [  6  ] . This process likely occurs due to differential migration 
and multiplication of primordial cardiac cells. 

 The bulbus cordis produces the morphologic right ven-
tricle while the morphologic left ventricle is formed from 
the ventricle of the bulboventricular loop. Thus, the direc-
tion of the initial cardiac loop determines the eventual 
ventricular locations. During the looping process, the ori-
entation of the heart changes from an anterior/posterior 
orientation to a left/right orientation and irreversibly 
establishes the relationship between the ventricles and the 
already-determined situs of the atria. 

 It should be noted that the bulboventricular looping 
(rightward or leftward) is independent of the process that 
determines the relative atrial positions (situs). While the 
atrial sidedness is determined by processes that determine 
visceral situs, the anatomical relationships between the 
ventricles and the aortic and pulmonary trunks are decided 
by the looping process. In  D -looping, the bulbus cordis 
(future morphologic right ventricle) is to the right of midline 

and the bulboventricular segment (future morphologic left 
ventricle) is to the left. Conversely, in  L -looping, the bul-
bus cordis (future right ventricle) is to the left of the bul-
boventricular segment (future left ventricle).  D- loop is the 
normal (solitus) cardiac loop and  L -loop is a mirror image 
(inversus) loop. 

 As the heart tube loops, the bulboventricular segment 
acquires a U shape, causing the atrium and sinus venosus to 
become dorsal structures (Fig.  1.1d )  [  2  ] . 

 Additionally, the looping pattern of the bulboventricular 
segments determines the irreversible relationship between 
the fourth and the sixth aortic arches which ultimately form 
the distal aortic and pulmonary trunks. Thus, bulboventricu-
lar looping patterns permanently determine the anatomic 
relationship between the aortic and pulmonary trunks. In 
 D- looping with normal development, the pulmonary artery is 
located anteriorly, superiorly, and to the left of the aorta. In 
 L -looping, the pulmonary artery is located anteriorly, superi-
orly, and to right of the aorta. 

 Figure  1.2  depicts  D- looping versus  L -looping.  
 Alterations in looping patterns can lead to four basic mor-

phologic combinations: situs solitus with  D- looping, situs 
solitus with  L -looping, situs inversus with  D- looping, or 
situs inversus with  L -looping. Situs solitus refers to the cor-
rect sidedness of the morphologic atria and inversus refers to 
incorrect morphologic atrial sidedness.  D- looping refers to 
correct ventricular sidedness and  L -looping refers to a rever-
sal of the morphologic ventricular sidedness. 
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  Fig. 1.1    Looping of the primitive heart tube. Straight heart tube ( a ) 
curves ventrally ( b ) and twists around its craniocaudal axis to form a 
C-shaped loop ( c ). Subsequently, the distance between its cranial and 
caudal ends shortens ( d ) and the loop untwists with the ventral and 

leftward shift of the out fl ow tract, ventral shift of the primitive right 
ventricle and rightward shift of the atrioventricular canal ( e ).  RV  embry-
onic right ventricle,  LV  embryonic left ventricle,  O  common out fl ow 
tract,  A  common atrium       

 



51.1 Ventricular Development and Cardiac Looping 

 In the normal situation, situs solitus with  D- looping, the 
morphologic atria are on their respectively correct sides (right 
atrium on the right, left atrium on the left) and the morpho-
logic ventricles are also on the correct side such that the mor-
phologic right ventricle connects with the right-sided atrium 
and the morphologic left ventricle connects with the left-sided 
atrium. In situs solitus with  L -looping, the atria are again on 
their respectively correct sides but ventricles are reversed. 
The morphologic right ventricle (now anatomically left sided) 
connects to the left-sided atrium and the morphologic left 
ventricle (now right sided) connects to the right-sided atrium. 
In situs inversus with  D- looping, the morphologic atria are 
reversed (right atrium on the left and left atrium on the right) 

but the ventricles are on their  respectively correct sides. The 
morphologic right atrium (now anatomically left sided) con-
nects to a morphologic left ventricle (left sided), and the mor-
phologic left atrium (right sided) connects to a morphologic 
right ventricle (right sided). In situs inversus with  L -looping, 
the atria are again reversed and the ventricles are also reversed. 
The morphologic left atrium (now right sided) empties into a 
morphologic left ventricle (right sided), and the morphologic 
right atrium (now left sided) empties into a morphologic right 
ventricle (left sided)  [  7  ] . 

 Abnormalities in looping may also lead to ventricular and 
great artery transformations. 

 Table  1.1  depicts the various situs and looping combinations.   
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  Fig. 1.2    Diagram illustrates 
looping (bending) of the 
primitive cardiac tube. The 
cardiac tube is depicted from 
anterior view. The cardiac tube is 
comprised of the atrium ( A ), 
ventricle ( V ), bulbus cordis ( B ), 
and truncus arteriosus ( T ). 
The cardiac tube normally 
bends to right, forming a 
 D- bulboventricular loop 
( D- loop). Rarely, the tube may 
bend leftward, forming 
 L -bulboventricular loop ( L -loop)       

   Table 1.1    Depiction of the various situs and looping combinations   

 Situs/loop type  Morphologic right ventricle  Morphologic right atrium  Morphologic left ventricle  Morphologic left atrium 

 Situs solitus/ D- loop 
(normal) 

 Right sided  Right sided  Left sided  Left sided 
 Connects with 
morphologic RA 

 Connects to the 
morphologic RV 

 Connects to the 
morphologic LA 

 Connects to the 
morphologic LV 

 Situs solitus/ L -loop  Left sided  Right sided  Right sided  Left sided 
 Connects to the 
morphologic LA 

 Connects to the 
morphologic LV 

 Connects to the 
morphologic RA 

 Connects to the 
Morphologic RV 

 Situs inversus/ D- loop  Right sided  Left sided  Left sided  Right sided 
 Connects to the 
morphologic LA 

 Connects to the 
morphologic LV 

 Connects to the 
morphologic RA 

 Connects to the 
morphologic RV 

 Situs inversus/ L -loop  Left sided  Left sided  Right sided  Right sided 
 Connects to the 
morphologic LA 

 Connects to 
morphologic RV 

 Connects to the 
morphologic RA 

 Connects to the 
morphologic LV 

  Note that the looping pattern ( D-  versus  L -) determines the ventricular relationships and the great artery relationships whereas the situs pattern 
(solitus versus inversus) determines the atrial sidedness  

 



6 1 Cardiac Embryology   

    1.2   Left and Right Ventricular Out fl ow 
and In fl ow Development 

 Subsequent to the development of the ventricles and the 
looping, the relationship between the truncoconal outlets and 
ventricular in fl ow structures is simultaneously but separately 
determined. The early looped cardiac tube has a single inlet 
(the common atrioventricular canal), which directs the 
venous blood to the primitive ventricle. The only outlet for 
this primitive ventricle is a primitive ventricular septal defect 
(VSD, also known as bulboventricular defect) through which 
blood is channeled into the bulbus cordis and from there into 
the common truncoconal tube. The atrioventricular canal 
eventually acquires a more right-sided position and a direct 
relationship to the bulbus cordis (Fig.  1.1e ). This relationship 
leads to the maturation of the bulbus cordis into the de fi nitive 
right ventricle. Simultaneously, the truncus arteriosus under-
goes a shift to the left and differential growth that leads to the 
disappearance of the bulboventricular defect (VSD). 
Ultimately, the distal part of the bulbus cordis will form the 
out fl ow tract of both ventricles while the truncus arteriosus 
forms the roots of both great arteries. 

 Persistence of a primitive arrangement (atria to primitive 
ventricle to bulbus cordis to single truncoconal tube) will 
result in a double-inlet left ventricle (common AV canal 
entering the left ventricle only) or double-outlet right ven-
tricle (persistent ventricular septal defect without atrioven-
tricular valves or papillary muscles).  

    1.3   Formation of the Atrial Septum 

 Normal separation into two atrial cavities is a complex pro-
cess involving formation of a septum primum and secundum, 
fusion of the septa with adjacent structures, and then resorp-
tion of septal tissue. At about day 35, atrial septation begins 
when the common atrium is indented by the bulbus cordis 

and truncus arteriosus, leading to formation of the septum 
primum, which arises on the posterosuperior aspect of the 
roof of the common primitive atrium medial to the entrance 
of the common venous sinus  [  8  ] . 

 The septum primum grows caudally and anteriorly until it 
meets the growing endocardial cushions of the atrioventricu-
lar canal. Initially the septum primum has a defect connect-
ing the two atria, called the ostium primum. This transient 
defect is closed when the anterior and the posterior medial 
endocardial cushions fuse. Before this fusion occurs, the 
septum secundum appears to the right of the septum primum. 
It also descends from the roof of the primitive atrium and it 
fuses with the septum primum except for an area in the pos-
terosuperior part of the septum primum which continues to 
exist as the fossa ovalis. At about 42 days, the septum pri-
mum completely resorbs and the edge of the septum secun-
dum then forms the rim of the fossa ovalis, which allows 
oxygenated blood from the inferior vena cava to cross into 
the left atrium in utero (Fig.  1.3 )  [  9  ] .  

 Defects in atrial division into two chambers produce the fol-
lowing atrial septal defects which occur in predictable locations:
    1.    Ostium primum ASD: caused by lack of fusion of the two 

endocardial cushions. The defect is in the caudal aspect of 
both the septum primum and secundum.  

    2.    Secundum ASD: results from over resorption of the sep-
tum primum. The defect is located at the fossa ovalis.  

    3.    Sinus venosus ASD: results from failure of formation (or 
resorption) of the septum secundum. This defect is located 
at the junction of the superior vena cava with the right 
atrium and is associated with anomalous drainage of the 
pulmonary veins.  

    4.    Coronary sinus ASD: results from failure of development 
of the terminal section of the coronary sinus. It is located 
in the caudal posterior atrium, above the normal site of 
drainage of the coronary sinus.  

    5.    Single atrium ASD: failure of complete formation of the 
atrial septum.      
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  Fig. 1.3    Atrial septation. ( a ) Formation of primary atrial septum at the 
atrial roof ( arrows ). The atrioventricular cushions are marked in  yellow . 
( b ) The primary septum ( asterisk ) continuous to grow and separates the 
right and left atrium. The space between the leading edge of the primary 
septum and fusing atrioventricular cushions ( yellow ) is the primary 
atrial foramen ( solid arrows ). Before closure of the primary atrial fora-
men, a number of fenestrations develop at its dorsal portions to form the 
secondary atrial foramen ( dashed arrows ). ( c ) Formation of the true 
secondary atrial septum ( arrows ). ( d ) The primary septum forms the 
 fl ap valve of the oval foramen ( arrow ). In this panel, the secondary 
septum is noted by the +. ( e ) When formed the secondary foramen in 
part has no rim, with a border formed by the atrial roof. Much later, 
subsequently due to separation of the right and left pulmonary veins 
and incorporations of their ori fi ces to the left atrium, the deep infolding 
forms the so-called secondary septum.  LA  left atrium,  RA  right atrium, 
+: secondary septum       

    1.4   Formation of the Atrioventricular 
Canal and Interventricular Septum 

 Total closure of the ventricular septum (usually at 45 days of 
gestation) is a complex process involving convergence and 
fusion of the primitive ventricular septum with the posterior 
and anterior endocardial cushions and the conal ridges 
(dextro-dorsal and sinistro-ventral). The primitive interven-
tricular septum appears shortly after the looping of the cardiac 
tube, starting as a muscular fold near the ventricular apex and 
growing toward the atrioventricular valves. The primary sep-
tum separates the primitive ventricle from the bulbus cordis. 
The upper edge of the primitive ventricular septum borders the 
bulboventricular defect or primitive VSD. In addition, trabec-
ulations from the inlet region fuse to form a second septum 
called the inlet interventricular septum, which is in the same 
plane as that of the atrial septum  [  2  ] . The fusion of these two 
septa forms the bulk of the muscular interventricular septum. 
The septum then contacts the out fl ow septum. 

 The bulboventricular defect or primitive VSD closes by the 
end of week 7 by growth of the right and left bulbar ridges and 
the posterior endocardial cushion. The  fi nal section of the ven-
tricular septum to close is composed of  fi brous tissue (membra-
nous septum), whereas the rest of the septum is composed of 
myocardial tissue. The normal site of the membranous ventric-
ular septum is just caudal and posterior to the crista supraven-
tricularis, overriding the septal implantation of the tricuspid 
valve when viewed from the right ventricular side. From the left 
ventricular side, the membranous septum is located below the 
aortic valve, between the right and the noncoronary cusps, in 
front of the bundle of His, and above its anterior subdivision. 

 Defects in formation of any component of the ventricular 
septum result in functional communications between both 
ventricles (ventricular septal defect, VSD) and exist in 
predictable locations:
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    1.    Perimembranous VSD: failure of complete formation of 
the membranous septum, resulting in a defect in the left 
ventricular out fl ow tract beneath the right and noncoro-
nary cusp of the aortic valve.  

    2.    Supracristal VSD: failure of formation of the infundibular 
(or conus) ventricular septum. The defect is just below the 
pulmonary valve in close proximity to the right coronary 
lea fl et of the aortic valve.  

    3.    Atrioventricular canal defect: failure of separation of the 
ventricular cavities associated with variable defects of the 
atrioventricular valves.  

    4.    Muscular VSD: failure of formation of the muscular sep-
tum, resulting in one or multiple defects in the primitive 
ventricular septum.  

    5.    Common ventricle: failure of formation of both the primi-
tive ventricular septum and the endocardial cushion com-
ponents, resulting in absence of the entire septum 
(occasionally the conal septum may be present).      

    1.5   Aortic and Pulmonary Trunk Formation 

 In the  fi fth week of embryogenesis, the bulbus cordis and the 
truncus arteriosus separate. The cephalad portion of the trun-
cus arteriosus is relatively  fi xed in space by the branchial 
arches where the sixth arch (forms the pulmonary artery) is 
initially posterior to the fourth arch (forms the aorta). Continued 
growth of the conus (muscular region below the pulmonary 
valve) forces the root of the pulmonary artery anterior to 
become continuous with the right ventricular out fl ow tract. 
Conus growth also helps form the infundibulum (the separa-
tion of the right ventricular in fl ow and out fl ow tract)   . 

 Normal conus development causes the pulmonary trunk 
to twist around the ascending aorta. Truncal separation 
is formed by two truncal ridges, which grow caudally in 
a spiral fashion during normal development, forming the 

 aorticopulmonary septum. At their caudal extreme, the trun-
cal ridges swell and form outgrowths which are destined to 
become the semilunar valves (aortic and pulmonary valves) 
(Fig.  1.4 ). Thus, proper growth of the conus forces the proxi-
mal pulmonary artery anteriorly. The proximal pulmonary 
artery will then connect with the more posterior portion of 
the sixth arch (the normal more distal pulmonary artery lies 
behind the aorta). Contrarily, the aorta arises from the poste-
rior, morphologic left ventricle and becomes continuous with 
the developing mitral valve proximally and ultimately con-
nects to the more anterior portion of the fourth arch (since 
the more distal ascending aorta is anterior to the more distal 
pulmonary artery).  

 Abnormal conotruncal development leads to transposition 
of the great arteries (TGA) (discussed in a later chapter) which 
should be thought of as discordant ventriculoarterial connec-
tions without emphasis on the anteroposterior relationship 
between the aorta and pulmonary artery since this orientation 
is not mandatory for TGA. Here, the abnormally developing 
conus may result in the development of the infundibulum 
below the aortic valve moving it forward to form continuity 
with the morphologic right ventricle and resulting in the pul-
monary artery and valve becoming continuous with the mor-
phologic left ventricle. Most of the time when this abnormality 
occurs, the spiraling of the truncal ridges fails to occur and the 
aorta and pulmonary artery are then parallel to each other. 

 To summarize, when normal,  D- bulboventricular looping 
occurs, the pulmonic valve is located in front of and cranial 
(anterior and superior) and to the left of the aortic valve. 
When abnormal,  L -bulboventricular looping occurs, there is 
still a normal relationship between the great arteries but as a 
mirror image. The aorta, in this situation, arises from a right-
sided morphologic left ventricle and the pulmonic valve is 
located above and cranial (anterior and superior) but to the 
right of the aortic valve. On the contrary, when transposition 
develops with a  D- loop, the aorta remains to the right of the 

a b c d

  Fig. 1.4    Conotruncal septation. The out fl ow tract denoted by the  arrow  in panel ( a ) is separated by the fusion of two longitudinal ridges (panel 
 b ), which form the spiral septum (panel  c ). The membranous part of interventricular septum is marked in  purple  (panel  d )       
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transposed pulmonary valve but is now superior ( D- TGA). In 
TGA with an  L -loop the aorta remains left of the pulmonary 
artery and is again superior ( L -TGA). See Fig.  1.5 .  

 Other abnormalities of truncoconal formation result in 
pulmonary artery stenosis and atresia or tetralogy of Fallot. 
Failure of formation of the entire truncoconal septum pro-
duces persistent truncus arteriosus.  

    1.6   The Embryologic Development 
of Great Arteries 

 Normal aortic arch development results from the transforma-
tion of the branchial arteries. The involution of various bran-
chial arteries and intersegmental arteries results in the adult 
con fi guration of the great arteries (Fig.  1.6 )  [  10  ] .       
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  Fig. 1.5    Artist’s rendition 
of the possible orientation 
of the great arteries in relation 
to the various cardiac looping 
patterns. See text for 
explanation       
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  Fig. 1.6    The embryologic development of the great arteries. Involution 
of the branchial arches and intersegmental arteries results in the forma-
tion of the usual con fi guration of the great arteries. Panel ( a ) depicts the 
involution of an intersegmental artery ( asterisks  and  dotted lines ). Panel 
( b ) illustrates the usual great artery con fi guration. The colors of the 
various normal great artery con fi guration match the region of the bran-
chial arch tree from which they arose.  Ao asc  ascending aorta,  Ao arch  

aortic arch,  Ao desc  descending aorta,  BT  brachiocephalic trunk,  LCCA  
left common carotid artery,  LECA  left external carotid artery,  LICA  left 
internal carotid artery,  LPA  left pulmonary artery,  LSA  left subclavian 
artery,  MPA  main pulmonary artery,  RCCA  right common carotid artery, 
 RECA  right external carotid artery,  RICA  right internal carotid artery, 
 RPA  right pulmonary artery,  RSA  right subclavian artery       
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 The heart lies in the middle mediastinum within the pericardial 
sac. The pericardial sac is formed by two layers: the outer layer 
known as the  fi brous pericardium and the inner layer known 
as the serous pericardium. The serous pericardium contains 
two layers: visceral and parietal. The inner visceral layer 
covers the surface of heart and base of the great vessels. At 
the level of the great vessels, it re fl ects and becomes the pari-
etal layer, which lines the thick  fi brous pericardium. The 
 fi brous pericardium fuses with the base of the great vessels 
and the diaphragm and it is attached to the sternum by the 
sternopericardial ligament. 

 The pericardial cavity is the potential space between the 
visceral and parietal serous layers. It contains a small amount 
of serous  fl uid, known as pericardial  fl uid. There are two 

recesses within this cavity: the transverse sinus and the 
oblique sinus. The transverse sinus is bounded anteriorly by 
the aorta and pulmonary artery and posteriorly by the roof of 
the left atrium and the right pulmonary artery. Laterally, the 
transverse sinus communicates with the rest of pericardial 
cavity. The oblique sinus is a blind-ending cavity behind the 
left atrium. Its borders are formed by re fl ections of serous 
pericardium. The upper border is formed by the pericardium 
between the superior pulmonary veins, the right border by 
the pericardium around the right pulmonary veins and infe-
rior vena cava, and the left border by the pericardium around 
the left pulmonary veins (Fig.  2.1 ).  

 Figure  2.2 : CT image demonstrating the transverse and 
oblique sinuses.  

      The Normal Heart                  2
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  Fig. 2.1    A 3D    volume-rendered depiction of the normal heart. Panel 
( a ) anterior view. Panel ( b ) left view. Panel ( c ) posterior view. Panel ( d ) 
right view. Panel ( e ) superior view. Panel ( f ) inferior view.  Ao  
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  descending aorta,  IVC  inferior vena 
cava,  MPA  main pulmonary artery,  LA  left atrium,  LAD  left anterior 
descending coronary artery,  LLPV  left lower pulmonary vein,  LPA  left 

pulmonary artery,  LUPV  left upper pulmonary vein,  LV  left ventricle, 
 PDA  posterior descending coronary artery,  RA  right atrium,  RCA  right 
coronary artery,  RPA  right pulmonary artery,  RLPV  right lower pulmo-
nary vein,  RUPV  right upper pulmonary vein,  RV  right ventricle,  RVOT  
right ventricular out fl ow tract,  SVC  superior vena cava,  RAA  right atrial 
appendage         
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132.1 Right Atrium

    2.1   Right Atrium    

 The right atrium (RA) lies to the right and anterior to the left 
atrium (LA). It contains three basic components: the venous 
component, the appendage, and the vestibule of the tricuspid 
valve (Fig.  2.3 ).  

 The triangular-shaped right atrial appendage is separated 
externally from the superior and inferior vena cava by the 
terminal groove. Internally, the terminal groove corresponds 
to the location of the terminal crest which extends inferiorly 
from the left side of the superior vena cava (SVC) entrance 
to the right side of the inferior vena cava (IVC) opening 
where it rami fi es into an isthmus between the IVC and tri-
cuspid valve (cavotricuspid isthmus)  [  1,   2  ] . The most charac-
teristic feature of the morphology of the right atrial appendage 
is the pectinate muscles that extend around the entire parietal 
margin of the atrioventricular junction. The sinus node is 
located within this chamber, usually lying to the right of the 
superior cavoatrial junction  [  3  ] . 

  Fig. 2.2    A CT image illustrating the transverse ( asterisk ) and oblique 
sinuses ( arrow )       
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Fig. 2.1 (continued)
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 The venous portion of the right atrium is positioned in the 
right side of the right atrium. There is no well-de fi ned border 
between the appendage and the venous component of the 
right atrium  [  4  ] . Superiorly and inferiorly the venous compo-
nent connects with the SVC and IVC, respectively. The pos-
terior atrial wall between the ori fi ces of the cavae forms the 
intercaval area  [  2  ] . The opening of the SVC has no valve. The 
IVC ori fi ce is guarded by the Eustachian valve, which extends 
anteriorly and to the left from the lateral margin of the IVC to 
the sinus septum (Eustachian ridge)  [  2,   5  ] . The coronary sinus 
enters the RA close to the right side of the IVC ostium. The 
Thebesian valve, a small crescent-shaped, sometimes fenes-
trated  fl ap  [  2  ] , accompanies the coronary sinus ori fi ce. 

 The posterior aspect of the RA contains the atrial secun-
dum, which is virtually con fi ned to the fossa ovalis. The supe-
rior rim of the fossa ovalis is an extensive infolding between 
the venous component of the right atrium and the right pulmo-
nary veins, while the posterior inferior rim is directly continu-
ous with the sinus septum that separates the ori fi ces of the IVC 
and the coronary sinus. The anteroinferior margin is adjacent 
to the triangle of Koch (see description below)  [  5–  7  ] . The  fl oor 
of the fossa ovalis is formed by a  fi bromuscular  fl ap valve that 
fuses with the rim of the fossa ovalis, resulting in closure of 
the fossa. In 25–30 % of individuals, the anatomical fusion is 
incomplete (usually at the anterosuperior margin), leading to 
interatrial shunting in some individuals  [  2  ] . 

 The vestibular component is positioned in the left side of the 
right atrium and forms the outlet of the RA. It contains the tri-
angle of Koch, which is an anatomical landmark for the atrioven-
tricular node (AV node). The triangle of Koch is demarcated by 
(a) the tendon of Torado, a  fi brous structure formed by the junc-
tion of the Eustachian valve (valve of the IVC) and the Thebesian 
valve (valve of the coronary sinus); (b) the ostium of the coro-
nary sinus posteriorly; and (c) the septal lea fl et of the tricuspid 
valve  [  5,   8  ] . Of note, the septal isthmus is not truly septal but 
rather the inferior part of the anteromedial RA wall  [  2  ] .  

    2.2   Left Atrium 

 The left atrium (LA) is located to the left and posterior to 
the RA. Like the RA, the LA has three basic components: 
(1) the left atrial appendage, (2) the venous component, and 
(3) the vestibule of the mitral valve. Unlike the RA, the venous 
component is considerably larger than the appendage. 

 The left atrial appendage is positioned at the left atrial 
margin. In contrast to the RA appendage, it is a smaller, 
 fi ngerlike structure. It has a discrete junction with the LA 
venous component, which, unlike the RAA junction, is not 
marked by a terminal crest or terminal groove. Internally it 
contains a complex network of muscular ridges (pectinate 
muscles) and membranes with a comb-like appearance  [  5  ] . 

 The venous component is located in the posterior LA and 
contains the ori fi ces of the pulmonary veins. Typically, four dis-
tinct pulmonary venous ostia are present, although anatomical 
variability frequently occurs  [  9  ] . The right and middle lobe veins 
usually unite, so two trunks from each lung are formed (bilateral 
superior and inferior veins). The pulmonary veins perforate the 
 fi brous layer of the pericardium and open separately into the 
upper and back part of the LA. Not infrequently, the two left 
pulmonary veins have a common opening and the three veins on 
the right side have separate openings into the left atrium. 
Occasionally, there is a left middle pulmonary vein. Therefore, 
the number of pulmonary veins opening into the left atrium can 
vary between three and  fi ve in the healthy population  [  10,   11  ] . 

 Internally, ridge-like structures separate the ostia of the 
superior and inferior pulmonary veins  [  11  ] . The left pulmonary 
vein ostia are positioned more superiorly than the right pulmo-
nary vein ostia. The left pulmonary veins are situated between 
the LA appendage and the descending aorta. The right pulmo-
nary veins project behind the SVC or the RA. The atrial wall 
infolding between the entrances of the right pulmonary veins 
and the SVC forms the superior rim of the fossa ovalis. 

 The vestibule of the mitral valve forms the outlet of the 
LA and is positioned to the left and anteriorly in the LA. It 
forms part of the mitral isthmus which is situated between 
the left inferior pulmonary vein and mitral valve annulus 
 [  12  ] . The coronary sinus runs externally along the inferior 
aspect of the vestibular component at a variable distance 
from the mitral valve annulus and enters the RA.  
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  Fig. 2.3    The anatomy of the right atrium contains three sections: the 
venous ( double arrow ), appendage (RAA), and the vestibule ( asterisk ). 
 Ao  aorta,  CS  coronary sinus,  IVC  inferior vena cava,  MPA  main pulmo-
nary artery,  RAA  right atrial appendage,  RV  right ventricle,  SVC  supe-
rior vena cava,  TV  tricuspid valve       
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    2.3   Cardiac Valves 

 The cardiac valves are in close proximity to each other. The 
lea fl ets of three of the valves are in  fi brous continuity, while 
the pulmonary valve lea fl ets are exclusively supported by a 
free-standing muscular infundibulum. The  fi brous continua-
tion between the mitral and aortic valve is established by the 
continuity between the anterior lea fl et of the mitral valve 
(called the aortic lea fl et) and the noncoronary and right coro-
nary lea fl ets of aortic valve (Fig.  2.4 ). Laterally the  fi brous 
tissue is thickened and forms the right and left  fi brous trigones. 

The right  fi brous trigone joins the membranous septum, cre-
ating the central  fi brous body. Superiorly the aorto-mitral 
continuity extends into the interlea fl et triangles positioned at 
the level of the noncoronary lea fl et of the aortic valve. The 
central fi brous body brings the aortic and mitral valves into 
 fi brous continuity with the tricuspid valve. The septal lea fl et 
of the tricuspid valve is attached to the right ventricular aspect 
of the membranous septum which divides the septum atrio-
ventricular and interventricular components. The morphol-
ogy of the individual cardiac valves is elucidated further in 
the following sections.   
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  Fig. 2.4    A rendition of the 
continuity between the mitral and 
aortic valves. The membranous 
septum is in continuation with 
the right  fi brous trigone and the 
interlea fl et triangle between the 
right and noncoronary aortic 
valve lea fl ets. The right  fi brous 
trigone and the membranous 
septum form the central  fi brous 
body of the heart.  RCA  right 
coronary artery,  LMCA  left main 
coronary artery       
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    2.4   Right Ventricle and Tricuspid Valve 

 The right ventricle (RV) extends from the atrioventricular 
junction toward the left to the cardiac apex and cephalad to 
the ventriculoarterial junction. The tricuspid and pulmo-
nary valves demarcate the RV from the right atrium and 
pulmonary trunk, respectively. The RV has three distinct 
components: (1) the inlet, (2) the apical, and (3) the outlet 
(Fig.  2.5 )  [  13  ] .  

 The inlet portion of the right ventricle surrounds the tri-
cuspid valve, extending from its annulus to the insertions of 
the papillary muscles to the ventricular walls. The tricuspid 
valve annulus is positioned closer to the cardiac apex than 
the mitral valve annulus. It divides the membranous septum 
into atrioventricular (partition between the RV and LA) and 
interventricular sections (partition between the RV and LV). 
Generally, the tricuspid valve has three lea fl ets, although 
other con fi gurations can be encountered. A distinguishing 
feature of the tricuspid valve is the direct attachment of its 
septal lea fl et (tendinous cords attach directly to the interven-
tricular septum). The septal lea fl et is supported by an inferior 
papillary muscle (not always present) and a more constant 
medial papillary muscle. The anterosuperior lea fl et is large 
and is usually supported by a prominent anterior papillary 

muscle arising from the apical portion of septomarginal tra-
beculations. The commissure between the septal and antero-
superior lea fl ets is supported by a medial papillary muscle. 
The inferior lea fl et (also known as the mural or posterior 
lea fl et) attaches to the diaphragmatic aspect of the RV via 
cords that insert either into small papillary muscles or into 
the ventricular wall itself. 

 The apical trabecular part of the RV extends to the cardiac 
apex and contains coarse trabeculations. 

 The outlet portion of the RV consists of the infundibulum, a 
circumferential muscular structure that supports the lea fl ets of 
the pulmonary valve. The infundibulum is contiguous with the 
supraventricular crest, which comprises the ventriculo-infundib-
ular fold and outlet septum (infundibular septum). The ventric-
ulo-infundibular fold is part of the inner curve of the heart and it 
separates the tricuspid and pulmonary valves. The outlet septum 
(infundibular septum) separates the subpulmonary and subaor-
tic out fl ow tract and also the aortic and pulmonary valve lea fl ets. 
The supraventricular crest inserts between the anterosuperior 
and posteroinferior limbs of septomarginal trabeculation (septal 
band), which is the muscular strap extending toward the RV 
apex reinforcing the septal aspect of the RV. 

 The anterosuperior limb of septomarginal trabeculation 
extends to the attachment of the pulmonary lea fl et, overlying 
the outlet septum. The posteroinferior limb extends to the 
interventricular portion of the membranous septum, usually 
giving rise to the medial papillary muscle. The septomarginal 
trabeculation also gives rise to other muscular straps. Those 
trabeculations that extend from the anterior margin of the sep-
tomarginal trabeculation to the parietal RV wall form the sep-
toparietal trabeculations. At the RV apex, the septomarginal 
trabeculation is divided into smaller straps. Some of these 
extend into the apical part of the RV and some of them support 
the tension apparatus of the tricuspid valve. One prominent 
trabeculation becomes the anterior papillary muscle, while 
another creates a moderator band, which attaches to the ante-
rior papillary muscle and runs to the parietal wall of the RV. 

 Different segmental models of the RV have been proposed 
and are generally based on the division of the RV free wall 
into equal thirds (basal, mid-cavity, and apical) perpendicular 
to the long axis of the heart. Each level is also circumferen-
tially divided into equal number of segments (i.e., three seg-
ments: anterior, lateral, and inferior)  [  14  ] . Several distinctive 
features help to distinguish the RV from the left ventricle. 
These features include (a) the closer proximity of the tricuspid 
valve to the apex, (b) the presence of uniformly coarse apical 
trabeculations, (c) trilea fl et con fi guration of the atrioventricu-
lar valve with direct attachment of the septal lea fl et to the 
interventricular septum, (d) presence of more than two papil-
lary muscles, and (e) presence of the moderator band  [  14  ] .  
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  Fig. 2.5    The anatomy of the right ventricle. Note the presence of the 
inlet, apical, and outlet components.  Ao  aorta,  IVC  inferior vena cava, 
 MPA  main pulmonary artery,  PM  papillary muscle,  PV  pulmonary 
valve,  RA  right atrium,  RAA  right atrial appendage,  SMT  septomarginal 
trabeculations,  SVC  superior vena cava,  TV  tricuspid valve       

 



172.5 Left Ventricle and Mitral Valve

    2.5   Left Ventricle and Mitral Valve 

 The left ventricle (LV) extends from the atrioventricular 
junction to the left and anterior to the heart apex and cephalad 
to the ventriculoarterial junction. The mitral and aortic valves 
separate the LV from the LA and aorta, respectively. Similar 
to the RV, the LV can be subdivided into three components: 
(1) inlet, (2) apical, and (3) outlet. The distinction between 
them, especially between the inlet and outlet portions, is less 
clear than in the RV. 

 The inlet component is composed of the mitral valve and 
its tension apparatus. The mitral valve has two lea fl ets: 
anterosuperior (anterior) and posteroinferior (posterior), 
which are supported by two prominent papillary muscles 
(anterosuperior and posteroinferior) with tendinous cords. 
The lea fl ets of the mitral valve have no direct septal attach-
ments because the deep posterior diverticulum of the left 
ventricular out fl ow tract displaces the aortic lea fl et away 
from the interventricular septum. The anterior lea fl et is 
larger, more trapezoidal-like and is attached to approximately 
one-third of the circumference of the valvular ori fi ce. This 
lea fl et is in  fi brous continuity with the aortic valve and, 
because of this, is often referred to as the aortic lea fl et. 

 The posterior lea fl et is smaller, more rectangular-like and 
is attached to approximately two-thirds of the circumference 
of the mitral valve annulus. It is divided into several seg-
ments that abut the aortic lea fl et when the valve is closed. 
Although generally there are three segments, there may be as 
many as  fi ve or six segments of the posterior lea fl et. 

 An alphanumeric nomenclature has been proposed by 
Carpentier that divides the lea fl ets into regions. Three regions 
are de fi ned on the posterior lea fl et as P1–P3 with opposing 
regions on the anterior lea fl et called A1–A3 (Fig.  2.6 )  [  15  ] .  

 The apical component of the left ventricle extends beyond 
the papillary muscles to the apex of the heart and has  fi ner 
trabeculations compared to those of the RV. This characteris-
tic is useful for de fi ning ventricular morphology on diagnos-
tic imaging studies. 

 The outlet component of the LV supports the aortic valve 
and consists of both muscular and  fi brous portions which is 
in contrast to the infundibulum of the right ventricle, which 

is comprised entirely of muscle. The  fi brous tissue of the LV 
outlet forms the posterolateral aspect of the LV outlet and 
supports the aortic valve lea fl ets in the area of aorto-mitral 
continuity and the part of the membranous septum that is 
continuous with the right  fi brous trigone and the interlea fl et 
triangle between the right and noncoronary aortic lea fl ets. 
The lateral quadrant of the LV out fl ow tract is muscular and 
consists of the lateral margin of the inner curvature of the 
heart, which is delineated externally by the transverse sinus. 

 The American Heart Association recommendations has 
standardized a 17 segment model for LV evaluation  [  16  ] . 
The heart is divided into equal thirds perpendicular to the 
long axis, described as basal, mid-cavity, and apical levels. 
The basal and mid-cavity level is divided into six equal seg-
ments: (1) anterior, (2) anterolateral, (3) inferolateral, (4) 
inferior, (5) inferoseptal, and (6) anteroseptal. The apical 
level is divided into four equal segments: (1) anterior, (2) 
lateral, (3) inferior, and (4) septal. In addition, there is an 
apical segment formed by the apical cap beyond the end of 
the apical cavity.  
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  Fig. 2.6    The segmentation of the anterior ( A ) and posterior ( P ) mitral 
valve lea fl ets       
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    2.6   Ventriculoarterial Junctions and Great 
Arteries and Semilunar Valves 

 The ascending aorta and main pulmonary artery arise from 
the LV and RV outlet components, respectively. The aortic 
and pulmonary roots contain valves with three semilunar 
cusps (thus called the semilunar valves) arising from dilata-
tions of the arterial wall, termed the bulbous or sinus por-
tions. The aortic and pulmonary roots then course into their 
respective tubular components with the junctions between 
the root and tubular section termed the sinotubular junctions. 
As previously described, the pulmonary root is entirely sup-
ported by a muscular, sleeve-like RV infundibulum, while 
the aortic root is supported by LV muscle and the  fi brous 
continuity between the aortic and mitral valve  [  17  ] . 

 The lea fl ets of the aortic valve has a three-pronged coronet, 
with each lea fl et having attachments to the aorta and the ven-
tricle. The pulmonary valve is constructed similarly. The lea fl et 
attachments, as they extend to the sinotubular junction, are 
separated by  fi brous, interlea fl et triangles. The base of the 
crown is at the level of the basal points of the lea fl et hinges 
within the ventricle, while the top of the crown is adjacent to 
the anatomic ring of the sinotubular junction  [  18–  21  ] . The 
lea fl et hinges attach to the ventriculoarterial junction at six 
points. The section of the arterial wall between the lea fl et 
hinges becomes a hemodynamic ventricular structure, while 
the region of the ventricle at the base of each sinus becomes a 
hemodynamic arterial structure. Figure  2.7  presents the spatial 
relationship of the rings and the semilunar lea fl et attachments.  

 The aortic root gives origin to the left and right coronary 
arteries, which arise from aortic sinuses. Two of the three 
aortic sinuses give rise to coronary arteries. The aortic sinuses 
and corresponding lea fl ets are designated according to coro-
nary artery that arises from that particular sinus (left coro-
nary sinus gives rise to the left main coronary artery and right 
coronary sinus gives rise to the right coronary artery). The 
left and right coronary lea fl ets face two lea fl ets of the pulmo-
nary valve, also called left- and right-facing lea fl et, respec-
tively. The third pulmonary valve lea fl et is described as 
nonfacing. The Leiden convention has been introduced to 
designate the sinuses in malformed hearts. According to this 
convention, in the normal heart, the right coronary artery 
arises from sinus #1, while the left coronary artery arises 
from sinus #2  [  22  ] . 

 The main pulmonary artery runs superiorly and posteri-
orly, while the ascending aorta passes upward and to the 
right. Both are covered with a rim of  fi brous pericardium. As 
the main pulmonary artery emerges from the pericardium, it 
bifurcates into the right and left pulmonary arteries, which 
course into the hilum of each lung. The right pulmonary 
artery passes to the right under the aortic arch, posterior to 
the ascending aorta and SVC and it runs anterior to the 
esophagus and the right main stem bronchus. The left pul-
monary artery travels to the left, anterior to the left main 
stem bronchus and descending aorta. 

 When the aorta exits the pericardium, it curves over the 
right pulmonary artery and travels to the left and posterior as 
the aortic arch. The aortic arch gives usually rise to (a) the 
brachiocephalic trunk, which bifurcates into the right com-
mon carotid artery and right subclavian artery; (b) the left 
common carotid artery; and (c) the left subclavian artery. 
Distal to the origin of the left subclavian artery, the aortic 
arch is connected with the pulmonary artery via the ligamen-
tum arteriosum, which is the remnant of the ductus arterio-
sus. At this site, the aortic arch narrows slightly to form the 
aortic isthmus and continues in the posterior mediastinum as 
the descending aorta.  

    2.7   Coronary Arteries 

 The right and left coronary arteries originate from their 
respective aortic sinuses. The ori fi ces are usually located 
in the upper third of the sinuses of Valsalva. The ori fi ce of 
the left coronary artery is superior and posterior to that of 
the right coronary artery. The dominance of the coronary 
circulation (right vs. left) usually refers to the artery from 
which the posterior descending artery originates. Right 
dominance occurs in 85–90 % of individuals  [  23  ] . Left 
dominance occurs slightly more often in males than 
females  [  23  ] . 

  Fig. 2.7    The aortic root and aortic valve. The lea fl ets of the aortic 
valve are attached within the arterial root in a semilunar fashion ( red 
lines ) and form the three-pronged coronet with lea fl et hinges along the 
crown-like ring. The base of the crown is tangent to the virtual ring, 
which crosses the most base parts of the lea fl et hinges ( navy blue ring ). 
The true anatomic ring of the ventriculoarterial junction ( blue ring ) 
crosses the attachment of the semilunar valves in six points. The lea fl et 
attachments extend superiorly toward the sinotubular junction. The 
most upper portion is tangent to the virtual ring within the distal portion 
of the aortic root ( green line )       
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    2.7.1   Left Main Coronary Artery 

 The left coronary artery (LCA) originates from the left coro-
nary sinus as the left main coronary artery (LMCA). The 
LMCA passes to the left and behind the right ventricular 
out fl ow tract and bifurcates into the left anterior descending 
(LAD) and circum fl ex (LCX) coronary arteries. In some 
cases, the LMCA trifurcates into the LAD, LCX, and ramus 
intermedius artery.  

    2.7.2   Ramus Intermedius Artery 

 The ramus intermedius (medianus) artery, if present, may 
run as a diagonal branch or obtuse marginal branch.  

    2.7.3   Left Anterior Descending Artery 

 From the bifurcation of the left main coronary artery, the 
LAD courses anteriorly and inferiorly in the anterior inter-
ventricular groove along the interventricular septum to the 
cardiac apex. In most cases, it courses over the apex and ter-
minates at the diaphragmatic aspect of the heart. The LAD 
gives rise to septal perforator and diagonal branches. The 
septal perforator branches course perpendicularly into the 
anterior part of interventricular septum and interconnect with 
septal branches from the posterior descending artery. The 
diagonal branches course along the anterolateral wall of the 
left ventricle and supply the subadjacent myocardium.  

    2.7.4   Left Circum fl ex Artery 

 The LCX artery arises from the left main coronary artery and 
courses in the left atrioventricular groove. As it passes along 
this groove, it gives rise to obtuse marginal branches, which 
supply the lateral aspect of left ventricular myocardium as 
well as atrial branches which supply blood to the left atrium. 
In 85–95 % of individuals, the LCX terminates near the 
obtuse margin of the left ventricle  [  23  ] . In 10–15 % of indi-
viduals with LCA dominance, the LCX gives rise to a poste-
rolateral branch, which continues as the posterior descending 
artery (PDA) in the posterior interventricular groove  [  23  ] .  

    2.7.5   Right Coronary Artery 

 The right coronary artery (RCA) originates from the right 
sinus of Valsalva and enters the right atrioventricular groove. 
It curves posteriorly at the acute margin of the right ventricle 
and crosses the crux (the junction of the posterior interven-
tricular groove with the left and right atrioventricular 

grooves). The conus (infundibular) artery is usually the  fi rst 
branch off the RCA. It runs superiorly and anteriorly and 
supplies the right ventricular out fl ow tract. However, it may 
also originate directly from the aorta or occasionally from 
the LCA. In approximately 50–60 % of individuals, the RCA 
gives rise to the sinoatrial node artery; in the remaining cases, 
the sinoatrial artery originates from the LCX artery  [  23  ] . 

 At the level of the crux, the RCA also gives rise to the 
atrioventricular nodal artery, which runs upward to the atrio-
ventricular (AV) node. Within the right atrioventricular 
groove, the RCA gives rise to several smaller marginal 
branches and a more prominent acute marginal branch which 
supplies the RV free wall. In the most common setting of 
RCA dominance, the RCA gives rise to posterolateral 
branches and continues as the posterior descending artery 
(PDA) along the posterior interventricular groove. As the 
PDA passes along the posterior interventricular groove, it 
gives rise to septal branches, which supply the posterior 
aspect of the interventricular septum.   

    2.8   Cardiac Veins 

 The cardiac venous system is generally divided into three sys-
tems: (1) coronary sinus and its tributaries, (2) anterior right 
ventricular veins, and (3) Thebesian veins  [  24  ] . The coronary 
sinus drains into the right atrium. The anterior cardiac veins 
drain directly into the right atrium. The small Thebesian veins 
drain directly into the four chambers of the heart. 

    2.8.1   Coronary Sinus 

 The coronary sinus drains most of the left heart and receives 
approximately 85 % of coronary venous blood. Its origin is 
usually de fi ned at the junction of the great cardiac vein and 
the oblique vein of the left atrium. However, in some 
classi fi cations, its origin is delineated as the site of the valve 
of Vieussens (prominent valve in the great cardiac vein where 
it turns around the obtuse margin to become the coronary 
sinus)  [  25  ] . The coronary sinus courses along the left atrio-
ventricular junction and empties into the posteromedial aspect 
of the right atrium. The coronary sinus receives blood from 
the great, middle, oblique, and small cardiac veins. It also 
receives blood from the left inferior ventricular vein and left 
marginal vein  [  25  ] .  

    2.8.2   Great Cardiac Vein 

 The great cardiac vein (also called anterior cardiac vein or 
anterior interventricular vein) passes superiorly from the cardiac 
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apex along the anterior interventricular groove and between 
the origin of the main pulmonary artery and left atrial append-
age. It enters the left atrioventricular groove and terminates in 
the coronary sinus via the valve of Vieussens  [  26  ] .  

    2.8.3   Middle Cardiac Vein 

 The middle cardiac vein (also called inferior interventricular 
vein or posterior interventricular vein) arises at the apex of 
the heart and runs superiorly along the posterior interven-
tricular groove and terminates usually in the coronary sinus 
near its atrial ori fi ce. Occasionally, it may directly enter the 
right atrium  [  26  ] .  

    2.8.4   Oblique Cardiac Vein 

 The oblique cardiac vein (also termed vein of Marshall) 
descends along the lateral and inferior wall of the left atrium 
and joints the great cardiac vein to enter the coronary sinus 
 [  26,   27  ] . It is the remnant of the left superior vena cava.  

    2.8.5   Small Cardiac Vein 

 The small cardiac vein runs along the right coronary artery in 
the right atrioventricular groove, emptying into the coronary 
sinus or the right atrium.  

    2.8.6   Inferior Ventricular Vein 

 The inferior ventricular vein (also termed posterior vein) 
drains the lateral and diaphragmatic aspects of the LV, emp-
tying into the coronary sinus  [  26  ] . However, it may also drain 
into the great cardiac vein.  

    2.8.7   Left Marginal Vein 

 The left marginal vein (also called obtuse marginal vein) 
courses over the left oblique marginal surface of the heart 
and terminates in the coronary sinus.  

    2.8.8   Anterior Right Ventricular Veins 

 The anterior right ventricular veins (also called anterior car-
diac veins) comprise three or four vessels, which travel along 
the right ventricular surface in the right atrioventricular groove 
and open directly into the anterior wall of the right atrium. 
Unlike the cardiac veins, they do not enter the coronary sinus.  

    2.8.9   Thebesian Veins 

 The Thebesian veins are small venous tributaries that drain 
directly into the cardiac chambers. They are found primarily 
in the right atrium and right ventricle. 

 Figures  2.8 ,  2.9 ,  2.10 ,  2.11 ,  2.12 ,  2.13 ,  2.14 ,  2.15 , and  2.16  
are multiplanar reformats (MPR) computed tomographic 
(CT) views demonstrating the normal cardiac anatomy as 
depicted by CT.                
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  Fig. 2.8    Normal cardiac anatomy. An axial multiplanar view in a plane 
just above the aortic valve at the level of the origin of the right coronary 
artery (RCA ostium).  RAA  right atrial appendage,  RUPV  right upper 
pulmonary vein,  SVC  superior vena cava,  RA  right atrium,  LA  left 
atrium,  Ao  

 asc 
  ascending aorta  Ao  

 desc 
  descending aorta,  LUPV  left upper 

pulmonary vein,  LAA  left atrial appendage,  RV  right ventricle       
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  Fig. 2.10    Panels ( a ) and ( b ) are oblique multiplanar views illustrating 
the heart in a computed tomographic  fi ve-chamber view and four-cham-
ber views, respectively.  Ao  

 asc 
  ascending aorta,  RA  right atrium,  RV  right 

ventricle,  LA  left atrium,  LV  left ventricle,  AV  aortic valve,  MV  mitral 
valve,  TV  tricuspid valve,  PV  pulmonary vein       
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  Fig. 2.9    A transverse two-chamber multiplanar view depicting the 
normal appearance of the left atrial appendage. Note the discrete open-
ing into the left atrium (LA). Also note the  fi ngerlike pectinate muscles 
( white arrows ).  LAA  left atrial appendage,  LV  left atrium,  MV  mitral 
valve       
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  Fig. 2.11    Normal    appearance of the right ventricular out fl ow tract 
( RVOT ). Panels ( a ) and ( b ) demonstrate multiplanar oblique views win-
dowed to highlight the RVOT. Note the muscular infundibulum ( white 
brackets ). Also note the highly trabeculated appearance of the right 

ventricle (panel b).  MPA  main pulmonary artery,  PV  pulmonary valve, 
 RV  right ventricle,  RA  right atrium,  LV  left ventricle,  TV  tricuspid valve, 
 Ao  

 asc 
  ascending aorta,  SVC  superior vena cava       
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  Fig. 2.12    A multiplanar    oblique view at the level of the aortic valve. This 
image depicts the normal appearing trilea fl et aortic valve ( AV ).  LA  left 
atrium,  RV  right ventricle,  RVOT  right ventricular out fl ow tract,  PV  pulmo-
nary valve,  LUPV  left upper pulmonary vein,  LAA  left atrial appendage,  Ao 
Desc  descending aorta,  LCC  left coronary cusp,  RCC  right coronary cusp, 
 NCC  noncoronary cusp       
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  Fig. 2.13    The normal    heart in a multiplanar short-axis reformat at the basal level (panel  a , level of the mitral valve), mid-level [panel  b , level of 
the papillary muscles ( asterisks )], and apical level (panel  c ).  RV  right ventricle,  LV  left ventricle,  MV  mitral valve       
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  Fig. 2.14    Panel ( a ) is a multiplanar sagittal view demonstrating the 
ascending aorta, aortic arch, and descending aorta. Panel ( b ) is an axial 
view at the level of the bifurcation of the pulmonary artery. Panel (b) is 
the view standardly used for measuring the size of the ascending aorta. 

 RA  right atrium,  LA  left atrium,  RV  right ventricle,  AV  aortic valve,  Ao  
 asc 

  
ascending aorta,  Ao  
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  aortic arch,  Ao  

 desc 
  descending aorta,  MPA  main 

pulmonary artery,  RPA  right pulmonary artery,  LPA  left pulmonary 
artery,  PV  pulmonary valve,  SVC  superior vena cava       
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  Fig. 2.15    An oblique multiplanar cut demonstrating the normally 
appearing bicaval view.  SVC  superior vena cava,  IVC  inferior vena 
cava,  RA  right atrium,  RPA  right pulmonary artery,  LA  left atrium       
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  Fig. 2.16    Oblique multiplanar    cuts demonstrating the normal four pulmonary veins as they enter the left atrium.  RUPV  right upper pulmonary 
vein,  LUPV  left upper pulmonary vein,  RLPV  right lower pulmonary vein,  LLPV  left lower pulmonary vein,  LA  left atrium       
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 There are many not uncommonly seen variants that may be 
mistaken as abnormal, and recognition of these normal vari-
ants will increase diagnostic imaging accuracy and reduce 
the incidence of false alarms. 

    3.1   Left Ventricular Diverticula 

 Congenital left ventricular (LV) diverticula (Figs.  3.1  and  3.2 ) 
are de fi ned as any outpouching from the ventricle that is lined 
by ventricular myocardium. Its connection to the ventricle 
may be wide or narrow  [  1  ] .   

 The incidence of congenital ventricular diverticula has 
been reported to be between 0.04 and 2.2 % in an autopsy 
series of patients dying of cardiac disease  [  1–  3  ] . LV diver-
ticula range in size from 0.5 to 9 cm in diameter and have 
been reported in nearly all LV locations. Most commonly, 
however, they are found in the left ventricular apex and along 
the inferior or inferoseptal wall left ventricular walls and 
at the right ventricular insertion point  [  4  ] . When multiple 
diverticula are present (40 % of the cases, Fig.  3.2 ), they tend 
to be in close proximity to each other  [  1  ] . 

 The Cantrell syndrome is de fi ned as the association of 
LV diverticula with congenital midline thoracoabdominal 

 abnormalities, sternal and diaphragmatic defects, and partial 
absence of the inferoapical pericardium  [  5  ] . 

 Congenital ventricular diverticula should be differenti-
ated from acquired causes of ventricular aneurysms and 
pseudoaneurysms such as those that occur after myocardial 
infarction, myocardial in fl ammation, or cardiac trauma. 
These entities may be similar in appearance making differen-
tiation by noninvasive imaging modalities challenging. 
Often, the correct diagnosis is made using associated clinical 
history and imaging abnormalities (h/o trauma or myocardial 
infarction with associated imaging abnormalities like ven-
tricular thinning or calci fi cation). In addition, acquired ven-
tricular aneurysms consist of predominantly  fi brous tissue 
and are associated with abnormal cardiac contour in diastole 
and myocardial bulging during systole. 

 Note that muscular ventricular septal defects that sponta-
neously close by overlapping ventricular trabeculations may 
also produce diverticular outpouching of the ventricle. 

 Ventricular noncompaction may have a similar appearance 
to that of a ventricular diverticulum. The diagnosis of ven-
tricular noncompaction is con fi rmed by identifying more than 
three deep intertrabecular recesses and a systolic ratio of non-
compacted to compacted layers of >2.2  [  6,   7  ] . Ventricular 
noncompaction is discussed in detail in Part   4    , Chap   .   9    .  
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a

LV

b
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  Fig. 3.1    Left ventricular ( LV ) diverticulum. Panels ( a ) (short axis) and 
( b ) (long axis) demonstrate a single diverticulum ( white arrows ) located 
at mid-ventricle level at the inferior right ventricular insertion site.  LV  

left ventricle,  RV  right ventricle,  LA  left atrium (Image generously pro-
vided by Jill E. Jacobs, MD, FACR, Professor of Radiology, New York 
University Langone Medical Center)       

LV

LA

  Fig. 3.2    Multiple diverticula are seen in diastole ( arrows ). Diverticula 
must be differentiated from contained myocardial rupture which is a 
highly malignant  fi nding. Contained rupture typically appears as a spiral 
dissection through necrotic tissue (not at acute angles) and is associated 
with a focal area of hypoperfusion, wall motion abnormality, and throm-
botic occlusion of the associated coronary artery.  LV  left ventricle,  LA  left 
atrium (Image generously provided by Jill E. Jacobs, MD, FACR, 
Professor of Radiology, New York University Langone Medical Center)       
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    3.2   Myocardial Bridging 

 Myocardial bridging (Fig.  3.3 ) is de fi ned as the presence of 
an intramyocardial segment of a major coronary artery that 
normally has an epicardial course. The frequency of myocar-
dial bridging observed by computed tomographic angiogra-
phy (CTA) is nearly 60 %  [  8  ] . Myocardial bridging is 
typically a benign  fi nding and the vast majority of myocar-
dial bridges are asymptomatic. It is clinically signi fi cant only 

when associated with regional hemodynamic alterations. 
Hemodynamically signi fi cant  fi ndings typically occur only 
when myocardial bridging involves the left anterior descend-
ing artery. Even in adult patients with hypertrophic cardio-
myopathy, myocardial bridging is not associated with 
increased risk of death, including sudden cardiac death.  

 Note that myocardial bridging is almost never seen in the 
right coronary artery since most of the course of the right 
coronary artery is not near the myocardium.  

a b

*

  Fig. 3.3    Myocardial bridging. Panel ( a ) (3D volume-rendered image) 
shows the “bridge” of myocardium overlying the proximal left anterior 
descending artery ( white arrow ). Panel ( b ) (maximum intensity projection 

in a transverse plane) illustrates the proximal left anterior descending 
artery coursing within the myocardium ( white arrow ) and the overlying 
“bridge of myocardium” ( white asterisk )       
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    3.3   Left Ventricular Trabeculations 

 Prominent left ventricular trabeculations (Fig.  3.4 ) have been 
reported in 323 of 474 autopsies (68 %) in normal human 
hearts and they occur equally in males and females (72 and 
65 %, respectively)  [  9  ] . No variation is noted when age is 
considered  [  9  ] . Accordingly, prominent left ventricular tra-
beculations are considered to be common variants of the nor-
mal human heart, frequently visualized during CTA 
examinations, and these should not to be mistaken for iso-
lated left ventricular noncompaction (described above).   

LV

LA

RV

Ao

asc

Ao

desc

  Fig. 3.4    Normal left ventricular trabeculations ( arrows ) not associated 
with papillary muscles. These do not meet the criteria for isolated left 
ventricular noncompaction.  LV  left ventricle,  RV  right ventricle,  LA  left 
atrium,  Ao Asc  ascending aorta,  Ao Desc  descending aorta       
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    3.4   Papillary Muscle Attachment to the Left 
Ventricular Free Wall 

 Traditionally, papillary muscles (PM) are depicted as aris-
ing directly from the solid portion of the ventricular walls. 
They are shown to have a broad base connecting them to the 
ventricular wall. The PM then taper to give rise to the ori-
gins of the chordae tendineae. More recently, state-of-the-art 
multidetector computed tomography (MDCT) has revealed 

that the base of the PM does not directly contact or join the 
solid portion of the ventricular heart walls but rather they 
contact the ventricular wall via a network of trabeculae car-
neae lining the ventricular cavities (Fig.  3.5 )  [  10  ] . These 
trabeculae carneae lie above the actual surface of the solid 
portion of the heart walls. Both the left ventricular and 
right ventricular PM demonstrate this relationship  [  10  ] . 
This  fi nding should not be mistaken for left ventricular 
noncompaction.   

ba

  Fig. 3.5    Panel ( a ) oblique maximum intensity reformat (MIP) demon-
strating the multi-head attachment ( white oval ) of the left ventricular pap-
illary muscle ( arrow ) into the free wall. Panel ( b ) oblique MIP image 
tangential to left ventricular cavity just beneath the base of the papillary 

muscles shows the multiple chordae tendineae ( arrows ), which are above 
the heart wall. In this view one can imagine potentially mislabeling this 
heart as noncompaction.  LV  left ventricle,  RV  right ventricle,  LA  left 
atrium,  Asc Ao  ascending aorta,  Desc Ao  descending aorta       
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    3.5   Apical Thinning 

 Focal thinning of the left ventricular apex is a normal ana-
tomic feature (Fig.  3.6 ). It is present in normal and hypertro-
phied ventricles. The mean myocardial thickness in normal 
apical areas of thinning is reported to be 1.2 mm, with the 
average diameter in the oblique coronal plane of 4.4 mm  [  11  ] . 
Segmental foci of thinning show normal wall motion during 
the cardiac cycle  [  11  ] . Normal apical thinning needs to be dif-
ferentiated from apical infarction or scarring which are asso-
ciated with a wall motion abnormality and may be calci fi ed. 
Segmental infarction may also have a lower density relative to 
normally enhancing adjacent myocardium and may demon-
strate fatty replacement or calci fi cation. Other associated 
 fi ndings of chronic infarction include adjacent mural throm-
bus because of stasis of blood associated with decreased con-
tractility and aneurysmal dilatation of the cardiac apex.   

    3.6   Left Atrial Pouch 

 The foramen ovale spontaneously closes soon after birth as a 
result of adhesions developing across the  fl ap of the foramen 
ovale. If adhesions form only in part of the structure, a partial 
closure ensues and a pouch is formed (Fig.  3.7 ). In the major-
ity of patients, left atrial pouches open into the left atrium. 
While it was initially felt that left atrial pouches are associ-
ated with thrombus formation and cryptogenic stroke  [  12  ] , 
this belief has been refuted  [  13  ] .   

LARA

  Fig. 3.7    Left    atrial    pouch ( arrow ) on a CTA image.  RA  right atrium, 
 LA  left atrium (Reproduced with the kind permission of Elsevier 
Limited, Kidlington, Oxford, UK from Gurudevan et al.  [  16  ] )       
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  Fig. 3.6    Apical thinning ( white asterisk ). Again noted normal papil-
lary muscles ( black arrows ) giving rise to multiple chordae tendineae at 
their attachment site to the left ventricular wall.  LA  left atrium,  LV  left 
ventricle,  RV  right ventricle, Ao Desc descending aorta,  Ao Asc  
ascending aorta          
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    3.7   Contrast Re fl ux into the Inferior 
Vena Cava 

 Retrograde opaci fi cation of the inferior vena cava or 
hepatic veins on CTA is a speci fi c but insensitive sign of 
right-sided heart disease at low contrast injection rates. 

However, the usefulness of this sign decreases with high 
contrast injection rates. During rapid contrast injection, a 
transient increase in right atrial pressure normally results 
in re fl ux of contrast into inferior vena cava and hepatic 
veins (Figs.  3.8  and  3.9 )  [  14  ] .    

RA

  Fig. 3.8    A computed tomographic angiogram in a healthy individual 
without heart disease showing a normal-size superior vena cava (SVC) 
( black arrowhead ) and inferior vena cava (IVC) ( white arrowhead ) 
emptying into the right atrium ( RA ). Transient re fl ux of contrast is noted 
in the IVC and was caused by a rapid rate of contrast administration       
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a b

  Fig. 3.9    Panels ( a ) and ( b ) are CTA images in a patient with tricuspid 
atresia associated with severe right ventricle dysfunction and enlarge-
ment and tricuspid regurgitation. Note the markedly dilated inferior 

vena cava full with contrast as well as a dilated coronary sinus ( CS ) and 
hepatic vein ( white arrow ).  LV  left ventricle,  RV  right ventricle,  RA  
right atrium,  CS  coronary sinus,  IVC  inferior vena cava       
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    3.8   Contrast Mixing 

 A transient  fl ow artifact can occur when contrast-rich blood 
enters venous blood without contrast (Figs.  3.10 a, b ). Flow arti-
fact from contrast mixing is particularly common in upper 
extremity injections and results from contrast-enhanced blood 
in the superior vena cava mixing with unenhanced blood from 
the inferior vena cava. Delayed scans are useful in separating 
contrast mixing artifacts from intracardiac masses since they 

allow time for homogenous enhancement of the right atrium 
and right ventricle. Care must be taken not to confuse the pres-
ence of unopaci fi ed blood with tumor or thrombus  [  15  ] .  

 Incomplete opaci fi cation of venous blood is frequently 
seen in systemic venous baf fl es such as Fontan or Glenn cir-
culations, where unopaci fi ed blood from the inferior vena 
cava and lower body mix with contrast-enhanced blood from 
the superior vena cava. Thus, delayed scans are required 
when evaluating this corrective anatomy.      

a b

  Fig. 3.10    Panels ( a ) and ( b ) are from the same patient at different car-
diac phases demonstrating incomplete contrast mixing mimicking a 
thrombus or mass ( arrows ) in the right atrium resulting from the in fl ow 
of high-density contrast from the superior vena cava mixing with the 

unopaci fi ed blood from the inferior vena cava. Examining multiple 
phases may help clarify the  fi nding of incomplete contrast mixing by 
demonstrating changes in the opaci fi cation pattern among the various 
phases of the cardiac cycle       
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 The development of multidetector computed tomography has 
resulted in marked advancements in the diagnosis of congeni-
tal heart disease (CHD) which has renewed interest in the 
classi fi cations and de fi nitions used to describe the anatomy of 
the heart and great vessels. The sequential, segmental approach 
to analyzing CHD patient images was introduced nearly three 
decades ago and is used worldwide  [  1–  5  ] . Thus, a thorough 
understanding of both the nomenclature and anatomy applied 
in this approach is essential to the proper and error-free inter-
pretation of CHD CTA images  [  6  ] . The de fi nitions described 
below are based on the segmental, sequential approach to clas-
sifying CHD which is described in Chap.   5    . 

    4.1   Cardiac Orientation 

 Cardiac orientation or position refers to the relationship or 
axis of the base to the apex of the heart and may help to predict 
the presence of CHD. Early in fetal development, normal 
embryogenesis [situs solitus (normal atrial positions) and 
D-bulboventricular loop (normal ventricular positions)], 
results in the apex of the heart being situated in the right 
hemithorax. At the beginning of the second month, the apex of 
the heart migrates to the left hemithorax (normal adult posi-
tion). In situs inversus with an L-loop (atria are reversed and 
ventricles are reversed), the opposite occurs (the apex of the 
heart migrates from the left hemithorax to the right hemitho-
rax). Regardless of atrial situs, all D-loops should complete 
their development with the heart in the left chest (levocardia). 

On the contrary, all L-loops should end development with the 
heart in the right chest (dextrocardia).    If the cardiac apex fails 
to shift, it may result in situs solitus with dextrocardia which 
is termed dextroversion or situs inversus with levocardia called 
levoversion. Thus, dextrocardia may occur from a D-loop that 
fails to shift leftward or an L-loop that completes its rightward 
shift. Mesocardia (midline heart) occurs when the ventricular 
apex does not complete its shift. Mesocardia may be associ-
ated with concordant (D-loop) or discordant (L-loop) ventri-
cles as well as with heterotaxy syndromes. 

 Of note, positioning of the heart in the right chest with a 
left-sided cardiac apex can occur when the contents of the 
left chest force the heart to the right or when the volume of 
the right lung is reduced (for instance, due to pulmonary 
hypoplasia or collapse). This type of positioning is more 
appropriately termed dextroposition since the axis of the 
heart is usually normal. 

 To summarize, three different cardiac situs abnormalities 
are possible: levocardia, dextrocardia, and mesocardia 
(Fig.  4.1 ). Levocardia is de fi ned as a normal cardiac position 
in the left chest with the cardiac base-to-apex axis pointing 
from upper right to lower left (normal cardiac base-to-apex 
axis points left to right). Dextrocardia refers to a heart located 
in the right chest with the base-to-apex axis pointing from 
the upper left to the lower right. Mesocardia refers to a heart 
that is usually in the midline with the base-to-apex axis 
directly from superior to inferior. Situs solitus with dextro-
cardia is termed dextroversion and situs inversus with levo-
cardia is called levoversion.   
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    4.2   Nomenclature for Thoracic 
and Visceral Situs 

 Situs or sidedness refers to the position or arrangement of 
structures or organs that are not bilaterally symmetric. There 
are three possible arrangements: normal also known as solitus, 
inversus (mirror image of normal), and ambiguous (not clearly 
solitus or inversus). In the ambiguous situation, features of 
situs solitus and situs inversus are present in the same person. 
Here the thoracic and abdominal organs cannot be lateralized 
and have neither the normal nor mirror image arrangement. 

    4.2.1   Situs De fi nitions 

 Thoracic Situs: The situs of the left and right lung is indepen-
dent of the cardiac or abdominal situs but instead is identi fi ed 
by the anatomy of the respective bronchi, especially the rela-
tionship between the bronchi and pulmonary arteries  [  7  ] . 
The right main bronchus takes a more vertical course and 
branches at an earlier point than the more horizontally ori-
ented left bronchus. See Fig.  4.2 .  

 Abdominal Situs: Refers to the sidedness of the main vis-
ceral organs such as the liver, stomach, and spleen. 

 Atriovisceral Situs: Atrial situs is determined by the posi-
tion of the morphologic right and left atria. Atrial develop-
ment is simultaneous to venous return formation, and thus, 
the atrial locations are  fi xed early in development by the 
entering veins. The atrial situs is independently determined 
from and unaffected by the shape of the bulboventricular 
loop or the  fi nal locations of the ventricles. In turn, the atrial 
situs corresponds to the visceral and thoracic situs and abnor-
malities in atrial position usually correspond with parallel 
abnormalities in the visceral and thoracic situs. 

 Three designations are used in characterizing atrial situs: 
situs solitus, situs inversus, or situs ambiguous. Situs solitus 
(normal) and situs inversus are present when there is 
identi fi able lateralization of the atrial chambers, meaning 
that atrial arrangement is congruent with thoracoabdominal 
organ arrangement  [  8,   9  ] . Situs solitus is present when the 
right atrium and liver are on the right side and the left atrium, 
stomach, and spleen are on the left side. The right lung is 
trilobed and the left lung is bilobed each with their usual 
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  Fig. 4.1    A depiction of the three 
possible cardiac situs 
abnormalities       

  Fig. 4.2    A    coronal CT image demonstrating the normal central bronchial 
anatomy which can be used to help differentiate the morphologic right 
lung from the morphologic left lung. The right main stem bronchus ( aster-
isk ) is more vertically oriented with an early branch point ( white arrow ), 
 LPA  left pulmonary artery       
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bronchial pattern. The right pulmonary artery lies anterior to 
the right bronchus (eparterial position), and the left bronchus 
lies behind the left pulmonary artery (hyparterial position). 
Situs inversus is a mirror image of situs solitus. 

 It should be noted that atrial situs most often follows the 
thoracic and visceral situs. That is, atrial situs inversus is most 
often concomitant with thoracic and visceral situs inversus. 

 Ambiguous situs indicates that assignment or position of 
the right and left atria cannot be determined. Ambiguous 
situs may also be termed heterotaxy. Atrial situs ambiguity 
usually occurs concomitantly with visceral heterotaxia or 
situs ambiguity where the visceral organs are abnormally 
positioned across the left–right axis of the body. The term 
“isomerism” has been used to describe the combination of 
atrial situs ambiguity (heterotaxy) and visceral heterotaxy  [  8, 
  9  ] . Two forms of isomerism are recognized: right isomerism 
and left isomerism. Right isomerism is when there are bilat-
eral morphologic right atria and is associated with asplenia 
and left isomerism (bilateral morphologic left atria) is asso-
ciated with polysplenia. Right isomerism is also often asso-
ciated with bilateral trilobed lungs (two right lungs, a 
symmetric liver across the midline, and total anomalous pul-
monary venous return). Left isomerism is usually associated 
with bilateral bilobed lungs (two left lungs), interrupted infe-
rior vena cava, and partial anomalous pulmonary venous 
return. 

 Note that the aorta and great veins generally have speci fi c 
orientations depending on the situs and type of isomerism 
discussed in detail in Chap.   5    . See Fig.   5.3    . 

 See Table  4.1  for a characterization of isomerization.  
 Figure  4.3  illustrates the thoracic, atrial, and visceral situs 

seen with situs solitus, situs inversus, and situs ambiguous 
(right and left isomerism).  

 Atrial situs and ventricular looping are independent. Thus, 
any version of atrial situs may accompany a D-looped (cor-
rect ventricular sidedness) or L-looped (incorrect ventricular 
sidedness) heart. Figure  4.3  demonstrates this concept.  

    4.2.2   De fi nitions for the Atrial Chambers 

 Anatomically, atrial chamber differentiation is usually based 
on the distinctive features of the atrial appendages. Each 

appendage has intrinsic morphologic features. Typically, the 
right atrial appendage is a triangular, broad-based structure, 
while the left atrial appendage is smaller, thinner, and  fi nger-
like. The right atrium may be identi fi ed by locating the crista 
terminalis, a muscular band that runs from the entrance of 
the superior vena cava to that of the inferior vena cava. This 
structure separates the trabeculated right atrial appendage 
from the remainder of the right atrium. The left atrium lacks 
the crista terminalis. The thicker superior limbus of the atrial 
septum around the fossa ovalis is associated with the right 
atrium. The  fl ap of the valve at the oval fossa is located in the 
left atrium. Additionally, the identi fi cation of inferior vena 
cava and the coronary sinus entering the right atrium is used 
as a criterion for identi fi cation. 

 The superior vena cava (SVC) is not an acceptable crite-
rion to identify the morphologic right atrium since an anom-
alous SVC is not uncommon. Similarly, pulmonary vein 
anomalies are also commonly seen, and as such, identifying 
pulmonary venous connections is not a stern rule for identi-
fying the morphologic left atrium. 

 Table  4.2  identi fi es the distinctive features differentiating 
the right from the left atrium.   

    4.2.3   De fi nitions for Cardiac Ventricles 

 The ventricular cardiac chambers are identi fi ed by their asso-
ciated respective inlet valves. That is, the left ventricle is 
associated with the mitral (bilea fl et) inlet valve (arises more 
superior than the tricuspid valve), and the right ventricle is 
associated with the tricuspid (trilea fl et) inlet valve which 
arises below the membranous septum. Ventricles are com-
posed of three parts: the inlet, outlet, and trabecular portions. 
The inlet contains the atrioventricular valves and the subval-
vular apparatuses. The ventricular outlet portions are cephalad 
and lead to the great arteries. The trabecular portion extends 
from the papillary muscles to the ventricular apices. 

 There are several characteristics which are speci fi c for the 
right ventricle and are useful in distinguishing the right from 
the left ventricle. These are the (a) infundibulum, (b) tricus-
pid valve apparatus, (c) apical trabeculations, and (d) mod-
erator band. The infundibulum is a term that indicates the 
right ventricular outlet, which is a smooth muscular structure 
(also known as the conus or muscular conus). The left ven-
tricular outlet is partially  fi brous due to the aortic-mitral 
 fi brous continuity. 

 The tricuspid valve apparatus has three lea fl ets and three 
papillary muscles; the papillary muscles are attached to both 
the interventricular septum and the free wall of the right 
 ventricle. The mitral valve apparatus consists of an annulus 
and two lea fl ets, which connect to two papillary muscles via 
cord-like tendons called chordae tendineae. The papillary 
muscles insert only on the free lateral wall of the left ventricle 

   Table 4.1    The characteristics of left and right isomerism   

 Right isomerism  Left isomerism 

 Bilateral morphologic right atria  Bilateral morphologic left atria 
 Asplenia  Bilateral bilobed lungs 
 Bilateral trilobed lungs  Interrupted inferior vena cava 
 Symmetric liver  Partial anomalous pulmonary 

venous return 
 Total anomalous pulmonary 
venous return 

http://dx.doi.org/10.1007/978-1-4471-5088-6_5
http://dx.doi.org/10.1007/978-1-4471-5088-6_5#Fig3


42 4 Basic Nomenclature in Adult Congenital Heart Disease

(not on the septum). Again, the tricuspid valve is identi fi ed 
by its caudal location below the membranous septum. 

 The characteristics of the internal trabeculae of the ventricles 
also help to differentiate between the right and left ventricles. 
The right ventricular trabeculations are coarse; the left ventricu-
lar trabeculations are thinner, delicate structures. The moderator 
band is another distinguishing feature of the right ventricle. It 
extends from the septum to the free lateral wall of the right ven-
tricle and contains part of the right bundle branch of the cardiac 
conduction system, which plays a role in the electrophysiologic 
conduction of the right ventricle’s free wall. 

 Table  4.3  identi fi es the distinguishing characteristics of 
the right and left ventricles.  

 As discussed in Chap.   1    , the ventricles may form accord-
ing to a D-loop (normal) or L-loop (reversed) pattern. Because 
cardiac looping is independent of visceral situs development, 

both D-loop ventricles and L-loop ventricles may be concor-
dant or discordant relative to visceroatrial situs. Concordant 
signi fi es a D-loop with situs solitus or L-loop with situs inver-
sus. Discordant means D-loop with situs inversus or L-loop 
with situs solitus. In the case of ambiguous situs, concordance 
or discordance cannot be determined.  

    4.2.4   De fi nitions for Great Arteries 

 The great vessels are typically described by the terms solitus, 
inversus, dextro, and levo. Solitus refers to the normal ana-
tomically relationship between the great vessels. Inversus 
refers to the mirror image anatomic relationship. Dextro 
describes great vessels on the right side of the body and levo 
indicates the great vessels are on the left. 

   Table 4.2    The characteristics that differentiate the right from the left atria   

 Atrial differentiation 

 Right atrium  Left atrium 

 Triangular broad appendage  Narrow based, thinner, and 
 fi nger-like appendage 

 Contains crista terminalis  No crista terminalis 
 Thick superior limbus around 
fossa ovalis 

 Contains fossa ovalis  fl ap 

 Inferior vena cava and coronary 
sinus connection 

   Table 4.3    The characteristics that differentiate the right from the left 
ventricle   

 Ventricular differentiation 

 Right ventricle  Left ventricle 

 Presence of the infundibulum  Partially  fi brous ventricular outlet 
 Associated with the tricuspid 
valve and tricuspid valve 
apparatus 

 Associated with the mitral valve 
and mitral valve apparatus 

 Course trabeculations  Fine trabeculations 
 Presence of the moderator band  Absence of moderator band 

a b

Liver Liver

RA LA LA LALARA RA RA

Spleen

Speens
Stomach

Stomach

c d

  Fig. 4.3    The correspondence of atrial, thoracic, and abdominal organs 
arrangement in situs solitus ( a ), situs inversus ( b ), right isomerism ( c ), 
and left isomerism ( d ). Note in panel (a) the trilobed right lung is right-
ward, the bilobed left lung is leftward, and the atria, liver, spleen, and 
stomach are on their correct sides. In panel (b) the lungs, atria, and 

visceral organs are reversed, mirror image. Panel (c) illustrates bilateral 
right lungs, bilateral morphologic right atria, and heterotaxy of the vis-
ceral organs. Panel (d) shows bilateral left lungs, bilateral morphologic 
left atria, and visceral heterotaxy with polysplenia       

 

http://dx.doi.org/10.1007/978-1-4471-5088-6_1


434.3 Nomenclature to Describe Connecting Segments

 The great arteries are most easily identi fi ed by their 
branches and not by their relationship to the ventriculoarterial 
valves. The left aortic arch (normal) typically gives rise to a 
brachiocephalic artery, left common carotid artery, and left 
subclavian artery. The pulmonary artery typically bifurcates 
into left and right pulmonary arteries. The coronary arteries 
predominantly arise from the sinuses of the aorta. The loca-
tion of the conus can help to identify the pulmonary artery. 
Typically, the muscular conus is subpulmonic in location. 

 A common arterial trunk is de fi ned as a vessel con-
nected to the ventricle (or ventricles) via a common ven-
triculoarterial valve. The common trunk supplies the 
coronary, systemic, and pulmonary circulations directly. 
A solitary arterial trunk is de fi ned as a vessel arising from 
ventricle or ventricles that does not give rise to intraperi-
cardial pulmonary arteries. In this anomaly, the blood 
supply to the lung usually comes from collateral vessels 
originating from either the ascending or descending tho-
racic aorta.   

    4.3   Nomenclature to Describe 
Connecting Segments 

 A segment is the term used to describe a part or section of the 
cardiovascular system. A connection is the term that describes 
the junction between two cardiovascular segments. Again, 
note that atrial situs, great artery orientation, and ventricular 
looping do not specify atrioventricular connections. All of 
these variables are independent of each other. 

    4.3.1   Nomenclature for Atrioventricular 
Connections 

 There are  fi ve types of atrioventricular connection: concordant 
(normal), discordant, ambiguous, double-inlet, and absent 
connection. Concordant refers to a normal connection between 
segments. The right atrium connects to the morphologic right 
ventricle and the left atrium connects to the morphologic left 
ventricle. Discordant refers to the opposite of the normal con-
nection. The right atrium connects to the morphologic left 
ventricle and the left atrium drains into the morphologic right 
ventricle. Ambiguous connection refers to connections in 
which half the atrioventricular junction is connected concor-
dantly and the other half is discordantly connected. That is, 
there may be bilateral morphologic right or left atria. For 
example, one of the atria may correctly connect with its con-
cordant ventricle and the opposite-sided morphologically 
identical atrium discordantly connects with the opposite ven-
tricle. Concordant, discordant, and ambiguous connections 
occur in a biventricular heart. See Fig.  4.4 .  

 In functionally univentricular hearts, there are three 
possible inlets: double inlet, single inlet, or common inlet. 
Double inlet refers to a functional univentricle connected 
to two separate atria with two separate atrioventicular 
valves. Single inlet refers to two separate atria with only 
one of the atria connected to the functional univentricle via 
one atrioventricular valve. The other atria connection is 
atretic. Single inlet may be either a right single inlet where 
the left-sided atrioventricular connection is atretic or left 
single inlet where the right-sided atrioventricular connec-
tion is atretic. A common inlet refers to when both atria are 
connected to a functional univentricle via one atrioventic-
ular valve. 

 Figure  4.5  depicts an artist’s rendition of the possible 
 univentricular inlets.   

    4.3.2   Nomenclature for Atrioventricular 
Valvular Connections 

 Straddling is a feature of the chordae tendineae of an atrio-
ventricular valve and describes chordae that cross a ventricu-
lar septal defect and have their attachments in the opposite 
ventricle. Overriding is a feature of the valve annulus which 
describes an annulus that crosses a ventricular septal defect 
and thus lies “over” more than one ventricle. Straddling and 
overriding often coexist. Figure  4.6  depicts the concepts    of 
straddling and overriding.   

    4.3.3   Nomenclature for Ventriculoarterial 
Connections 

 There are four potential types of ventriculoarterial 
connection: concordant, discordant, double-outlet right 
 ventricle, and double-outlet left ventricle. Similar to the 
atrioventricular connection, concordant refers to a nor-
mal connection between segments. The pulmonary artery 
arises from the right ventricle and the aorta from the left 
ventricle. Discordant refers to the opposite type of con-
nection. The aorta arises from the right ventricle and the 
pulmonary artery arises from the left ventricle, which is 
seen in transposition of the great vessels. Double-outlet 
right ventricle means both great vessels originate from the 
right ventricle, and double-outlet left ventricle means the 
great vessels arise from the left ventricle. In both settings, 
only one valve, either the aortic or pulmonic valve, can be 
identi fi ed. Figure     4.7  depicts the possible ventriculoarterial 
connections.  

 Ventriculoarterial overriding refers to a situation when 
more than half of the area of the outlet overrides the ventricu-
lar septum. It is commonly seen in tetralogy of Fallot, where 
the aorta overrides the ventricular septum.   
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a b

Concordant Discordant Concordant Discordant

Right isomerism Left isomerism

Situs solitus Situs inversus

Right-hand topology Left-hand topology Right-hand topology Left-hand topology

c d
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  Fig. 4.4    The variants of biventricular atrioventricular connections in 
situs solitus ( a ), situs inversus ( b ), right isomerism ( c ), and left isomer-
ism ( d ) demonstrating the independence of situs and looping. In panels 
(a) and (b), concordant demonstrates normal ventricular sidedness 

(D-looping), while discordant demonstrates opposite ventricular sided-
ness (L-looping). In panels (c) and (d), right-handed topology refers to 
D-looping and left-handed topology refers to L-looping       
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Stitus inversus Right isomerism Left isomerism  Fig. 4.5    The variants of 
univentricular atrioventricular 
( AV ) connections in situs solitus, 
situs inversus, and right and left 
isomerism       
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  Fig. 4.6    An artist’s depiction of the concepts of straddling and overriding       
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Concordant Discordant TGA
with ventricular D-loop

Double-outlet RV

Pulmonary atresia Aortic atresia Truncus arterious
(single outlet)

Double-outlet LV
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with ventricular L-loop
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ingle outlet connection

C
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  Fig. 4.7    A depiction of the possible ventriculoarterial connections       
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    4.4   Van Praagh Notation System 

 The nomenclature system used in the segmental, sequential 
approach developed by Van Praagh also includes a series of 
three letters, separated by commas, within parentheses which 
are used for conveying anatomic positioning. The  fi rst initial 
denotes the visceroarterial situs (S: solitus, I: inversus). The 
second initial marks the ventricular looping pattern (D: 
D-looping, L: L-looping). The third initial conveys the great 
artery positioning (S: solitus (normal)), I: inversus (with no 
transposition), D-TGA (D-transposition of the great arteries), 
L-TGA (L-transposition of the great arteries), D-MGA 
(D-malposition of the great arteries), L-MGA (L-malposition 

of the great arteries), A-TGA (ambiguous transposition of the 
great arteries), and  fi nally A-MGA (ambiguous malposition 
of the great arteries) (Fig.  4.8 ). Thus, (S,D,S) would indicate 
the normal anatomy (solitus, D-looping, solitus), whereas (I, 
L, I) would indicate atrial situs inversus, ventricular L-looping, 
and inversus of the great vessels and (S,L,L-TGA) indicates 
atrial situs solitus, ventricular L-looping, and L-TGA.  

 Figure  4.9  depicts the various types of human hearts 
emphasizing the Van Praagh notation system  [  10  ] .  

 Note that TGA is only one form of malposition. 
Malposition of the great arteries may also include double-
outlet right ventricle, double-outlet left ventricle, and ana-
tomically corrected malposition.      

Initialing convention
for

Conveying anatomic positioning in the segmental approach

D: D-looping ventricles

L: L-looping ventricles
S: Solitus

I: Inversus

D-TGA

L-TGA

A-TGA

D-MGA

L-MGA

A-MGA

S: Solitus

I: Inversus
X: Ambiguous

1st initial 2nd initial 3rd initial

  Fig. 4.8    The initialing system used in the labeling of congenital heart 
disease patterns. The  fi rst initial is the atrial situs ( S  for solitus,  I  for 
inversus,  X  for ambiguous). The second initial involves the ventricular 
looping pattern ( D  for D-loop,  L  for L-loop) and the third letter is the 
spatial orientation of the great vessels ( S  for solitus,  I  for inversus, 

 D-TGA  for D-transposition of the great vessels,  L-TGA  for 
L-transposition of the great vessels,  A-TGA  for ambiguous transposi-
tion of the great vessels,  D-MGA  for D-malposition of the great vessels, 
 L-MGA  for L-malposition of the great vessels,  A-MGA  for ambiguous 
transposition of the great vessels)       
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  Fig. 4.9    Depicts the various types of human hearts emphasizing the Van Praagh notation system (Reproduced with the kind permission of Ronald 
B. Foran, MD, Pediatric Cardiology Associates, Rockford Il)       
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 The segmental, sequential, analytic approach was introduced 
by Van Praagh over 25 years ago  [  1–  3  ] . This clinically useful 
approach is  fl exible and widely applicable to any imaging 
evaluation of congenital heart disease  [  4  ] . Using this logical 
approach, the morphologic features of the heart are deter-
mined sequentially by dividing the heart into three segments: 
visceroatrial situs or spatial arrangement (step 1), ventricular 
looping (step 2), and the spatial relationships of the great 
vessels (step 3). In step 4, the connections between the seg-
ments at the atrioventricular and ventriculoarterial levels are 
identi fi ed. Next, cardiac positioning is determined in step 5. 
Finally, step 6 involves the assessment for any associated 
malformation. See Fig.  5.1 .  

 This chapter describes the sequential steps required for 
accurate and complete analysis of complex congenital heart 
disease during a review of any imaging study. By following 
these steps, the reader of cardiac computed tomographic 
angiography studies, for example, will more likely end with 
an accurate interpretation. Using the Van Praagh nomencla-
ture and initialing system, a segmental, sequential, analytic 
approach to the cardiac anatomy is applied. 

      Segmental, Sequential Approach 
to CT Interpretation in Adult 
Congenital Heart Disease                

  5

Step 1

Evaluate
visceroarterial situs

Evaluate
ventricular looping

Evaluate
spatial relationship

between great arteries

Determine atrioventricular
and ventriculoarterial

connections

Determine
cardiac positioning

Search for 
associated anomalies

Step 2

Step 3

Step 4

Step 5

Step 6

  Fig. 5.1    A depiction of the approach to the segmental, sequential anal-
ysis of congenital heart disease. Letters are used to convey anatomic 
positioning of the three cardiac segments. The  fi rst three steps in the 
analysis involve the determination of atrial situs (step 1) (solitus,  S , or 
inversus,  I , or ambiguous,  A ), the ventricular looping pattern (step 2) 
(D- or L-), and the great artery spatial orientation (step 3) (solitus,  S ; 
inversus,  I ; D-TGA; L-TGA; A-TGA; D-MGA; L-MGA; A-MGA). 
Step 4 identi fi es the atrioventricular and ventriculoarterial connections. 
Step 5 determines cardiac positioning. Step 6 identi fi es associated 
malformations       
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    5.1   Assessment of Cardiac Anatomy 

    5.1.1   Step 1: Determination 
of the Visceroatrial Situs 

 There are three possible arrangements of the atria (termed 
situs): solitus (S, -, -,) (the normal arrangement), inversus 
(I, -, -,) (the mirror image arrangement), and ambiguous (also 
called heterotaxy) (A, -, -,). Heterotaxy includes right isom-
erism [bilateral morphologic right atria and bronchial tree 
anatomy (two morphologic right lungs)] and left isomerism 
[bilateral morphologic left atria and bronchial tree anatomy 
(two morphologic left lungs)] (Fig.  5.3 , panel c and d). 

 On imaging studies, anatomic differentiation of the mor-
phologic right from left atrial chambers is usually based on 

the different morphology of the atrial appendages. The right 
atrial appendage is blunt and has a broad base communicat-
ing with the rest of the atrium. The left atrial appendage is 
narrower and has a more restricted junction with the smooth-
walled left atrium and is more trabeculated than the right 
atrial appendage (Fig.  5.2 ). In addition, the inferior vena 
cava is associated with the right atrium.  

 If the appendages are not adequately distinguishable, then 
determination of atrial situs can be made based on the tho-
racic and visceral situs. The atrial situs almost always fol-
lows the thoracic and visceral situs. That is, if the left lung 
(bilobed) can be identi fi ed as being on the left and the right 
lung (trilobed) can be identi fi ed as being on the right and, 
concomitantly, the spleen and stomach are on the right and 
the liver on the left, then atrial situs solitus is most likely. 

Ao

RAA

PA

LAA

LV

LA

a b

  Fig. 5.2    Computed tomographic (CT) examples of the right (panel  a ) 
and left (panel  b ) atrial appendages identifying the right and left atria, 
respectively. The right atrial appendage has a larger, broader connection 
to the right atrium, and the left atrial appendage has more trabeculations 

and a narrower connection with the left atrium.  RAA  right atrial append-
age,  LAA  left atrial appendage,  RA  right atrium,  LA  left atrium,  RV  right 
ventricle,  LV  left ventricle,  PA  pulmonary artery       
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  Fig. 5.3    The spatial arrangement 
of aorta ( Ao ) and great veins in 
situs solitus ( a ), situs inversus ( b ), 
right isomerism ( c ), and left 
isomerism ( d ).  IVC  inferior vena 
cava,  Az  azygous vein   . See text 
for description       

 Inference can also be made from the spatial relation-
ship among the abdominal great vessels and the spine 
(Fig.  5.3 ). The abdominal aorta usually descends slightly 
to the left of the spine with the inferior vena cava to the 
right of the spine and anterior to the aorta. Reversal of this 
pattern is seen with atrial situs inversus. Right isomerism 

is most commonly associated with the aorta and vena cava 
on the same side of the spine with the aorta being the more 
posterior of the two vessels. Left isomerism is usually 
associated with an interruption of the suprarenal portion 
of the inferior caval vein with azygous continuation to the 
right atrium.   
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    5.1.2   Step 2: Determination of the Orientation 
of the Ventricular Loop 

 The second step is to assess the ventricular looping pattern. 
Two ventricular looping patterns are possible: D-loop (−, D, -) 
and L-loop (−, L, -). In early normal development, the heart is 
a linear tube containing primitive atria, the left ventricular 
segment, the bulbus cordis (which will develop into the right 
ventricle), and the truncus arteriosus (forms the great arter-
ies). During subsequent development, the bulboventricular 
loop normally folds to the right, forming the D-loop morphol-
ogy with subsequent positioning of the bulbus cordis (precur-
sor to the right ventricle) to the right of the left ventricle. If the 
primitive heart tube loops toward the left, it forms the L-loop 
morphology with the right ventricle positioned to the left of 
the left ventricle (See Fig.   1.2    ). Figure  5.4 , panel a, depicts a 
CT image of a D-loop (normal) heart and an L-loop heart, 
panel b, where the right and left ventricles are reversed.  

 The left and right ventricles are best differentiated by 
identifying the differences in morphology of the apical trabecular 
portion. The right ventricle has coarse apical trabeculations 
and a prominent moderator band crossing the ventricular 
chamber, whereas the left ventricle has  fi ner trabeculations 
and no moderator band. The left ventricle has more promi-
nent papillary muscles than the right ventricle (Fig.  5.5 ). 
In addition, the location of the atrioventricular and ventricu-
loarterial valves helps to differentiate between the right and 
left ventricles (see Chap.   4    ).   

RV

LV

P

TV

MV

  Fig. 5.5    CT image illustrating the differing features of the right ( RV ) 
and left ventricles ( LV ). The RV has the moderator band ( black arrow-
head ). The RV is associated with the tricuspid valve ( TV ) whose septal 
lea fl et ( black dashed arrow ) inserts more apically than the anterior 
lea fl et ( white arrow ) of the mitral valve ( MV ) which is associated with 
the LV. In addition, the LV papillary muscles ( P ) are more prominent 
than those in the RV       
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  Fig. 5.4    Panel ( a ) illustrates an example of a D-loop normal heart 
where the left ventricle ( LV ) is on the left and the right ventricle ( RV ) is 
on the right and anterior. Panel ( b ) depicts an L-loop where the RV is 

the leftward ventricle and the LV is the right-sided ventricle. The atria 
situs is normal (solitus) in both examples.  RA  right atrium,  LA  left 
atrium       
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555.1 Assessment of Cardiac Anatomy

    5.1.3   Step 3: Determination of the Spatial 
Position of the Great Vessels 

 There are    eight possible con fi gurations of the great vessels: 
solitus or normal (−, -, S), inversus or mirror image (_, _, I), 
D-transposition of the great arteries (−, -, D-TGA), 
L-transposition of the great arteries, (−, -, L-TGA), 
A-transposition of the great arteries (−, -, A-TGA), 
D-malformation of the great vessels (−, -, D-MGA), 
L-malformation of the great vessels (−, -, L-MGA), and 
A-malformation of the great vessels (−, -, A-MGA). 
Remember, transposition is only one form of malposition. 
Figure  5.6  demonstrates 4 of these possibilities (solitus, 
inversus, D-TGA, and L-TGA).  

 The great vessels are identi fi ed by their branch vessels. 
The aorta gives rise to at least one coronary artery and most 
of the systemic circulation (Fig.  5.7 ). The main pulmonary 
trunk feeds at least one pulmonary artery (Fig.  5.8 ). In the 
normal arrangement, the aorta is posterior and to the right of 
the pulmonary artery (Fig.  5.9 ).    

 There are four possible types of conal (infundibular) 
anatomy that must be potentially identi fi ed: subpulmonary 
conus (normal), subaortic conus, bilateral conus, and bilat-
erally absent conus (Fig.  5.10 ). Subaortic conus is seen in 
cases of D- or L-transposition. Bilateral conus is found in 
cases of double-outlet right ventricle and bilaterally absent 
conus is noted in cases of double-outlet left ventricle.    
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Normal D-TGA Inverted L-TGA

MPAAo
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R L
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  Fig. 5.6    Spatial anatomy of the great vessels in four of the eight pos-
sible great vessel arrangements: normal, inverted (mirror image arrange-
ment), dextro-transposition of the great arteries (D-TGA), and 

levo-transposition of the great arteries (L-TGA). Normal or D-TGA is 
seen in D-bulboventricular looping. In L-bulboventricular looping, the 
relationships are inverted.  Ao  aorta,  MPA  main pulmonary artery       

  Fig. 5.7    An axial CT image de fi nitively identifying the aorta by its 
emanating coronary artery ( arrowhead ). In this instance, the right coro-
nary artery.  Ao  aorta       

Ao
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Ao MPA

Subpulmonary
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Bilaterally

absent

Ao MPA
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Ao MPA

  Fig. 5.10    Normal conus anatomy: subpulmonary (normal), subaortic, 
bilateral, and bilaterally absent. Subaortic conus is common in transpo-
sition, whereas bilateral conus is seen in cases of double-outlet right 
ventricle and bilaterally absent conus is noted in double-outlet left ven-
tricle. In this picture, the conus is represented by the  dark, red ring        

MPA
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  Fig. 5.8    A volume-rendered posterior-oriented 3-D CT image identi-
fying the main pulmonary artery by its associated branches.  MPA  main 
pulmonary artery,  RPA  right pulmonary artery,  LPA  left pulmonary 
artery. One or more pulmonary arteries arising from the main pulmo-
nary artery is the signature of the pulmonary artery       
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  Fig. 5.9    Panel ( a ) is an axial, maximum-intensity projection, CT 
image demonstrating the normal spatial orientation of the great vessels. 
The PA is to the left of the aorta. Panel ( b ) is a 3-dimensional volume-

rendered CT image showing the aorta posterior and to the right of the 
pulmonary artery.  Ao  aorta,  PA  pulmonary artery, white arrows (pulmo-
nary valve)       
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    5.2   Assessment of Connecting Segments 

 Speci fi cation of atriovisceral situs, orientation of the ven-
tricular loop, and spatial orientation of the great vessels do 
not specify the atrioventricular and ventriculoarterial con-
nections. The atrioventricular and ventriculoarterial connec-
tions are independently determined embryologically and, 
thus, need to be separately evaluated in terms of biventricular 
versus univentricular connections (step 4). 

    5.2.1   Ventriculoarterial Connections 

 Step 4 begins with an assessment of the junction between the 
ventricles and great arteries. There are four types of ventricu-
loarterial connections: concordant (normal), discordant (mirror 
image/transposition of the great arteries), double outlet (double 
outlet right or left ventricle), and single outlet (common arterial 
trunk, aortic atresia, or pulmonary atresia). See Fig.   4.7    .  

    5.2.2   Atrioventricular Connections 

 Following the ventriculoarterial connection analysis, step 4 
also includes an evaluation of the atrioventricular connections. 
Biventricular atrioventricular connections refer to an arrange-
ment where each atrium is connected to its own ventricle. 
Univentricular atrioventricular connections describe connec-
tions where only one ventricle is connected to the atrial mass. 
There are  fi ve types of atrioventricular connection: concordant 
(normal), discordant, ambiguous, double inlet, single inlet 
with absent right atrial connection, and single inlet with absent 
left atrial connection. Concordant, discordant, and ambiguous 
connections are associated with a biventricular heart. Double 
inlet and single inlet with an absent connection are used when 
there is a univentricular heart.   

    5.3   Cardiac Position 

 After speci fi cation of cardiac anatomy and assessment of 
connecting segments, the position of the heart in the chest 
cavity and the orientation of the apex need to be speci fi ed. 

For a complete discussion of cardiac position, see Chap.   4     
and Fig.   4.1    .  

    5.4   Assessment of Associated 
Malformations 

 Associated malformations need to be assessed in a segmental 
fashion at three levels: the heart, great vessels, and coronary 
arteries. At the level of the heart, the presence, size, and loca-
tion of atrial and ventricular septal defects, the size of the 
cardiac chambers, and the presence and severity of ventricu-
lar out fl ow obstructions need to be documented. Great vessel 
anatomy needs to be reviewed for the presence of stenotic or 
hypoplastic segments as well as the presence of a patent duc-
tus arteriosus. Next, an evaluation of systemic and pulmo-
nary venous return should be performed. Coronary anatomy 
and the presence of coronary anomalies need to be noted as 
well, and coronary artery disease needs to be described 
according to published guidelines. Finally, the presence and 
any complications of palliative shunts, closure devices, and 
stents need to be reported.      
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 The computed tomographic angiography (CTA) imaging 
 protocol must be tailored to the suspected cardiac lesion and the 
type of prior surgical repair. The relevant parameters that need 
to be selected prior to imaging are contrast volume, contrast 
injection speed, the timing of the scan, slice collimation, scan 
length, tube voltage (kV), tube current (mA), and pitch. In addi-
tion, the imager must decide on the use of non-ECG- synchronized 
acquisition versus ECG synchronization (prospective or retro-
spective). In general, multidetector scanner with  ³ 64 rows is 
preferred for evaluation of congenital heart disease (CHD). 

 CTA protocols for assessing adult patients with known 
or suspected congenital heart disease are similar to stan-
dard coronary artery CTA imaging protocols with one 
major exception. For coronary artery imaging, scan timing 
is adjusted to avoid right ventricular contrast opaci fi cation 
since it may interfere with assessment of right coronary 
artery anatomy. In imaging CHD, adequate contrast 
opaci fi cation of both the right and left ventricles is neces-
sary to adequately visualize the complex right- and left-
sided anatomy. Not only must scan timing be altered to 
allow this, but at times, a delayed scan is necessary to 
allow adequate recirculation of contrast through complex 
anomalies and their potential corrections such that all the 
necessary anatomy is adequately opaci fi ed. 

    6.1   Contrast Agent Administration 

 Low-dose pre-contrast imaging is indicated in patients who 
have prior surgical repairs as it allows identi fi cation of 
calci fi ed conduits and septal patches and minimizes the risk 
of confusing these expected changes with true postopera-
tive complications, particularly vascular leaks. For contrast 
administration, a right-arm injection is preferred to avoid 
contrast artifacts often associated with injection into the left 
brachiocephalic vein. To reduce artifacts from undiluted con-
trast material, a saline bolus chaser should be used. We pre-
fer the automated bolus tracking technique to determine the 
appropriate imaging delay. In adults, the region of interest is 

placed in the ascending aorta, and the attenuation threshold 
is set at 140 HU. An appropriate,  fi xed delay time (gener-
ally 15 s) may be used when the right heart, superior vena 
cava, or complicated shunts such as the Glenn shunt or the 
 superior limb of a baf fl e are areas of interest. 

 To achieve both right and left ventricular opaci fi cation, 
a biphasic contrast injection protocol (contrast followed by a 
saline injection) is appropriate. Monophasic injections (con-
trast only) should be avoided since these cause excessive 
streak artifacts. If complex shunts such as Glenn or Fontan 
are present, additional delayed scanning should be performed 
60 s after start of the contrast injection to opacify the veno-
pulmonary circuit. 

 Imaging protocols for patients with CHD should closely 
mimic standard coronary artery imaging protocols since the 
detection of coronary artery disease remains pertinent since 
the prevalence of coronary artery disease is similar to that of 
the general population. In fact, recent studies support coro-
nary angiography in patients with CHD older than 40 years 
before corrective surgery  [  1  ] . It is not unusual to perform 
corrective surgery in adults with congenital heart disease 
simultaneously with coronary artery bypass grafting  [  2  ] . In 
order to diagnose coronary artery images, aggressive heart 
rate reduction is required to prevent motion artifact. We pre-
fer a resting heart rate of  £ 60 beats per minute which not 
only helps to prevent motion artifact but also allows the use 
of radiation reduction protocols.  

    6.2   Slice Collimation (Slice Thickness) 

 Thicker detector collimation (2 mm) is preferable to reduce 
radiation dose and improve image quality, although visu-
alization of small structures is diminished. In addition, the 
CTA acquisition time is lower when using thicker collima-
tion, and consequently radiation dose and respiratory motion 
artifacts are reduced. However, if evaluation of small intrac-
ardiac structures or the coronary arteries is indicated, thinner 
collimation should be used. 

      Technical Principles of Computed 
Tomographic Angiography for Adult 
Congenital Heart Disease                
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 Contrast volume is usually between 80 milliliters (ml) and 
120 ml with higher volumes being used for more complex 
shunting anomalies to allow adequate mixing of contrast. 
The injection rate is generally between 5 and 7 ml/s.  

    6.3   Scan Length (Z-Axis Coverage) 

 Since the CTA radiation dose is directly proportional to the 
scan length, it is essential that the scan length be minimized 
to include only the area of interest. The typical scan length 
for adults is 12–13 centimeters (cm) and extends from just 
below the carina to slightly below the diaphragm. If great 
vessel anomalies are expected, a longer scan length extend-
ing superiorly may be required to allow visualization of the 
entire aortic arch area. A recent study has shown that for 
each 1 cm reduction in scan length, the retrospectively gated 
CTA radiation dose is reduced by 5 %  [  3  ] .  

    6.4   ECG-Controlled Tube-Current 
Modulation 

 Modulating tube current during the R–R interval (ECG cur-
rent modulation, ECG CM) has proven to be an effective 
dose reduction strategy in retrospective ECG-gated CTA 
 [  4  ] . Using ECG CM, the tube current outside the predeter-
mined cardiac cycle is reduced relative to the current inside 
the pulsing window. In one series, tube current was main-
tained at its maximum during diastole and reduced to 
approximately 20 % of the maximum in systole. This 
approach has been shown to reduce radiation dose by as 
much as 40 % without loss of image quality  [  4  ] . The optimal 
ECG pulsing window for cardiac CTA depends on the 
patient’s heart rate  [  5,   6  ] .  

    6.5   Tube Voltage 

 Reducing the tube voltage from 120 to 100 kV can reduce 
 radiation dose by up to 50 %  [  7  ] . Using a kV of 80 in appropriate 
patients may further reduce radiation exposure  [  7,   8  ] . In patients 
who weigh  £ 85 kg or who have a body mass index (BMI) of 
 £ 30 kg/meter (m) 2 , a tube voltage of 100 kV is appropriate. 
Patients who weigh  £ 60 kg or in those with a BMI  £  25 kg/m 2 , a 
tube voltage of 80 kV may be used.  

    6.6   Pitch 

 Pitch is de fi ned as the ratio of table travel (mm) per gantry 
rotation to scan length. The latest generation of dual-source 
CTA technology permits scanning at very high pitches. 
In single-source CTA, the maximum pitch is limited to 

 approximately 1.5. In the high-pitch dual-source scanner, the 
second detector system is used to  fi ll the imaging gaps cre-
ated by high-pitch imaging  [  9  ] . By interweaving data from 
the two detectors, the pitch can be increased to as high as 3.4, 
thus reducing the acquisition time to image the entire chest to 
below 1 s  [  10  ] . The high-pitch mode has been demonstrated 
to provide artifact-free visualization of the coronary arteries 
at a radiation exposure less than 1 mSv  [  9  ] .  

    6.7   Non-ECG-Gated Cardiac CTA 

 Since coronary artery anomalies are common in many types 
of congenital heart disease, ECG gating is often performed 
when CTA is used for the evaluation of CHD. 

 Non-ECG-synchronized CTA allows for fast acquisition 
of cardiac and extracardiac structures but limits the resolution 
of small cardiac and coronary structures because of cardiac 
motion artifacts. To improve image quality, detector collima-
tion should be thicker in non-ECG-synchronized CTA. With 
current CTA systems, it has been shown that the origins and 
proximal segments of the coronary arteries are evaluable in 
82 % of patients with CHD when non-ECG-synchronized 
CTA acquisition protocols are used  [  11  ] .  

    6.8   ECG-Gated Cardiac CTA 

 Retrospective ECG-gated cardiac CTA uses oversampling of 
information across different phases of the cardiac cycle and 
across several consecutive heartbeats. Here, the data acquisi-
tion is obtained with continuous table motion and  low-pitch 
scanning to allow overlap of slice data which results in higher 
radiation doses than when using non-ECG-  synchronized 
CTA. However, synchronization to the ECG provides arti-
fact-free visualization of cardiac and coronary structures 
even at elevated heart rates. 

 Although ECG synchronization allows for the assessment 
of left and right ventricular function, comparable informa-
tion can be obtained by performing a non-ECG-synchronized 
scan to evaluate cardiac anatomy and morphology while uti-
lizing echocardiography for functional information which 
cannot be obtained with non-ECG-gated scanning. 

 Prospective ECG-triggered CTA scanning is performed 
at user-selected prede fi ned phases of the cardiac cycle. 
This acquisition mode uses the “step-and-shoot” approach, 
whereby radiation is delivered during a prospectively de fi ned 
time window in mid-diastole. The table moves in a sequen-
tial manner and remains stationary while data are acquired. 
Because of the con fi nement of the radiation output to only a 
small part of cardiac cycle, prospectively triggered cardiac 
CTA may be performed with radiation doses as low as 1–5 
millisieverts (mSv), compared to 12–15 mSv for a conven-
tional retrospectively gated, helical scanning  [  12 ,  13  ] . 
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 Unlike retrospectively acquired scanning, prospective 
acquisition permits only static imaging of the heart since 
data are not acquired throughout every phase of the cardiac 
cycle. Thus, evaluation of cardiac function is not possible 
using prospective gating CTA techniques. 

 As a rule, gated studies are used as problem-solving tech-
niques or when ventricular parameters are required. To date, 
prospective triggering has almost completely replaced 
 retrospective triggering in patients with CHD if coronary 
artery evaluation is indicated. A retrospectively triggered 
scan should be used in patients with arrhythmia or in patients 
where artifact is expected so that reconstructions for a wider 
range of cardiac phases may be used to improve the diagnos-
tic evaluation. If gating is to be performed in CHD patients 
with right heart failure, care must be exercised when using 
beta-blockers since their use can exacerbate the condition.  

    6.9   Padding 

 Radiation exposure from CTA can be minimized by 
 shortening the time window during which images are 
acquired. Padding is the period of time during the cardiac 
cycle, beyond the minimum necessary, that the X-ray beam 
is activated for image acquisition. Padding is used to increase 
data collection and potentially improve the diagnostic value 
of the scan by increasing the number of possible phases that 
may be reconstructed and used for evaluation  [  14  ] . If all 
other scan parameters are kept constant, increased padding 
is associated with a greater radiation dose. Overall, the radi-
ation dose increases by about 45 % for every 100 millisec-
ond (ms) increase in the padding time ( p  < 0.001)  [  14  ] . 
Without padding, the average radiation dose is 2.3 mSv in 
prospectively triggered scan. Conversely, when medium and 
long padding times are employed, radiation doses are 3.8 
and 5.5 mSv, respectively  [  14  ] .  

    6.10   Iterative Reconstruction 

 Traditionally,  fi ltered back projection (FBP) is used to recon-
struct the CTA scan data. Iterative reconstruction utilizes a 
computer model to reconstruct the CTA image. This more 
precise reconstruction method requires less signal to noise 
ratio (allowing reduced acquisition radiation doses) to accu-
rately reconstruct a high-quality CTA image free of noise  [  15, 
  16  ] . The use of iterative reconstruction results in improved 
image quality with less noise than FBP while using lower 
radiation doses  [  16  ] . Iterative reconstruction is associated 
with a 27 % reduction in radiation dose compared with stan-
dard FBP methods ( p  < 0.001)  [  15  ] . The median radiation 
doses are 2.3 mSv versus 4.1 mSv ( p  < 0.001) for iterative 
reconstruction and FBP, respectively  [  15  ] . In addition, simi-
lar levels of image noise were achieved with 80 and 100 kV 

using iterative reconstruction compared to 120 kV with FBP, 
resulting in a 62 % reduction in effective dose  [  15,   16  ] . 

 In summary, by combining several of the above-mentioned 
radiation-sparing methods, radiation doses in the 1 mSv 
range are now routinely possible, making CTA an attractive 
imaging technique for comprehensive evaluation of adults 
with CHD. Updated guidelines and comprehensive state-of-
the-art review on radiation dose and dose- optimization strat-
egies in CTA were published in 2011  [  15  ] .      
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 Arrhythmogenic right ventricular dysplasia (ARVD) is a 
nonischemic, genetically determined, myocardial disease 
that involves primarily the right ventricle (RV) and is associ-
ated with life-threatening ventricular arrhythmias. Its preva-
lence has been estimated to vary from 1:2,500 to 1:5,000 and 
it is seen predominantly in males  [  1  ] . About 30–50 % of 
cases have a familial distribution  [  1  ] . ARVD is a major cause 
of sudden cardiac death in young athletes. Symptoms are 
usually exercise-related. 

 Pathologically, it is characterized by hypokinesia of the 
free wall of the right ventricle,  fi brofatty replacement of the 
right ventricular myocardium, and right ventricular aneu-
rysms. ARVD criteria were revised in 2010  [  2  ] . The 2010 Task 
Force Criteria identify echocardiography, RV angiography, 
and magnetic resonance imaging (MRI) as appropriate imag-
ing modalities in the diagnosis and assessment of ARVD  [  2  ] . 
While computed tomography (CT) is not listed as appropriate, 
more recent opinion favors CT as an appropriate imaging 
modality for this disease (second to MRI). Of note, myocar-
dial fat in the RV detected by CT or MRI is not included in 
either the original or revised Task Force Criteria  [  2  ] . 

    7.1   Imaging Features of ARVD 

 Characteristic CT  fi ndings include dilatation of the RV, exten-
sive epicardial and myocardial fat, and a scalloped appear-
ance of the RV free wall, corresponding to bulging, 
outpouching, or an aneurysm  [  3  ] . Fat can be seen in the RV 
interventricular septum and moderator band (Fig.  7.1 ). Fatty 
in fi ltration can also involve the left ventricle (LV) and appears 
as a wedge-shaped or band-like pattern in the subepicardium 
of the LV free wall. Of note, it may be dif fi cult to differentiate 
 fi brofatty replacement of the RV free wall from epicardial fat, 
as the RV free wall is usually thin (<4 mm). ARVD is a pro-
gressive disease that begins with segmental fatty in fi ltration 
of the RV and progresses to diffuse RV involvement.  

 Fatty tissue is identi fi ed by CT as low-attenuation tissue 
(negative Houns fi eld units) that does not enhance with 
 contrast. In addition, gated CT may identify global and seg-
mental RV dysfunction that is characteristic of ARVD. The 
ARVD Task Force Criteria report speci fi c MRI-derived val-
ues for RV end-diastolic volume index and for RV ejection 
fraction that may be applied to CT  [  2  ] .  

      Arrhythmogenic Right Ventricular 
Dysplasia                  7
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  Fig. 7.1    Panel ( a ): an axial computed tomographic (CT) image in 
an arrhythmogenic right ventricular dysplasia (ARVD) patient dem-
onstrating profound right ventricle dilatation, extensive low-attenu-
ation fatty tissue in the wall of the right ventricle ( white arrows ), 
and prominent trabeculae ( white arrowheads ). Fatty tissue is also 
seen in the moderator band ( open arrow ).    Panels ( b ) and ( c ) are 

 sagittal and coronal reformations, respectively, and show fat in the 
RV wall ( arrows ). Scallops are also noted along the RV wall ( white 
arrow heads ). The right ventricle is markedly dilated and the infe-
rior wall is thinned. Also note abundant epicardial fat ( asterisks in 
panel c ).  RV  right ventricle,  LV  left ventricle,  RA  right atrium,  LA  
left atrium,  Ao  aorta       
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   Table 7.1    Differential diagnosis of fatty in fi ltration of the myocardium   

 Type of fat  Segmental location  Intramyocardial location  Myocardial thickness  Ventricle (size/function) 

 Physiologic  Anterolateral RV  Full thickness  Normal or increased  Normal/normal (RV) 
 Free wall 
 RVOT 

 Chronic infarct  Coronary artery territory  Subendocardial  Normal or decreased  Normal or dilated/normal or depressed (LV) 
 Typically LV 

 ARVD  RV and RVOT  Subepicardial  Decreased  Dilated/depressed 
 Free wall 
 Trabeculae 
 Moderator band 
 RV side of ventricular septum 
 LV free wall 

LV

RV

RA

IVC

a

LV

RV

b

  Fig. 7.2    Physiologic myocardial fat in a 70-year-old woman with nor-
mal weight for age and without known cardiac disease. Panel   (a)  axial  
ontrastenhanced CT images showing fatty infi ltration of the right ven-
tricular ( RV ) free wall ( arrows ). Panel  (b)  short-axis CT image showing 

fat ( arrows ) in the anterior and lateral walls of the RV. RV myocardial fat 
must be distinguished from epicardial fat that lies between the  RV  wall 
and the pericardium.The myocardial fat is the thinner line of low-attenu-
ation tissue within the  RV  wall.  LV  left ventricle,  IVC  inferior vena cava         

    7.2   Differential Diagnosis of Myocardial Fat 

 Myocardial fat is seen in adults with normal hearts and in 
steatosis associated with obesity, lipomatous atrial septal 
hypertrophy, old myocardial infarction (MI), cardiac lipoma, 
and other uncommon conditions such as tuberous sclerosis 
 [  4  ]  and muscular dystrophies  [  5  ]  (Table  7.1 ).  

    7.2.1   Right Ventricular Fat In fi ltration 
in Asymptomatic Patients 

 Using a cutoff  £ 30 Houns fi eld units to de fi ne RV fat, Kim 
et al.  [  6  ]  demonstrated RV fatty in fi ltration in 11–17 % of 
patients referred for coronary calcium scores. The most fre-
quent location was the myocardium in the basal superior 
wall followed by middle superior wall and right ventricular 
out fl ow tract (RVOT). There was no association between 
body mass index and RV fatty in fi ltration in this study. The 
frequency and degree of myocardial fat did increase with 
increasing age  [  6,   7  ] . See Fig.  7.2 .   
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    7.2.2   Fatty In fi ltration of an Old 
Myocardial Infarction 

 The prevalence of LV myocardial fat is 22–62 % among 
patients with an old myocardial infarction  [  8–  10  ] . On CT, fat 
within a healed myocardial infarction is thin and linear or cur-
vilinear in con fi guration and follows the distribution of the 
involved coronary artery. It is typically located in the subendo-
cardial region. The transmural extent of myocardial fat is 75 % 
or less of the total myocardial thickness (Fig.  7.3 ).   LV

RV

  Fig. 7.3    Fatty in fi ltration of a healed myocardial infarct in a 57-year-
old man. This short-axis contrast-enhanced CT image shows subendo-
cardial fat ( white arrows ) and small calci fi cations ( black arrows ) in the 
anterior wall of the left ventricle.  LV     left ventricle,  RV  right ventricle 
(Reproduced with kind permission of Radiological Society of North 
America, Oak Brook, IL from Kimura et al.  [  3  ] )       
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  Fig. 7.4    Lipomatous hypertrophy of the interatrial septum. Panel ( a ) is 
an axial image, panel ( b ) is a coronal orientation, and panel ( c ) is a three-
chamber long-axis image. Each image shows a fatty mass ( asterisk ) in the 

interatrial septum. In panel (a), fatty tissue can be seen extending along 
the free wall of the right atrium as well ( arrow heads ).  LA  left atrium,  RA  
right atrium,  RV  right ventricle,  Ao  aorta,  PA  pulmonary artery       

    7.2.3   Lipomatous Hypertrophy 
of the Interatrial Septum 

 Lipomatous hypertrophy of the intra-atrial septum is a benign 
condition in which unencapsulated fatty tissue accumulates 
within the interatrial septum. It is associated with increasing 

age and body mass as well as emphysema. Apart from a pos-
sible association with cardiac arrhythmias, it is usually an 
incidental  fi nding. Its incidence in patients undergoing CT is 
reported to be 2.2 %  [  11,   12  ] . The CT characteristics are a 
dumbbell-shaped fat density mass in the interatrial septum, 
sparing the fossa ovalis (Fig.  7.4 ).   
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    7.2.4   Cardiac Lipomas 

 Cardiac lipomas are very rare, benign neoplasms composed 
of adipose tissue. They are much less frequent than lipoma-
tous hypertrophy of the interatrial septum and are usually 
asymptomatic. However, large intracavitary lipomas may 
result in dyspnea due to blood  fl ow obstruction. Additionally, 
involvement of the cardiac conduction system may result in 
arrhythmias. Cardiac lipomas are largely composed of 
mature adipocytes and they can originate from the subendo-
cardium, subepicardium, or myocardium and may form in 
any cardiac location. Lipomas are most frequent, however, 
within the left atrium and left ventricle. 

 Unlike lipomatous hypertrophy, cardiac lipomas are 
encapsulated masses. Most are single lesions but multiple 
lipomas have been reported in patients with tuberous 

 sclerosis. On CT, cardiac lipomas usually appear as well-
marginated predominantly homogeneous masses, although 
they can contain soft tissue septation or strands (Fig.  7.5 ) 
 [  13  ] . The lesion shape may be spherical, polypoid, or sessile. 
Subpericardial lipomas may be very large, replace the peri-
cardial sac, and may alter ventricular function.        
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 Uhl anomaly is a very rare condition characterized by 
 complete or partial absence of the right ventricular myocar-
dium, which is replaced by  fi broelastic tissue  [  1  ] . 

 The true incidence of Uhl anomaly is unknown, but less 
than 100 con fi rmed cases have been described in the litera-
ture  [  2  ] . The cause is thought to be a high apoptotic activity, 
which begins during the perinatal period or early in infancy, 
leading to destruction of the right ventricular wall  [  2,   3  ] . 
Histologic examination reveals partial or total absence of the 
myocardium of the parietal wall of the right ventricle and 
direct apposition of the opposing endocardial and epicardial 
surfaces  [  4,   5  ] . This leads to thinning of the right ventricular 
free wall. Uhl anomaly usually presents in neonates or infants 
as right-sided heart failure. Patients rarely survive to adult-
hood. No effective treatment other than heart transplant has 
been shown to improve survival. 

 Computed tomography (CT)  fi ndings include an 
extremely thin-walled right ventricle with complete or 

partial absence of the right ventricular free-wall myocar-
dium and a paucity of trabeculations (Figs.  8.1  and  8.2 ) 
 [  6,   7  ] . The tricuspid valve, interventricular septum, and 
left ventricular myocardium are normal.   

 Uhl anomaly needs to be distinguished from arrhyth-
mogenic right ventricular dysplasia. Histologically, the 
latter disorder is characterized by patchy replacement of 
right ventricular myocardium with  fi brofatty tissue, pri-
marily occurring within the ventricular out fl ow tract and 
inlet or apical regions. Arrhythmogenic right ventricu-
lar dysplasia usually produces ventricular arrhythmias 
and manifests during adolescence, whereas Uhl anomaly 
presents in infancy with heart failure. CT shows fatty 
in fi ltration of the right ventricular free wall in arrhyth-
mogenic right ventricular dysplasia which may help to 
differentiate it from Uhl anomaly, which has a paucity 
of myocardium and apical trabeculations as well as an 
absence of fatty in fi ltration.     

      Uhl Anomaly                  8
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  Fig. 8.1    Partial Uhl anomaly in a 51-year-old man. Panel ( a ) is an axial 
image and panel ( b ) is a short-axis image. Both panels show partial 
absence of the right ventricular wall ( white arrows ). Note the massively 
dilated right ventricle ( RV ) and right atrium. Chronic mural thrombus 

with foci of calci fi cations is seen ( black arrows ). (Reproduced from 
Cheng et al.  [  7  ] . With kind permission of Springer-Verlag, Berlin 
Heidelberg, Germany)       
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  Fig. 8.2    Uhl anomaly. An axial scan obtained by a multisliced computed 
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normal thickness (Reproduced from Ceviz et al.  [  6  ] . With kind permission 
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 Left ventricular noncompaction (LVNC), also called spongi-
form cardiomyopathy, is a rare congenital cardiomyopathy 
that results from interrupted cardiac embryogenesis. 
Pathologically, it is characterized by prominent trabecula-
tions and deep intertrabecular recesses, creating a “spongy” 
myocardium. The cause is thought to be an arrest in the grad-
ual compaction of the loosely interwoven meshwork of myo-
cardial  fi bers during endomyocardial morphogenesis at 5–8 
weeks of fetal life. The condition predominately affects the 
left ventricle (LV). 

 Engberding and Bender  fi rst described LVNC as an iso-
lated condition in 1984  [  1  ] . Subsequently LVNC has been 
associated with other congenital anomalies such as obstruc-
tion of the right or left ventricular out fl ow tracts, complex 
cyanotic congenital heart disease, coronary artery anomalies, 
hypertrophic and restrictive cardiomyopathies, and recently 
with ARVD. 

 Originally reported to be present in only 0.05 % of adults 
 [  2  ] , it is more frequently recognized primarily as result of 
high-resolution images of the left ventricular apex afforded 
by magnetic resonance imaging (MR) and computed tomog-
raphy (CT) as compared to echocardiography. More recently, 

LVNC was reported in 2 % of patients undergoing MDCT 
for assessment of coronary artery disease  [  3  ] . LVNC may be 
associated with development of systolic and diastolic LV 
dysfunction, arrhythmias, congestive heart failure, and 
thromboembolic events. The age of onset and degree of clin-
ical symptoms depend on the extent of the noncompacted 
cardiac segments  [  4  ] . 

 Traditionally, echocardiography has been used to estab-
lish the diagnosis of myocardial noncompaction, although 
CT and MRI provide better visualization of the trabecula-
tions. CT  fi ndings of LVNC are prominent trabeculations 
and deep recesses in the myocardium usually affecting the 
apical and basal surfaces of the left ventricle. The RV apex 
also may be involved  [  5,   6  ] . Based on MRI criteria, a non-
compacted to compacted myocardium ratio (NC/C ratio) of 
2:1 at end systole (or 2.3:1 in end diastole in the long axis) 
supports the diagnosis of LVNC. A recent, small CT study 
suggests that a ratio of noncompacted to normal myocardium 
of 2.2:1 in more than one myocardial segment suggests the 
diagnosis of LVNC  [  7  ] . Left ventricular systolic dysfunction 
and restrictive  fi lling may be seen on cine imaging. CT 
examples of LVNC are presented in Figs.  9.1  and  9.2 .   

      Left Ventricular Noncompaction (LVNC)                  9
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  Fig. 9.1    Left ventricular noncompaction (LVNC) in an asymptomatic 
marathon runner. Panel ( a ) is a  fi ve-chamber view, panel ( b ) is a two-
chamber orientation, and panel ( c ) is a short-axis cut. Note the dilated 
left ventricle and the  fi ne trabeculations with deep intertrabecular 

recesses ( arrows ) in the myocardium on the apical regions of the left 
ventricle.  LA  left atrium,  LV  left ventricle,  RA  right atrium,  RV  right 
ventricle,  Ao  aorta       
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  Fig. 9.2    Left ventricular noncompaction (LVNC) in a 22-year-old patient 
presenting with a new-onset heart failure. Panel ( a ) a long-axis two-
chamber computed tomographic (CT) view. Panel ( b ) a short-axis CT 
image. Note the thickening of the left ventricular wall with very  prominent 

trabeculations and absence of distinct papillary muscles. The hypertrabe-
culation in the mid-left ventricle ( white arrow ) nearly separates the 
 ventricle into two chambers. Ventricular septation is best appreciated in 
the short axis ( arrow , panel b).  LV  left ventricle,  RV  right ventricle       

    9.1   Differential Diagnoses of LVNC 

 The differential diagnoses include prominent normal LV trabecu-
lations (normal variant), hypertrophic cardiomyopathy (described 
in the following section), apical left ventricular thrombus, and 
endocardial  fi broelastosis. However, using the above diagnostic 
criteria, LVNC is quite distinguishable if a high index of suspi-
cion is maintained in the appropriate clinical presentation. 

    9.1.1   Normal Variant LV Trabeculations 

 Prominent LV trabeculations related to the attachment of the 
papillary muscles to the LV myocardium is a normal variant 
on CT (see Chap.   3    ). These trabeculations are few in number 
and rarely located in the apical region. The scarcity of apical 
involvement helps to differentiate between LVNC and nor-
mal trabeculation.  
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    9.1.2   LV Thrombus 

 LV thrombus appears as a  fi lling defect in the LV cham-
ber. Left ventricular thrombi occur in regions of ven-
tricular dyskinesia or aneurysm formation, both of which 
usually result from prior myocardial infarction. Thrombi 
have homogeneous attenuation on CT. The CT attenu-
ation value is less than that of the myocardial wall and 
of normal ventricular trabeculations (Fig.  9.3 ). In addi-
tion, thrombi do not signi fi cantly enhance after contrast 

 administration, whereas the LV wall shows modest con-
trast enhancement.   

    9.1.3   Endocardial Fibroelastosis 

 Endocardial  fi broelastosis refers to a pronounced, diffuse 
thickening of the ventricular endocardium and presents as 
unexplained heart failure in infants and children less than or 
equal to 2 years of age. It is not a disease of adults.       
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  Fig. 9.3    Left ventricular thrombus in a 50-year-old woman who 
 suffered a recent myocardial infarction. Panels ( a ) and ( b ) are two long-
axis contrast-enhanced CT scans showing a homogeneous soft tissue 
mass ( arrow ) in the apex of a dilated left ventricle ( LV ). The thrombus 

does not enhance and the attenuation of the thrombus is less than that of 
the left ventricular trabeculations and myocardial wall distinguishing it 
from normal myocardial tissue.  LA  lft atrium,  RA  right atrium,  RV  Right 
ventricle,   Ao   Aorta          
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 Hypertrophic cardiomyopathy (HCM) is a genetic cardiac 
disease characterized by diffuse or segmental left ventricle 
(LV) hypertrophy associated with a nondilated ventricular 
chamber, in the absence of other cardiac or systemic disease 
that might be capable of producing the same degree of hyper-
trophy  [  1  ] . It is an important cause of sudden cardiac death in 
any age group. The prevalence of HCM is approximately 
0.2–0.5 % of the general population. 

 Pathologic hallmarks of HCM are myocyte disarray and 
interstitial  fi brosis  [  2  ] . HCM is inherited as an autosomal 
dominant trait and is caused by mutations in a sarcomeric 
gene which encodes protein components of the cardiac 
sarcomeres. 

 HCM can be seen as part of certain genetic and metabolic 
syndromes. These include Noonan syndrome (associated 
with pulmonary valve dysplasia and septal defects), mito-
chondrial myopathies, glycogen storage diseases (type II 
Pompe disease), as well as other rare conditions. In older 
patients, other systemic diseases associated with left ven-
tricular hypertrophy (LVH) include hypertension, Friedrich 
ataxia, pheochromocytoma, neuro fi bromatosis, tuberous 
sclerosis, amyloidosis, lentiginosis (referring to the pres-
ence of lentigines or spotted areas on the skin due to sun 
exposure), and Fabry disease, a rare X-linked autosomal 
recessive metabolic storage disorder caused by a lack of 
lysosomal a- galactosidase  [  3  ] . 

 Imaging plays a role in detecting HCM, characterizing its 
pattern (phenotype), classifying disease severity, and provid-
ing risk strati fi cation criteria for sudden cardiac death. 
Echocardiography is the conventional imaging modality to 
screen for this condition, as it can characterize the pattern 
and distribution of increased LV wall thickness. However, it 
can underestimate the degree of LV hypertrophy, especially 
at the apical endocardial border. 

 Cardiac MRI using delayed gadolinium-enhancement 
technique provides information regarding the location and 
extent of  fi brosis and is considered the examination of choice 
to establish the diagnosis of HCM when echocardiography is 

inconclusive. It allows multiplanar imaging which has the 
advantages of allowing complete coverage of the myocar-
dium and better characterization of the pattern and distribu-
tion of LV hypertrophy. 

 Cardiac CT is not routinely used in patients with HCM 
since it is associated with radiation exposure. However, CT 
can be useful in those patients in whom detailed anatomy of 
the coronary arteries is needed and in patients with con-
traindications to MRI such as a pacemaker or aneurysm 
clips. The spatial resolution of CT is usually superior to 
MRI, allowing exquisite, noninvasive coronary artery 
angiography. Cardiac CT also provides comprehensive ana-
tomical and functional information about the heart cham-
bers and myocardium  [  4  ] . In retrospectively gated cardiac 
CT acquisition, systolic anterior motion (SAM) of the 
mitral valve can be easily assessed. In addition, delayed 
enhancement CT scanning provides information about 
myocardial scarring and  fi brosis similar to that provided by 
MRI  [  5,   6  ] . CT has been reported to be useful in the assess-
ment of patients undergoing septal alcohol ablation by 
enabling depiction of the exact extent and location of septal 
hypertrophy, systolic anterior motion of the mitral valve, 
and mitral valve lea fl et–septal contact as well as septal per-
forator anatomy, which is of utmost importance in guiding 
septal ablation  [  7,   8  ] . See Table  10.1  for the utility of CT in 
the evaluation of HCM.  

 It should be noted that myocardial bridging is common 
in patients with apical hypertrophy and has been reported 
in the majority of patients presenting with typical or 
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   Table 10.1    The utility of CT in the evaluation of HCM   

 Distribution of hypertrophy 
 LV maximal wall thickness 
 LV out fl ow tract obstruction 
 Presence of  fi brosis (delayed enhancement on CT) 
 Presence of systolic anterior motion of the mitral valve 
 Coronary anatomy 
 Evaluation of septal perforator arteries before alcohol septal ablation 
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 atypical chest pain  [  9  ] . It can lead to myocardial ischemia 
by narrowing the intramyocardial segment of the affected 
coronary artery, which can be especially well seen 
on CT. 

    10.1   Phenotype Analysis 

 HCM is diagnosed when the LV wall thickness (typically the 
septum) is  ³ 15 mm in the end-diastolic phase  [  10  ] . It can be 
classi fi ed based on the distribution of the wall hypertrophy 
into the following phenotypes: asymmetric (Fig.  10.1 ) with 
and without dynamic LV out fl ow tract (LVOT) obstruction, 
apical (Fig.  10.2 ), midventricular (Fig.  10.3 ), and symmetric, 

mass-like, and    noncontiguous  [  9  ]  (Figs.  10.4a  and  10.5 ) (see 
Table  10.2 ). HCM does not involve the basal or inferolateral 
segments of the LV, a helpful feature in differentiating HCM 
from other causes of LV hypertrophy  [  11  ] . Occasionally api-
cal infarct can be identi fi ed by CT in the absence of coronary 
artery disease as a result of constriction of a distal LAD 
bridge (Fig.  10.6 , black arrow). Recently, left ventricular 
myocardial crypts have been identi fi ed as a distinctive mor-
phologic expression of HCM, occurring in patients with and 
without hypertrophy. Crypts may identify individual HCM 
family members before development of typical phenotype. 
Crypts are con fi ned to the basal LV, most commonly in the 
ventricular septum or posterior LV free wall  [  12  ] . Example 
of LV crypt is presented in Fig.  10.6  (white arrow).         

*
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*
RV

RA

LA

a b

  Fig. 10.1    Representation of the asymmetric (septal) phenotype of 
HCM: panel ( a ) is an axial CT reconstructed in diastole. Panel ( b ) is an 
axial CT reconstructed in end systole in the same patient. In panel (a), 
note the markedly increased thickness (>30 mm) of the apical septal 
wall ( asterisk ) of the left ventricle (LV), with a thickened mitral lea fl et 

( black arrow ). This meets the diagnostic criterion of HCM, which is LV 
wall thickness greater than or equal to 15 mm in the end-diastolic phase. 
Panel (b) demonstrates the systolic anterior motion of the mitral lea fl et 
( black arrow  in panel b) which causes left ventricular out fl ow obstruc-
tion.  LA  left atrium,  RA  right atrium,  RV  right ventricle       
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ba

LV

LA

RV

RA

  Fig. 10.2    An apical variant of HCM. Panel ( a ) is an apical four- chamber 
view demonstrating the thickened apical myocardium and near cavity 
obliteration at end systole. Panel ( b ) is a short-axis cut at the level of the 

apex demonstrating the apical hypertrophy and almost complete oblitera-
tion of the left ventricle apical lumen ( arrow ) at end systole.  RA  right 
atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       
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a b

  Fig. 10.3    Midventricular HCM. Panel ( a ) is a four-chamber CT orien-
tation, while panel ( b ) is a two-chamber CT view. Each shows concen-
trically thickened myocardium (2.5 cm maximum thickness, 
 double-headed arrows ) located in the middle third of the left ventricle 

( LV ) walls. There is an acquired apical diverticulum ( white arrows ) 
caused by the abnormal physiology of the LV.  LA  left atrium,  RA  right 
atrium,  RV  right ventricle       

 

 



86 10 Hypertrophic Cardiomyopathy

RV

a

LV

LA

b

  Fig. 10.4    Mass-like HCM. Panel ( a ), a short-axis CT view, shows 
LV hypertrophy with mass-like bulging at the apical anterolateral 
wall (surrounded by  black  and  white arrows ). This form of HCM 
needs to be differentiated from a neoplastic mass. For comparison, 
panel ( b ) is a 4-chamber CT image of a patient with an intramyocar-
dial metastasis ( black arrow ). Note the areas of patchy contrast 
enhancement of the metastatic mass which represents vascularization 

of the tumor. While mass-like HCM shows  characteristics and 
enhancement similar to normal myocardium, tumors possess attenu-
ation values different from the surrounding myocardium and also 
commonly demonstrate enhancement characteristics of increased 
vascularity such as that seen in panel (b).  LV  left ventricle,  RV  right 
ventricle (Panel  a  reproduced from Chun et al.  [  3  ] . With kind permis-
sion of Radiological Society of North America, Oak Brook, IL)       

LV

RV

  Fig. 10.5    Noncontiguous HCM. A short-axis CT image demonstrat-
ing noncontiguous left ventricular hypertrophy of the anteroseptal and 
inferoseptal walls ( arrows ). The septal wall thickness is nearly normal 
( asterisk ).  LV  left ventricle,  RV  right ventricle (Reproduced from Chun 
et al.  [  3  ] . With kind permission of Radiological Society of North 
America, Oak Brook, IL)       

   Table 10.2    Phenotypic classi fi cations of HCM   

  HCM phenotypes  
 Asymmetric with or without LV out fl ow obstruction 
 Apical 
 Symmetric 
 Mass-like 
 Noncontiguous 
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    10.2   Risk Strati fi cation Criteria 

 Contrast-enhanced CT enables the diagnosis of HCM by 
enabling accurate measurements of the myocardial thickness 
and demonstration of the classic spade-shaped ventricular 
cavity during systole.    In addition, it allows identi fi cation of 
risk strati fi cation criteria associated with sudden cardiac 
death which include ( a ) LV maximal wall thickness 30 mm 
or more, ( b ) marked LV out fl ow tract obstruction (best 
assessed with echocardiography; CT can suggest the pres-
ence, but cannot con fi rm it or grade its severity), ( c ) decreased 
LV ejection fraction, ( d ) presence of  fi brosis, and ( e ) pres-
ence of a perfusion defect indicating ischemia. Global LV 
functional volume analysis and ejection fraction are acquired 
using end-diastolic and end-systolic reformats of the CT 
data. Delayed myocardial enhancement can be used to char-
acterize perfusion defects and  fi brosis  [  11  ] . The presence of 
narrowing of the intramyocardial segment of a coronary 
artery, which can lead to myocardial ischemia, can also be 

identi fi ed on CT. In addition, CT can provide information on 
LV volume and the degree of mitral regurgitation  [  9  ] .  

    10.3   Differential Diagnoses 

 The differential diagnoses of HCM include in fi ltrative dis-
eases such as amyloidosis and sarcoidosis, which cause 
restrictive cardiomyopathy as well as LV hypertrophy due to 
aortic stenosis or hypertension. 

 In amyloidosis, amyloid protein is deposited in the myo-
cardium, causing diffuse, symmetrical thickening of both 
ventricles and the septum and this thickening may involve 
the interatrial septum and atria. 

 Sarcoidosis, characterized by noncaseating granulomas, 
usually involves the interventricular septum (particularly the 
basal portion) and the lateral LV wall. Right ventricular 
in fi ltration with sarcoidosis is rare. In addition, cardiac sar-
coidosis is an unusual  fi nding in the absence of signs of other 
systemic involvement such as mediastinal lymphadenopathy 
or pulmonary parenchymal disease. 

 With aortic stenosis and systemic hypertension (compen-
satory LV hypertrophy), the LV wall undergoes compensa-
tory hypertrophy caused by pressure overload and thus 
demonstrates a more concentric pattern of hypertrophy. 
Differentiation between HCM and compensatory hypertro-
phy can be dif fi cult. In compensatory hypertrophy, systolic 
function is often normal and the LV wall rarely exceeds 
15 mm in maximal thickness and rarely shows increased 
enhancement with contrast. 

 Occasionally, metastatic malignancy can present as focal 
hypertrophy (mimicking mass-like HCM) (Fig.  10.4b ).      
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    11.1   Atrial Septal Defects 

 Atrial septal defects (ASD) are seen in 1 per 1,500 live births 
and account for 30–40 % of all adult congenital heart disease 
 [  1  ] . There are  fi ve basic types of atrial septal defects 
(Fig.  11.1 ): (1) secundum ASD, (2) primum ASD, (3) sinus 
venosus ASD (superior and inferior types), (4) coronary 
sinus ASD, and (5) common atrium (simultaneous combina-
tion of two or more types of atrial septal defect)  [  2  ] . See 
Table  11.1 .   

 As discussed in depth in Chap.   1    , the normal septum devel-
ops via apposition of the septum primum, a thin membrane 
arising from the roof of the primitive atrium, and the septum 
secundum, a membrane arising from the ventrocranial wall of 
the primitive atrium. A defect in the central portion of the 
septum secundum, the foramen ovale, is normally closed by 
infolding of the atrial septa, forming an indentation referred 
to as the fossa ovalis. Defects within the area of the fossa 
ovale are known as secundum atrial septal defects. If there is 
an extensive de fi ciency of the atrial septum closure, the ASD 
can extend beyond the fossa ovale. Extension may occur 
superiorly or posteroinferiorly to the origin of the superior 
and inferior vena cava, respectively (sinus venosus ASD), 
inferiorly to the atrioventricular junction (primum ASD), or 
posteriorly to the coronary sinus (coronary sinus ASD). 

    11.1.1   Secundum (Fossa Ovale) ASD 

 This is the most common type of ASD in the general popula-
tion and accounts for 70 % of ASDs and 6–10 % of all con-
genital heart disease  [  2  ] . The secundum ASD is usually an 
isolated lesion, but it can be seen in association with other 
forms of congenital heart disease. The two common associa-
tions are mitral stenosis (Lutembacher syndrome) and absent 
radius (Holt–Oram syndrome). Secundum ASD is also asso-
ciated with mitral valve prolapse. 

 Figures  11.2 ,  11.3 ,  11.4 ,  11.5 , and  11.6  are representative 
illustrations of the spectrum of secundum ASD.       

    11.1.2   Primum ASD 

 Primum atrial septal defects (Fig.  11.7 ), also called atrioven-
tricular septal defects, account for 15–20 % of ASDs  [  2  ] . 

      Septal Defects       

         

  11

SVC

Ao
MPA

RAA

RV

1

2

3

4

5

TV

IVC

  Fig. 11.1    The variants of atrial septal defects: ( 1 ) superior sinus veno-
sus defect, ( 2 ) secundum defect, ( 3 ) inferior sinus venosus defect, ( 4 ) 
primum defect, and ( 5 ) coronary sinus defect.  Ao  aorta,  MPA  main pul-
monary artery,  IVC  inferior vena cava,  RAA  right atrial appendage,  RV  
right ventricle,  SVC  superior vena cava,  TV  tricuspid valve       

   Table 11.1    Types of ASD   

 Secundum 
 Primum 
 Sinus venosus (superior and inferior type) 
 Unroofed coronary sinus 
 Common atrium 
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This ASD presumably results from failure of the endocardial 
cushion to close the ostium primum and occurs between the 
fossa ovalis and the level of the atrioventricular valves. 
Primum ASDs are often associated with atrioventricular 

valve abnormalities (cleft mitral valve) and with trisomy 21 
and heterotaxy syndromes. Unrepaired primum ASDs are 
very rare in adults  [  3  ]  since correction is usually necessary 
prior to adulthood.   
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a b
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PA

LA

  Fig. 11.2    Panels ( a ) and ( b ) are small secundum atrial septal defects 
(ASD) ( black arrowheads ) limited entirely to the fossa ovale. The ASD 
in panel (a) demonstrates a good tissue rim thickness ( white arrow ). 
Note the jets of contrast ( black arrows ) entering the right atrium from 

the left atrium. The right atrial size is normal indicating the absence of 
volume overload.  RA  right atrium,  PA  pulmonary artery,  Ao  aorta,  LA  
left atrium       
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  Fig. 11.3    Panels ( a ) and ( b ) are large secundum atrial septal defects 
(ASD) ( black arrowheads ) associated with right atrial (panels a and b) 
and right ventricular enlargement (panel a), indicating volume  overload. 

Note a good tissue rim, exceeding 3 mm in all directions ( black arrows ) 
in both panels.  LA  left atrium,  LV  left ventricle,  RA  right atrium,  RV  
right ventricle       
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    11.1.3   Sinus Venosus ASD 

 A superior sinus venosus atrial septal defect occurs at the 
junction of the superior vena cava (SVC) and right atrium 
and accounts for 5–10 % of all ASDs  [  2  ] . It often coexists 
with partial anomalous pulmonary venous return, usually 
from the right upper lobe to the SVC near its junction with 
the right atrium. Sinus venosus ASDs are associated with an 
increased incidence of pulmonary hypertension due to 

increased  fl ow to the lungs from the anomalous pulmonary 
venous return. An inferior sinus venosus ASD is much less 
common than a superior sinus defect and occurs at the junc-
tion of the inferior vena cava (IVC) and right atrium. 

 Treatment of sinus venosus ASDS is surgical closure and 
reimplantation of the anomalous pulmonary veins. 
Alternatively, a baf fl e may be created to correct return of the 
anomalous pulmonary venous  fl ow back to the left atrium 
 [  2  ] . Rarely, the superior vena cava can enter the right atrium 
via an accessory vein. 

 Figures  11.8 ,  11.9 ,  11.10 ,  11.11 , and  11.12  are examples 
of various types of sinus venosus ASD.       

    11.1.4   Unroofed Coronary Sinus ASD 

 Unroofed coronary sinus ASD is rare, comprising less than 
1 % of all atrial septal defects  [  2  ] . It is thought to result from 
a failure of separation of the superior wall of the coronary 
sinus with the left atrium, leading to a direct communication 
between the coronary sinus and the left atrium. It is usually 
associated with a persistent left superior vena cava (LSVC). 
Persistent LSVC occurs in 0.1–0.5 % of the general popula-
tion and 8 % of anomalies drain into the left atrium  [  4  ] . An 
unroofed coronary sinus ASD is seen in 75 % of patients 
with persistent LSVC that drains into the left atrium  [  4  ] . 
Unroofed coronary sinus is classi fi ed into four groups. Type 
I is a completely unroofed coronary sinus with persistent 
LSVC. Type II is a completely unroofed coronary sinus 
without persistent LSVC. Type III is a partially unroofed 

RA

LA

RV

LV

  Fig. 11.4    A    large secundum atrial septal defect (ASD) ( black arrow-
head ) with a posteroinferior rim de fi ciency ( white arrow ).  RA  right 
atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       
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  Fig. 11.5    Panels ( a ) and ( b ) illustrate a CT image of a large secundum 
atrial septal defect (ASD) ( black arrowhead ). Panel (a) (axial plane) 
suggests that the ASD lacks both anterosuperior and posterosuperior 
rims and thus appears as one common atrium in this view. However, the 

sagittal view (panel b) demonstrates the presence of only a posteroinfe-
rior rim ( black arrow ).  RA  right atrium,  RV  right ventricle,  LA  left 
atrium,  LV  left ventricle,  Asterisk  superior vena cava,  RAA  right atrial 
appendage,  LAA  left atrial appendage       
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midportion coronary sinus defect. Type IV is a partially 
unroofed terminal portion coronary sinus defect. The fenes-
tration from the coronary sinus into the left atrium typically 
occurs between the left atrial appendage and the left upper 
pulmonary vein  [  4  ] . 

 Figure  11.13  is an example of an unroofed coronary sinus 
type ASD.   

    11.1.5   Common Atrium 

 Common atrium (con fl uence of two or more types of ASD 
defects) is characterized by complete absence of atrial sep-
tum and occurs in association with other complex defects, 
frequently heterotaxy syndrome. It is very rarely seen in the 
adult population  [  5  ] . 

 Figure  11.14  depicts a common atrium.   

    11.1.6   Patent Foramen Ovale 

 Patent foramen ovale (PFO) is the most common form of 
interatrial communication. It is caused by a failure of fusion 
of the  fl ap valve of the fossa ovalis. The prevalence of PFO 
declines progressively with age (34 % up to age 30 years, 
25 % for age 30–80 years, and 20 % older than 80 years)  [  7  ] . 
Two types of PFO exist. The  fi rst is the incompetent valve 
type and results in right-to-left shunting only when right 
atrial pressure exceeds that of the left atrium such as during 
a Valsalva maneuver. The second type is called the stretched 
type and is due to high left atrial pressure (such as seen in left 
heart failure) which stretches the fossa ovalis  fl ap valve to 
the point of incompetence, resulting in a left-to-right shunt. 
While a single defect is most common in PFO, multiple fen-
estrations may also be seen. 
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  Fig. 11.6    Panel ( a ) is a large secundum atrial septal defect (ASD) 
( black arrowhead ) with the absence of an anterosuperior rim ( black 
arrow ). Panel ( b ) is a large secundum ASD ( black arrowhead ) lacking 

a posteroinferior rim ( black arrow ).  RA  right atrium,  RV  right ventricle, 
 LA  left atrium,  LV  left ventricle,  Asterisk  superior vena cava       
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  Fig. 11.7    Primum atrial septal defect (ASD). An axial CT shows the 
ASD ( black arrowhead ) located between the level of the fossa ovalis 
and atrioventricular valves. This defect occurs in the lower part of the 
atrial septum close to the ventricular inlet valves.  RA  right atrium,  RV  
right ventricle,  LA  left atrium,  LV  left ventricle       
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  Fig. 11.8    Panels ( a ) and ( b ) are 3D volume-rendered computed 
tomography images from a patient with a sinus venosus atrial septal 
defect. Panel (a) demonstrates partial anomalous pulmonary venous 
return (three right-sided pulmonary veins ( white arrows ) entering the 

superior vena cava, SVC). Panel (b) shows a left-sided SVC ( black 
arrow ). In this panel the normal SVC is depicted by the  white arrow . 
 RVOT  right ventricular out fl ow tract.  Plus sign  (+): pulmonary artery. 
 RA  right atrium,  RV  right ventricle          
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  Fig. 11.9    Maximum intensity projections of the sinus venosus atrial 
septal defect from the patient in Fig.  11.8 . Here panels ( a ), ( b ), and ( c ) 
are axial views each showing 1 of the 3 anomalous pulmonary veins 
( black arrows ,  white arrows ) entering the superior vena cava ( asterisk ). 

Panel (c)  illustrates the SVC straddling both atria ( black arrowhead ). 
The persistent left-sided SVC is again noted by the  black asterisk .  White 
asterisk  superior vena cava,  Ao  aorta,  PA  pulmonary artery,  RAA  right 
atrial appendage,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       
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 Figure  11.15  is an example of a PFO seen on CT.  
 Atrial septal aneurysm (ASA) is associated with a PFO in 

30 % of the cases  [  8  ] . ASA is de fi ned as an abnormal bulging 
of the interatrial septum with an excursion of at least 10 mm 
and a base span of at least 15 mm  [  8  ] . This is thought to be 
due to redundancy of the valve of the fossa ovalis and/or 
excessive mobility of the atrial septum with ballooning into 
the right or left atrial chamber. ASA may be associated with 
mitral valve prolapse and atrial arrhythmias. 

 Figure  11.16  demonstrates an atrial septal aneurysm.   

    11.1.7   Clinical Findings of Atrial Septal Defects 

 Clinical  fi ndings of isolated atrial septal defects are usually 
related to left-to-right shunting. The degree of shunting is 
determined by the size of the defect and the relative compli-
ance of the right and left ventricles. Secundum ASDs that have 
a suf fi cient rim of tissue around the septal defect can be closed 
percutaneously with septal occluder devices, most commonly 
the AMPLATZER septal occluder device. All other hemody-
namically signi fi cant ASDs require surgical closure.  
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  Fig. 11.10    A superior sinus venosus atrial septal defect (ASD). Panel 
( a ) is an axial scan demonstrating an anomalous vein ( white arrow-
head ) from    the right upper lobe entering the superior vena cava (SVC, 
 white arrow ). Note the enlarged pulmonary arteries resulting from pul-
monary hypertension ( black asterisk ). Panel ( b ) is an axial view at a 

more inferior plane illustrating the actual ASD with a jet of contrast 
( white arrowhead )  fl owing from the SVC ( white arrow ) to the left 
atrium ( LA ). Typically the  fl ow into the left atrium is along the lateral 
wall, as in this case.  RA  right atrium,  RV  right ventricle,  LA  left atrium, 
 LV  left ventricle,  Plus sign  (+) ascending aorta       
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RA
LA

a b

  Fig. 11.11    An example of an inferior sinus venosus ASD. Panels ( a ) 
and ( b ) are multiplanar reformatted images and depict a contrast- fi lled 
communication (panel a,  white arrowhead ) between the inferior vena 

cava ( IVC ) and left atrium ( LA ) with the IVC straddling both atria 
(panel b,  white arrowhead ).  LV  left ventricle,  RA  right atrium       
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LA
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LA

a b

Ao

LA

RA

RV

c

  Fig. 11.12    An unusual case of sinus venosus atrial septal defect 
(ASD). Panel ( a ) is an axial reformat, panel ( b ) is an oblique reformat, 
and panel ( c ) is a 3D volume-rendered image. All images show the 

superior vena cava (SVC,  white arrow ) entering the left atrium ( LA ) 
while an accessory vein ( white arrowheads ) enters the right atrium 
( RA ).  LA  left atrium,  Ao  aorta,  RV  right ventricle       
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    11.1.8   Cardiac Computed Tomography (CT) 
in the evaluation of ASD 

 Echocardiography is the method of choice to diagnose ASD 
but CT can be used when echocardiography is indeterminate 
 [  8–  12  ] . The CT diagnosis of ASD is based on identifying a 
defect in the septal tissue and/or the presence of increased 
contrast opaci fi cation in the right heart despite proper timing 

of the scan after contrast bolus administration. The typical 
appearance of an ASD on CT is that of a contrast jet from the 
left atrium to the right atrium. Other  fi ndings of a left-to- right 
shunt include right ventricular and right atrial enlargement. 
Secundum ASD can be differentiated from a patent foramen 
ovale by the appearance of the jet. A PFO has a very thin, 
channel-like appearance and the contrast jet is at a slight angle 
or parallel to the interatrial septum or atrial roof as it courses 
from the left atrium to the right atrium (Fig.  11.15 )  [  13,   14  ] . 
The secundum and sinus venous defects are broader and the 
former  fl ows into the central part of the left atrium, while the 
latter  fl ows along the lateral wall (Figs.  11.2 ,  11.3 ,  11.4 ,  11.5 , 
 11.6 ,  11.8 ,  11.9 ,  11.10 ,  11.11 , and  11.12 )  [  14,   15  ] . 

LA

LSV

CS

LV

a b

LA

RA

LA

CS

  Fig. 11.13    Represents an unroofed coronary sinus atrial septal defect 
in a 33 year old patient with repair in childhood who now presents with 
right sided heart failure and evidence of an intracardiac shunt. Panel ( a ) 
demonstrates a persistent left sided superior vena cava entering the 
coronary sinus. A calcifi ed septal closure patch which does not cover 

the entire defect is also demonstrted ( arrow ). Panel ( b ) demonstrates an 
intra-atrial communication via the unroofed coronary sinus.  LA  left 
atrium,  RA  right atrium,  LSV   persistent left sided superior vena cava, 
 CS  coronary sinus,  LV  left ventricle       

CA

LV

RV

  Fig. 11.14    A depiction of a common atrium. This transverse view 
shows one common atrial chamber ( CA ) with complete absence of the 
atrial septum.  RV  right ventricle,  LV  left ventricle       

RA

LA

  Fig. 11.15    Patent foramen ovale. An axial scan shows a thin contrast 
jet ( white arrowhead ) that is directed parallel to the intra-atrial septum. 
Typically, the  fl ow is along the anterior part of the atrium and parallels 
the atrial septum.  LA  left atrium,  RA  right atrium       
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 Associated  fi ndings of partial anomalous pulmonary 
venous return may be noted in sinus venosus-type ASDs 
(Figs.  11.8 ,  11.9 ,  11.10 ,  11.11 , and  11.12 ). With primum 
ASDs, an associated cleft mitral valve or associated ventric-
ular septal defects may be noted. 

 Morphological changes of pulmonary hypertension found 
in long-standing larger ASDs include pulmonary arterial and 
right heart chamber enlargement. 

 CT can provide accurate anatomic assessment prior to 
percutaneous closure of an ASD or PFO. The necessary 
measurements include an assessment of the long- and short-
axis views of the defect and measurement of the area of the 
defect (Fig.  11.17 ) In addition, the thickness of the rim of 
surrounding tissue is important to note. Measurements are 
made in end systole.  

 Rim thickness is measured from the edge of ASD to the 
aortic valve (anterosuperior rim), tricuspid valve (anteroin-
ferior rim), SVC (posterosuperior rim), and IVC (postero-
inferior rim). Percutaneous closure is contraindicated with 
ASD >36 mm in size and rim thickness <3 mm. 
Anterosuperior rim de fi ciency is the most common con-
traindication to percutaneous closure and has been reported 
in up to 54 % patients referred for this procedure  [  16  ] . In 

patients with a large ASD, a posteroinferior rim thickness 
>10 mm is an important predictor of successful percutane-
ous closure. 

 While the information described above is obtainable by 
transesophageal echocardiography (TEE), the long axis of a 
large ASD can be underestimated with TEE compared to 
CT  [  16  ] .      

    11.2   Ventricular Septal Defect 

 Ventricular septal defect (VSD) is the most common con-
genital heart disease and accounts for over 20 % of all con-
genital cardiac malformations  [  16  ] . It is a result of de fi ciency 
in interventricular septum continuity and it can be isolated or 

LVRV

RA

LA

  Fig. 11.16    Atrial septal aneurysm (ASA,  black arrow ). This four-
chamber view shows the bulging of the atrial septum with a base span 
>15 mm. The excursion is >10 mm. There is no contrast jet across the 
atrial septum in this aneurysm. Note the clear demarcation between the 
contrast- fi lled left atrium ( LA ) and the relatively contrast-poor right 
atrium ( RA ). ASA can mimic a left-to-right or bidirectional shunt due to 
excessive motion of very  fl oppy interatrial septum.  RV  right ventricle, 
 LV  left ventricle       

a

b

  Fig. 11.17    Measurement of the atrial septal defect (ASD) area. 
Oblique en face views allow measurement of defect dimension and 
area. CT images should be reconstructed so that the maximum size of 
the defect in long and short axis can be visualized and measured with 
electronic calipers at the workstation. Usually, an oblique reconstruc-
tion with en face view of the ASD suf fi ces. Measurements are made 
at end systole to obtain the greatest size of the ASD. The area is 
automatically calculated by tracing the electronic calipers along the 
circumference of the ASD.  Circle  Traced area of the ASD,  black 
arrow  ASD          
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it can occur in association with other congenital heart 
diseases. 

    11.2.1   Anatomic Types 

 The uni fi ed VSD nomenclature system  [  17,   18  ]  recognizes 
four anatomic types of VSD (Fig.  11.18 ).  

 Type 1 (synonyms: subarterial, supracristal, conal, 
infundibular, subpulmonary) is located just beneath the 
semilunar valves and above the crista supraventricularis in 
the conal or outlet septum (Fig.  11.19 ). They are often asso-
ciated with aortic regurgitation produced by prolapse of the 
anterior aortic valve lea fl et. These defects can be bound by 
the  fi brous annulus of the semilunar valves and/or muscular 
tissue. The VSD that is completely surrounded by muscle is 
termed a conal muscular VSD, while the subarterial VSD 
bound by  fi brous continuity of the aortic and pulmonary 
valve lea fl ets is termed a juxta-arterial or doubly committed 
VSD. Type 1 VSD accounts for approximately 6 % of 
defects and spontaneous closure of this type of defect is 
uncommon  [  20  ] .  

 Type 2 (synonyms: perimembranous, paramembranous, 
conoventricular) involves the membranous septum and is bor-
dered by the atrioventricular septum (Fig.  11.20 ). Depending 
on the location, membranous VSDs are further classi fi ed as 
inlet, trabecular, outlet, and con fl uent. The latter involves 
multiple areas of the septum (i.e., the inlet, trabecular, and 
outlet portions). Type 2 is the most common VSD, account-
ing for approximately 80 % of defects  [  19  ] .  

 Type 3 (synonyms: inlet, AV canal type, endocardial cush-
ion) is located in the inlet of the right ventricular septum 
immediately inferior to the septal lea fl et of the tricuspid valve 
(Fig.  11.21 ). Type 3 VSD may be associated with AV canal 
defect. This defect typically occurs in patients with trisomy 21 
syndrome. Type 3 VSD accounts for 5–8 % of VSDs  [  19  ] .  

 Type 4 (muscular) is entirely bordered by the muscular 
septum and has a rim totally composed of septal muscle 
(Fig.  11.22 ). Based on its location in the septum, it is 
classi fi ed as inlet, trabecular outlet, or con fl uent (involves 
multiple areas of the septum, including the inlet, trabecular, 
and outlet regions). Subclassi fi cations of the inlet type 
include anterior, apical, and midventricular. Type 4 VSD 

accounts for 20 % of VSDs in infants and as spontaneous 
closure is common, the incidence is much lower in adults 
 [  19  ] . Muscular VSDs are frequently multiple. The term 
“Swiss-cheese” septum has been used to describe multiple 
muscular VSDs (Fig.  11.23 ).   

 Gerbode-type VSD (left ventricle to right atrium  fi stula) 
is characterized by a defect in the membranous septum sepa-
rating the left ventricle and right atrium (Fig.  11.24 ). This 
type of VSD is extremely rare.   

    11.2.2   Clinical Findings of VSD 

 The physiologic consequences of VSD depend on the defect 
size and the ratio between systemic and pulmonary vascular 
resistance. Based on the ratio of VSD to aortic annulus 

   Table 11.2    Important information from CT assessment of ASD   

 Differentiate ASD from PFO 
 Measure defect size 
 Identify rim size 
 Identify right ventricular size and function (if retrospective gating) 
 Characterize pulmonary artery size 
 Identify associate defects (anomalous pulmonary veins, VSD, 
atrioventricular valve abnormalities, heterotaxy syndromes) 

AO

PV

IVC

RA

TV

SVC

RAA

MPA

1

42

53

6

  Fig. 11.18    Types of ventricular septal defects: ( 1 ) subarterial defect, 
which lies in the left ventricular outfl ow tract just below the aortic 
valve; ( 2 ) perimembranous defect, which involves the membranous 
septum ( yellow ,  white , and  blue  dashed circumference for outlet, trabe-
cular and inlet subtype, respectively); ( 3 ) inlet or atrioventricular defect, 
which lies inferior to the septal leafl et of the tricuspid valve; and ( 4 ) 
outlet, ( 5 ) inlet and apical ( 6 ) muscular defects, which are entirely 
bounded by the muscular septum and are often multiple.  Ao  aorta,  IVC  
inferior vena cava,  MPA  main pulmonary artery,  PV  pulmonary valve, 
 RA  right atrium,  RAA  right atrial appendage,  SVC  superior vena cava, 
 TV  tricuspid valve       
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PA

RV

a

LV

PV

b

LA

RA

AV

RV

  Fig. 11.19    Computed tomography (CT) images of a type 1 ventricular 
septal defect (VSD) (synonyms: subarterial, supracristal, conal septal 
defect, infundibular, subpulmonary). Panel  a  is a sagittal picture and 
panel  b  is an axial slice. Panel  a  shows a communication ( black arrow-
head ) that is localized underneath the pulmonary valve ( black arrow ) 

and above the supraventricular crest ( white arrow ).  LA  left atrium,  RA  
right atrium,  LV  left ventricle,  RV  right ventricle,  PA  pulmonary artery, 
 PV  pulmonary valve,  AV  aortic valve (Images graciously provided by 
Motoo Nakagawa MD Department of Radiology, Nagoya City 
University Graduate School of Medical Sciences, Nagoya, Japan)       
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a b

LV
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LA

RV

LVLA

RA

LVLA

  Fig. 11.20    Type 2 ventricular septal defect (VSD). Panels ( a ) and ( b ) 
are axial computed tomography images from two separate patients with 
tetralogy of Fallot demonstrating perimembranous VSD ( black 

 arrowhead ) and right ventricular hypertrophy ( white arrows ).  RA  right 
atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       
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diameter, VSD defects are classi fi ed as small ( £ 0.25), mod-
erate (0.25–0.75), and large ( ³ 0.75)  [  18  ] . Physiologically, 
VSDs are classi fi ed as restrictive or nonrestrictive. 
Restrictive lesions are small and limit  fl ow across the defect 
resulting in little or no functional disturbance. Nonrestrictive 

VSDs are larger lesions that allow signi fi cant hemodynamic 
shunting. 

 The magnitude of  fl ow across a VSD depends on the sys-
temic-to-pulmonary vascular resistance ratio. Initially, sys-
temic vascular resistance is higher than pulmonary vascular 
resistance resulting in left-to-right shunting. This leads to 

ASD

RV

LV

  Fig. 11.21    Type 3 VSD (synonyms: inlet, AV canal type, endocardial 
cushion defect). This axial computed tomography image shows the 
defect ( black arrowhead ) located in the inlet of the right ventricular 
septum. Also note the associated primum atrial septal defect (ASD) and 
single atrioventricular valve (atrioventricular canal morphology,  black 
arrows ) in this patient with trisomy 21 syndrome.  RV  right ventricle,  LV  
left ventricle,  ASD  atrial septal defect       

LA

RV

RA
LV

  Fig. 11.22    Type 4 (muscular) VSD. Transverse CT demonstrates con-
trast agent in the muscular interventricular septum ( black arrowhead ). 
Note the rim made up of septal muscle.  RA  right atrium,  RV  right ven-
tricle,  LA  left atrium,  LV  left ventricle       

LA

RV

RA LV

  Fig. 11.23    Type 4 VSD. Several contrast- fi lled defects ( black arrow-
heads ) are present in the interventricular septum (so-called Swiss-
cheese septum).  RA  right atrium,  RV  right ventricle,  LA  left atrium,  LV  
left ventricle       

RV

LV
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LA

  Fig. 11.24    A color computed tomographic image demonstrating a 
Gerbode-type ventricular septal defect (VSD). Here, the defect resides 
in the membranous septum separating left ventricle and right atrium 
(atrioventricular septum) (Reproduced from Dragicevic et al.  [  35  ] . With 
permission of Leelakrishna Nallamshetty, MD, Department of 
Radiology, University of South Florida, Tampa General Hospital)       
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right ventricular volume overload and may manifest clini-
cally as congestive heart failure in the  fi rst few weeks of life. 
If untreated, the pulmonary vascular resistance increases 
which then decreases left-to-right shunting. Finally, when 
pulmonary resistance exceeds systemic resistance, irrevers-
ible pulmonary hypertension (Eisenmenger syndrome) 
develops and the shunt is reversed to a predominant right-
to- left shunt  [  20  ] . Identi fi cation of pulmonary hypertension 
is critical because if present, intervention to close the VSD is 
contraindicated since it could lead to acute right ventricular 
failure and shorter life expectancy than if the defect were left 
untreated  [  21  ] . 

 With advancing age, complications of VSD may develop 
and include infective endocarditis, LV volume overload and 
heart failure, double-chambered right ventricle, relative sub-
aortic stenosis, tachyarrhythmias and complete heart block, 
and progressive aortic regurgitation caused by aortic cusp 
prolapse into the right ventricle  [  22–  24  ] . A rare complication 
of VSD which may be seen with supracristal and high per-
imembranous VSDs is signi fi cant aortic regurgitation. The 
high-velocity jet of blood created by fl ow across these VSDs 
residing below the aortic valve is potentially capable of push-
ing the adjacent cusp of the aortic valve into the right ventricle 
(Venturi effect) resulting in aortic regurgitation extending 
rightward under the septal lea fl et of the tricuspid valve. 

 Approximately 25–40 % of perimembranous VSDs close 
spontaneously in the  fi rst 2 years of life and 90 % close 

within 10 years after birth  [  24  ] . Perimembranous defects 
occur beneath the aortic valve on the left side of the septum, 
extending to the right under the septal lea fl et of the tricuspid 
valve. The most common mechanism of closure (85 %) of 
perimembranous VSD is either reduplication of lea fl et tissue 
or apposition of the septal lea fl et of the tricuspid valve against 
the VSD (Fig.  11.25 ).  

 Outpouching of a lea fl et from the tricuspid valve may 
occur during perimembranous VSD closure creating the 
appearance of a ventricular septal aneurysm, the so-called 
windsock deformity. This is not a true aneurysm of the sep-
tum but rather it represents tricuspid valvular tissue that is 
pushed into the right ventricle as a result of the high-velocity 
blood  fl ow created by the closing VSD (Figs.  11.26  and 
 11.27 ). It is the progressive development of this tissue along 
the right ventricular side of the septum that accounts for 
spontaneous closure of some perimembranous septal 
defects.   

 Small muscular VSDs have the greatest likelihood of 
spontaneous closure, with closure rates approaching 80–90 % 
by age 2 years  [  19  ] . Muscular defects decrease in size due to 
growth of the ventricular myocardium which ultimately may 
 fi ll in the defect. VSDs that do not close spontaneously may 
be closed percutaneously with septal occluder devices. This 
approach is usually limited to muscular VSDs. Most other 
hemodynamically signi fi cant VSDs require surgical repair 
using a patch (Fig.  11.28 ).   

a

LV

RV

LV

RV

LA

RA

b

  Fig. 11.25    Closing type 2 VSD with tricuspid valve adherence. 
Panels ( a , two-chamber view) and ( b , four-chamber view) computed 
tomography scans showing a small ventricular septal defect (VSD) 
( black arrowheads ) extending to the right side of the septum with 
the septal lea fl et of the tricuspid valve ( black arrows ) adhering to 

the margins of the defect. A common mechanism of closure of per-
imembranous VSD is apposition of the septal lea fl et of the tricuspid 
valve against the VSD.  RA  right atrium,  RV  right ventricle,  LA  left 
atrium,  LV  left ventricle       

 



104 11 Septal Defects

    11.2.3   Cardiac Computed Tomography (CT) 
in the Evaluation of VSD 

 Echocardiography remains the mainstay to detect shunting 
across the interventricular septum and to assess pulmonary 

artery pressure and biventricular function. ECG-gated CT 
can, however, provide anatomic and functional  fi ndings of 
VSD and may also demonstrate  fi ndings of secondary pul-
monary hypertension when echocardiography is equivocal 
(Fig.  11.29 )  [  9–  12  ] .  

  Fig. 11.26    Closing type 2 VSD with windsock deformity. Panel ( a , 
axial multiplanar reformat), panel ( b , coronal multiplanar reformat), 
panel ( c , sagittal multiplanar reformat), and panel ( d , 3D volume- 
rendered reformat) showing an outpouching and protrusion of a septal 
tricuspid valve ( black arrows ) into the right ventricle ( RV ), creating the 

windsock deformity. This deformity has the appearance of a ventricular 
septal aneurysm. However, it is simply tricuspid valvular tissue being 
pushed into the right ventricle due to high-velocity blood  fl ow across a 
small VSD.  Ao  aorta,  RA  right atrium,  RV  right ventricle,  LA  left atrium, 
 LV  left ventricle         
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 CT  fi ndings of VSD are the lack of continuity of the inter-
ventricular septum and a jet of contrast- or noncontrast-
enhanced blood at the defect site. Small VSDs may only be 
seen in diastole as they can temporarily close in systole. At 
CT, the  fi ndings that need to be reported include (1) ana-
tomic data regarding the type, number, location, and size of 
the VSD(s) measured at the end-diastolic phase as well as 
the chamber sizes; (2) functional data (if retrospective gating 

is used) including ventricular function and the presence or 
absence of aortic valve prolapse and aortic valve regurgita-
tion, right or left ventricular out fl ow tract obstruction, and 
tricuspid valve regurgitation; and (3)  fi ndings of endocarditis 
and associated cardiac abnormalities (e.g., tetralogy of 
Fallot) should be noted as well  [  18  ] . 

 In patients scheduled for VSD closure, the proximity of 
the VSD to the surrounding valves and the atrioventricular 
conduction axis should be determined to help surgical plan-
ning. After VSD closure, CT can be used to evaluate a resid-
ual shunt and the morphology of the VSD patch or closure 
device including calci fi cations  [  25  ] . Echocardiography will 
be needed to assess pulmonary artery pressure. 

 Table  11.3  outlines the important information that must 
be obtained from a CT examination of patient with a VSD.    

    11.3   Atrioventricular Septal Defect 
(AV Canal Defects) 

 Atrioventricular septal defect (AVSD) (synonyms: atrioven-
tricular canal defect, endocardial cushion defect) is charac-
terized by a common atrioventricular junction and a common 
atrioventricular valve  [  26  ] . AVSD accounts for 4–5 % of 
congenital heart diseases with an incidence of 0.19 in 1,000 
live births  [  27  ] . 

    11.3.1   Anatomy 

 AV canal defects arise from abnormal development of the 
endocardial cushions  [  28  ] . The inferior atrial septum, the 

RV

LV
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LA

LV

LA

RA

a b

  Fig. 11.27    Example of a closing type 2 VSD associated with wind-
sock deformity which did not result in complete closure. This abnor-
mality likely resulted in the delayed onset of symptoms in this 
28-year-old male. Panels ( a ) and ( b ) are oblique sagittal computed 
tomography scans showing prolapse of the tricuspid valve ( black arrow ) 

into the right ventricle ( RV ). Note also the presence of a subaortic mem-
brane ( black arrowhead  in panel b) which is an acquired rather than 
congenital condition.  RA  right atrium,  RV  right ventricle,  LA  left atrium, 
 LV  left ventricle          

RV
LV

LA

  Fig. 11.28    A    surgically closed type 2 VSD. Note the calci fi ed patch 
( black arrows ) in the expected location of the membranous septum.  LA  
left atrium,  RV  right ventricle,  LV  left ventricle       
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superior ventricular septum, the septal lea fl et of the tricus-
pid valve, and the anterior lea fl et of the mitral valve all 
develop from the endocardial cushion tissue. In AV canal 
defects, the superior and inferior cushions do not fuse com-
pletely, resulting in an atrial septal defect (ASD) at the infe-
rior portion of the atrial septum and depending on the 
severity of the lesion, there may be an associated ventricular 
septal defect (VSD).  

    11.3.2   Morphology of Atrioventricular 
Septal Defects 

 The common atrioventricular valve consists of  fi ve lea fl ets: 
superior (anterior) and inferior (posterior) bridging lea fl ets, 
which override the interventricular septum; left mural 

lea fl et; right inferior lea fl et; and right anterosuperior 
lea fl et. The space between the left ventricular components 
of the superior and inferior bridging lea fl ets is called the 
“cleft”  [  29  ] . 

 A variety of different classi fi cations have been used to 
categorize AVSDs, but the most common system divides the 
defects into three forms: (1) complete, (2) partial, and (3) 
transitional. The complete AVSD is characterized by both an 
ostium primum ASD immediately above or at the plane of 
the atrioventricular valve, a large VSD immediately below 
the plane of the atrioventricular valves, and a common atrio-
ventricular valve (Figs.  11.30  and  11.31 ). The partial (incom-
plete) AVSD demonstrates an ostium primum-type ASD, but 
no VSD. A transitional or intermediate AVSD is similar to a 
complete AVSD, but the lea fl ets of the common atrioven-
tricular valve are  fi xed to the ventricular septum, resulting in 
a small VSD.   

 Other rare variants include AVSD with interventricular 
communication, but no interatrial communication, which is 
functionally similar to inlet VSD with superior and inferior 
bridging lea fl ets fused to the atrial septum, and AVSD with 
no interventricular or interatrial communication and a com-
mon atrioventricular valve with superior and inferior lea fl ets 
fused both to the atrial and ventricular septa  [  30  ] . 

 The Rastelli classi fi cation, which is not as commonly 
used as the above classi fi cation, divides AVSDs into three 
forms based on the morphology of the superior bridging 
lea fl et, the degree of bridging, and the chordal attachments. 
Type A: The common bridging lea fl et is attached to the inter-
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  Fig. 11.29    Pulmonary hypertension (Eisenmenger syndrome) due to 
unrepaired VSD. Panel ( a ) an axial computed tomogram showing a 
marked enlargement of the main ( M ) and proximal right ( R ) and left ( L ) 
pulmonary arteries indicating pulmonary arterial hypertension. 
Calci fi cation is noted in the right pulmonary artery ( white arrow ). Panel 

( b ) a computed tomogram slice reconstructed more caudally showing 
the perimembranous VSD ( black arrow ). Note the profound right ven-
tricular hypertrophy. + ascending aorta, ++ descending aorta,  RA  right 
atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       

   Table 11.3    An outline of the important information that should be 
obtained from a CT examination of patient with VSD   

 Type number, location, and size of ventricular septal defect 
 Morphology and size of the atria 
 Morphology, size, hypertrophy, geometry, and systolic function of 
the ventricles 
 Anatomy, size, and presence/magnitude of aortic and/or pulmonary 
out fl ow tract obstruction 
 Size function and morphology of valves including the presence/
absence of aortic valve prolapse and aortic valve regurgitation 
 Anatomy, size, and spatial relationship of aorta and pulmonary 
artery 
 Presence of coexisting anomalies 
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ventricular septum by multiple chordae tendineae, dividing 
the lea fl et into both right and left components which are 
largely contained in the right and left ventricles, respectively. 
Type B: The common bridging lea fl et is attached over the 
interventricular septum by an anomalous right ventricular 
papillary muscle which extends from the right ventricle to 
the left side of the common valve. Type C: The common 
bridging lea fl et is not attached to the ventricular septum. 
Instead it is attached to an anterior papillary muscle in the 
right ventricle and  fl oats freely over the septum.  

    11.3.3   Associations 

 AVSD may be isolated or associated with other congenital 
heart diseases, including tetralogy of Fallot and heterotaxy 
syndrome. In the asplenia syndrome, AVSD is virtually 
always present, while in polysplenia it occurs in 25 % of 
patients  [  30  ]  (Fig.     11.32 ).  

 One-third of all children born with AVSDs also have tri-
somy 21 syndrome. Conversely, about 35–40 % of children 

with trisomy 21 have AVSDs  [  19,   32  ] . Complete AVSD most 
frequently occurs in patients with trisomy 21 syndrome 
(70–80 %), while partial AVSD is most common in individu-
als without trisomy 21 syndrome (>90 %)  [  18,   21  ] .  

    11.3.4   Clinical Aspects 

 The physiology of the lesion depends on the degree of ven-
tricular unbalance, the size of the atrioventricular septal 
defects, the atrioventricular valve competence, the degree of 
right-sided or left-sided out fl ow obstruction, and the pulmo-
nary vascular resistance. 

 In most cases there is no ventricular dominance (bal-
anced AVSD) and the common atrioventricular valve is 
shared to a similar extent by the left and right ventricles. 
The physiology is generally that of pulmonary overcircula-
tion. Unbalanced AVSD occurs when the atrioventricular 
valve is dominantly committed to one ventricle. If more 
than 75 % of the common valve is committed to one ventri-
cle, the atrioventricular connection becomes, by de fi nition, 
a double inlet ventricle  [  30  ] . Both left and right ventricular 
dominance may occur. The dominance of one ventricle is 
associated with signi fi cant hypoplasia of the second one 
(single-ventricle physiology). 

 Patients with complete AVSD present in infancy with 
congestive heart failure and frequent pulmonary infections 
and most of them undergo early surgical repair. Half of 
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  Fig. 11.30    An artist’s rendition of the anatomy of the complete form 
of an atrioventricular canal defect. Note the common atrioventricular 
valve straddling the atrial septal and ventricular septal defects.  RA  right 
atrium,  LA  left atrium,  RV  right ventricle,  LV  left ventricle,  Ao  Aorta, 
 MPA  main pulmonary artery          
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  Fig. 11.31    This computed tomographic (CT) image is from a 17-year-
old woman with trisomy 21 syndrome who presented with dyspnea and 
was ultimately found to have a complete atrioventricular canal defect. 
This axial CT cut at the level of the inferior atrial septum demonstrates 
an ostium primum atrial septal defect, demonstrated by free  fl ow 
between the right atrium ( RA ) and left atrium ( LA ) denoted by the  aster-
isk  and a large inlet ventricular septal defect demonstrated by free  fl ow 
between the right ventricle ( RV ) and left ventricle ( LV ) and marked by 
the  plus sign . There is also a common atrioventricular valve ( black 
arrows )       
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infants with untreated complete AVSD die in the  fi rst year of 
life from heart failure or pneumonia, and those who survive 
develop irreversible pulmonary hypertension  [  33  ] . Patients 
with partial AVSD are usually asymptomatic in infancy and 
early childhood and unrepaired partial AVSD may be seen in 
adults. Most adults become symptomatic before age 40 years. 
Treatment is surgical and involves closure of the atrial and 
ventricular septal defects and creation of a competent AV 
valve as best as possible.  

    11.3.5   Cardiac Computed Tomography (CT) 
in the Evaluation of AV Canal Defects 

    11.3.5.1   Unrepaired AVSD 
 CT may provide useful information, especially when echocar-
diography is inconclusive. CT allows noninvasive assessment of 
cardiac chamber size and function (when retrospective gating is 
used) as well as a depiction of the atrial and ventricular septal 
defects, the common atrioventricular valve, and the presence of 
left and/or right ventricular out fl ow tract narrowing  [  8–  12  ] .  

    11.3.5.2   Repaired AVSD 
 After repair, CT is performed for evaluation of residual 
shunting, which in patients with endocardial pacing has been 

shown to increase the risk of paradoxic emboli  [  11,   32  ] . It 
also can be used to assess atrioventricular valve regurgita-
tion/stenosis and out fl ow tract obstruction  [  33,   34  ] . 

 Tables  11.4  and  11.5  illustrate the important points regard-
ing CT evaluation of patients with atrioventricular septal 
defects.          

RA

a b

LA

RV

LV

+

*

RA

LA

RV

LV

+

*

  Fig. 11.32    A case of a 31-year-old woman with asplenia, heterotaxy 
syndrome, and congenital heart disease who has not undergone any car-
diac intervention. She demonstrates a complete atrioventricular canal 
defect. Panels ( a ) and ( b ) are two axial scans through the level of the 
inferior atrial septum showing communication between the right atrium 
( RA ) and left atrium ( LA ) (an ostium primum septal defect,  black arrow- 

head ), a large connection between the right ventricle ( RV ) and left ven-
tricle ( LV ) (ventricular septal defect,  plus sign ), and a single 
atrioventricular valve ( black arrows ). The combination of a primum 
ASD and an inlet VSD is consistent with a complete atrioventricular 
septal defect (canal defect). A large pericardial effusion is also present 
( black asterisk )       

   Table 11.4    Important preoperative CT evaluation points with uncor-
rected atrioventricular septal defects   

 Morphology, size, type, and location of atrioventricular septal defect 
 Morphology and function of the common atrioventricular valve 
 Morphology, size, geometry, and systolic function of both ventricles 
 Morphology, extent, and location of left and/or right ventricular 
out fl ow tract obstruction 
 Morphology and size of atria 
 Presence of coexisting anomalies 

   Table 11.5    Important postoperative CT evaluation points with cor-
rected atrioventricular septal defects   

 Abnormal residual intracardiac connections 
 Morphology and function of the common atrioventricular valve 
 Morphology, size, dilatation, and function of left and right ventricles 
 Morphology and size of left and/or right ventricular out fl ow tracts 
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    12.1   Ebstein Anomaly 

 Ebstein anomaly is a defect of the right ventricle that results 
in variable degrees of failure of delamination of the valve 
lea fl ets, leading to tricuspid valve regurgitation and right 
ventricular dysfunction. The classic pathology is apical 
(downward) displacement of the tricuspid valve lea fl ets 
(most frequently septal followed by posterior and anterior 
lea fl ets) with abnormal adherence of the lea fl ets to the under-
lying myocardium. 

 The major morphologic features are apical displacement 
of the septal lea fl et  ³ 8 mm/m 2 , dilatation of the “atrialized” 
portion of the right ventricle with variable degrees of thin-
ning of the free wall of the right ventricle  [  1  ] . Dilatation of 
the right atrioventricular junction (true tricuspid annulus) is 
also seen  [  1  ] . See Fig.  12.1 . Incompetence of the deformed 
tricuspid valve and the functional impairment of the right 
ventricle result in an impediment to forward  fl ow of blood 
through the right side of the heart. Typically, there are other 
anatomic abnormalities including a large, redundant anterior 
lea fl et with fenestration and varying degrees of tethering to 
the right ventricular wall. In most cases there is a patent fora-
men ovale or secundum atrial septal defect, resulting in a 
right-to-left shunt due to elevated right-sided pressures.  

 According to Carpentier’s classi fi cation, Ebstein anomaly 
can be categorized as follows: type A: adequate RV volume; 
type B: large atrialized segment of the RV and mobile ante-
rior lea fl et; type C: restricted movement of anterior lea fl et 
which may cause infundibular obstruction; type D: near-
complete atrialization of the RV (Uhl’s syndrome)  [  2  ] . 

    12.1.1   Clinical Features 

 The downward displacement of the septal tricuspid valve 
lea fl et is associated with discontinuity of the central  fi brous 
body and septal atrioventricular ring, resulting in acces-
sory atrioventricular connections and ventricular pre-exci-
tation making the patient at risk of sudden death. Atrial 

arrhythmias are also common because of the enlargement 
of the atria. 

 Ebstein anomaly usually presents in neonates or infants 
with  fi ndings of congestive heart failure or profound cyano-
sis. Occasionally, however, the diagnosis is not made until 
late in life and presentations as late as the eighth decade have 
been reported  [  3  ] . Operative management of adult patients 
with Ebstein anomaly includes tricuspid valve repair or 
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  Fig. 12.1    Schematic drawing of Ebstein anomaly. The tricuspid valve 
is displaced toward the apex of the right ventricle with subsequent “atri-
alization” of a portion of the morphologic right ventricle, which is con-
tiguous with the enlarged right atrium. The functional right ventricle is 
small in size. Note the secundum atrial septal defect ( white arrow    ) 
which is commonly associated with Ebstein anomaly. The  black arrows  
point to the apically displaced tricuspid valve.  RA  right atrium,  ARV  
atrialized right ventricle,  FRV  functional right ventricle,  LA  left atrium, 
 LV  left ventricle       
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replacement, closure of the atrial septal defect (if present), as 
well as bidirectional cavopulmonary shunt, which is useful 
in patients with severe right ventricular dilatation and/or dys-
function. Late complications in palliated as well as unoper-
ated patients include right and left ventricular failure, atrial 
and ventricular arrhythmias, and sudden cardiac death.  

    12.1.2   Cardiac Computed Tomography (CT) in 
the Evaluation of Ebstein Anomaly 

 Ebstein anomaly is easily detected by CT  [  4–  6  ] . Imaging 
 fi ndings include a large right atrium proper, a dilated atrialized 
right ventricle, a small true right ventricle along with apical 
displacement of the septal lea fl et of the tricuspid valve, and a 
“sail-like” anterior tricuspid valve lea fl et deformity (Fig.  12.2 ) 
 [  4–  6  ] . The atrialized ventricular wall may be thinner than the 
distal functional right ventricle, and the heart may rotate pos-
teriorly into the left hemithorax with bulging of the ventricles 
posteriorly. An atrial septal defect is an associated  fi nding 
(Fig.  12.3 ). Cine CT can offer functional information in addi-
tion to anatomy when retrospective gating is employed.     

FRV

RA

ARV

LV

LA

  Fig. 12.2    Ebstein anomaly. An axial computed tomographic scan 
showing a dilated right atrium ( RA ), atrialized right ventricle ( ARV ), 
and a small functional right ventricle ( FRV    ). Note the apical displace-
ment of the septal tricuspid lea fl et ( black arrow ).  LA  left atrium,  LV  left 
ventricle       
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  Fig. 12.3    Ebstein anomaly. Panel ( a ) is an axial tomogram showing 
marked apical displacement of the septal tricuspid lea fl et ( arrows ) 
resulting in atrialization of the right ventricle ( ARV ). Panel ( b ) is an 
axial cut at a more superior level demonstrating an atrial septal defect 

with contrast-enhanced blood ( arrow )  fl owing into the left atrium ( LA ) 
from the right atrium ( RA ).  SVC  superior vena cava,  RV  right ventricle 
proper       
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    12.2   Tricuspid Atresia 

 Tricuspid atresia is the third most common form of cyan-
otic congenital heart disease, with a prevalence of 0.3–
3.7 %  [  7  ] . Tricuspid atresia is characterized by the absence 
of a tricuspid valve. There is no direct connection between 
the right atrium and right ventricle, resulting in a small or 
absent right ventricle that cannot adequately pump blood 
to the lungs (Fig.  12.4 ). Depending on the relationship 
with the great vessels, there are three types of tricuspid 
atresia. In type I, the great arteries are related normally. 
With type II, the great arteries are  d -transposed, and in 
type III, the great arteries are  l -transposed. These types 
are further subclassi fi ed according to the presence or 
absence of ventricular septal defects and pulmonary valve 
pathology  [  8,   9  ] .  

 Associated defects coexist in 15–20 % of patients, most 
frequently transposition of the great vessels and persistent 

left-sided superior vena cava  [  7  ] . Atrial septal defect is 
 obligatory in those patients. Extracardiac associations may 
include a right-sided aortic arch and an absent spleen. 

 In patients with tricuspid atresia, venous blood returning 
to the right atrium can exit only through an interatrial com-
munication. Because of the obligatory right-to-left shunt at 
the level of the atria, saturation of the left atrial blood is 
diminished. Additionally, intracardiac blood  fl ow depends 
on coexisting pulmonary artery pathology. With coexistent 
pulmonary artery or pulmonary valve stenosis, pulmonary 
blood  fl ow is reduced, resulting in worsening cyanosis. 
Pulmonary obstruction occurs most often in patients with tri-
cuspid atresia and normal great artery anatomy. In the 
absence of pulmonary atresia or pulmonary stenosis, the vol-
ume of blood  fl owing to the lungs may be normal thus result-
ing in decreased cyanosis. Patients with  d -transposed great 
arteries and tricuspid atresia typically have unobstructed pul-
monary blood  fl ow. 

 Tricuspid atresia patients ultimately develop left ven-
tricular systolic dysfunction due to left ventricular volume 
overload related to the fact that venous blood must return 
to the left ventricle as well as to the presence of chronic 
hypoxemia. Left ventricular dysfunction may then lead to 
mitral annulus dilatation and mitral regurgitation, which 
further increases left ventricular volume overload. 

    12.2.1   Clinical Features 

 Tricuspid atresia is usually detected in infancy because of 
cyanosis, congestive heart failure, and growth retardation. 
Most patients with tricuspid atresia require some form of 
surgical treatment during the  fi rst year of life. Thus, most 
adults with tricuspid atresia have undergone surgical pallia-
tion. Since the primary lesion is not reparable, the basic fea-
tures are still present in the palliated adult as are the  fi ndings 
of the palliative surgical procedure. 

 In neonates and infants, palliative or de fi nitive surgery 
may be undertaken to connect the systemic circulation to 
the pulmonary circulation. Palliative surgery encompasses 
either a Blalock–Taussig shunt or a Glenn shunt (end-to-
end anastomosis of the right pulmonary artery to the supe-
rior vena cava). De fi nitive surgery entails performing the 
total cavopulmonary Fontan procedure. The Fontan oper-
ation excludes the right ventricle through the formation of 
a right atrial-to- pulmonary artery connection or an ext-
racardiac cavopulmonary anastomosis using a synthetic 
graft. Long-term complications of these palliative surger-
ies include right heart failure, mural thrombus, and dilata-
tion of the cardiac/systemic veins that act as collateral 
vessels.  

Ao MPA

LA

RA

RV

LV

  Fig. 12.4    Schematic drawings of tricuspid atresia. The tricuspid valve 
is absent which prevents antegrade  fl ow into the right ventricle. The 
right ventricle is hypoplastic. An atrial septal defect supplies blood  fl ow 
to the left heart.  yellow arrow  absent tricuspid valve,  yellow arrowhead  
atrial septal defect,  RA  right atrium,  RV  right ventricle,  LA  left atrium, 
 LV  left ventricle,  PA  pulmonary artery,  Ao  aorta       
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    12.2.2   Cardiac Computed Tomography (CT) 
in the Evaluation of Tricuspic Atresia 

 CT has proven to be an excellent imaging modality to deter-
mine the anatomic features of tricuspid atresia  [  5,   6,   9,   10  ] . 
The classic  fi nding is fatty tissue between the right atrium 
and the right ventricle in the expected location of the tricus-
pid valve and a small right ventricle (Fig.  12.5 ). The left 
ventricle is enlarged. Other features include atrial and/or 
ventricular septal defects (Fig.  12.6 ), transposition of the 

great arteries, and dilated inferior vena cava and hepatic 
veins due to passive congestion, mural thrombus, and col-
lateral vessel formation. Postoperative CT can provide 
information on the patency of any shunts and on the size and 
morphology of the pulmonary arteries  [  11  ] .     

    12.3   Congenital Mitral In fl ow and Mitral 
Valve Abnormalities 

    12.3.1   Lesions Associated with Mitral 
Valve Obstruction 

    12.3.1.1   Cor Triatriatum Sinister 
 Cor triatriatum accounts for 0.1–0.4 % of all congenital car-
diac anomalies  [  12  ] . It is a result of embryologic failure of 
the common pulmonary vein to become incorporated into the 
left atrium during the  fi fth week of embryologic develop-
ment  [  13  ] . As a result, the left atrium is divided by a 
 fi bromuscular membrane into two chambers. The superior 
chamber receives blood from the pulmonary veins, and the 
inferior chamber is connected to the left atrial appendage and 
mitral valve. The two chambers communicate with each 
other through openings in the membrane (Figs.  12.7  and 
 12.8 ). Associated anomalies occur in 50–80 % of cases and 
include a patent foramen ovale, patent ductus arteriosus, 
atrial and ventricular septal defects, and persistent left-sided 
superior vena cava  [  12  ] .   

RV

RA

LV

LA

  Fig. 12.5    Tricuspid atresia. An axial computed tomogram showing fat in 
the atrioventricular groove ( arrow ). The right atrium ( RA ) is enlarged and 
the right ventricle ( RV ) is hypoplastic. The  black arrowhead  points out the 
obligatory atrial septal defect.  LV  left ventricle,  LA  left atrium          
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  Fig. 12.6    Tricuspid atresia with an atrial septal defect. This axial com-
puted tomogram shows a fatty separation of the right atrium from the 
right ventricle ( arrow ), a hypoplastic right ventricle ( RV ), and enlarged 
right atrium ( RA ). A large atrial septal defect is noted ( black arrow-
head ).  Asterisk    : extracardiac Fontan conduit.  LV  left ventricle       

PVC

LA
RA

RV

LV

LAA

  Fig. 12.7    An artist’s illustration of cor triatriatum. The interatrial 
membrane ( yellow ) separates the left atrium ( LA ) into a proximal por-
tion containing the pulmonary venous con fl uence ( PVC ) and a distal 
portion with a left atrial appendage ( LAA ).  RA  right atrium,  RV  right 
ventricle,  LV  left ventricle       
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 The size of the defect and the gradient across it deter-
mine the nature and severity of symptoms. The lesion is 
usually asymptomatic, but patients can present with  fi ndings 
of pulmonary hypertension, atrial  fi brillation, and mitral 
regurgitation. Symptoms tend to mimic those of mitral 
stenosis. Surgical excision of the intra-atrial membrane is 
the treatment of choice for symptomatic patients. 
Percutaneous balloon dilatation is generally not effective in 
this condition.  

    12.3.1.2   Supravalvular Mitral Ring 
 Supravalvular mitral ring is characterized by an abnormal 
rim of connective tissue on the atrial surface of the mitral 
valve. It is often circumferential and may at times adhere to 
the mitral valve lea fl ets causing a decrease in leafl et excur-
sion and infl ow obstruction. An isolated supravalvular 
mitral ring is rare. In the vast majority of cases, it is accom-
panied by other left-sided obstructive lesions. It often coex-
ists with the Shone’s complex (supravalvular mitral ring, 

*

+
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*

+
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c
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  Fig. 12.8    Cor triatriatum in a patient with shortness of breath treated 
for suspected exertional asthma. Panel ( a ) is a four-chamber computed 
tomographic (CT) view demonstrating the membrane separating the 
upper left atrial section ( asterisk ) which is dilated from the lower sec-
tion ( plus sign ). The  black arrowhead  points to the mitral valve. Panel 
( b ) is a two-chamber CT again showing the membrane ( black arrows ) 

separating the left atrium into two chambers, a proximal chamber 
receiving the pulmonary venous return ( asterisk ) and an inferior cham-
ber connecting to the left atrial appendage ( plus sign ). Panel ( c ) is an 
oblique view showing the two atrial chambers (upper,  asterisk , and 
lower,  plus sign ) communicating via a narrow ori fi ce ( arrow ).  RA  right 
atrium,  RV  right ventricle,  LV  left ventricle       
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parachute mitral valve, subaortic stenosis, and coarctation 
of the aorta).  

    12.3.1.3   Parachute Mitral Valve 
 Often part of the Shone’s complex, the classic form of con-
genital parachute mitral valve, the chordae arise from a sin-
gle centrally located papillary muscle. The lea fl ets and 

chordae are abnormally thick and short (Fig.  12.9 ). The 
mitral valve can be stenotic or regurgitant.  

 A variant of the classic form is the asymmetric parachute 
mitral valve. In contrast to the classic form, the asymmetric 
form has two separate papillary muscles, one being domi-
nant. The dominant muscle is usually positioned higher in 
the left ventricle and attaches to the base and lateral wall of 
the ventricle (Fig.  12.10 ).   

RV

LV

a

RV

LV

b

  Fig. 12.9    Parachute mitral valve. Panels ( a , two-chamber computed 
tomogram) and ( b , four-chamber view) show the chordae attached to a 
single thick papillary muscle or septation ( black arrowheads ) that 

divides the ventricle into two chambers. There are no distinct, clearly 
recognizable papillary muscles.  RV  right ventricle,  LV  left ventricle       

a b

RV
LV LV

RV

RA

LA

  Fig. 12.10    Asymmetric parachute mitral valve in a patient presenting 
with severe mitral regurgitation and mild mitral stenosis. Panel ( a ) is an 
oblique short axis cut and panel ( b ) is an oblique coronal view. Both 
demonstrate two abnormally close, thick, and short papillary muscles. 
The posteromedial papillary muscle ( black arrow ) has two heads and 

the anterolateral papillary muscle ( black arrowhead ) appears to be 
dominant. Note systolic prolapse of the anterior mitral lea fl et ( white 
arrow  in panel b).  RA  right atrium,  RV  right ventricle,  LA  left atrium,  LV  
left ventricle (Reproduced from Ucar et al.  [  14  ] . With kind permission 
from The British Institute of Radiology)       
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    12.3.1.4   Congenital Mitral Valve Stenosis 
 Congenital mitral valve stenosis is characterized by thick-
ened valve lea fl ets, thickened and shortened chordae, oblit-
eration of the interchordal spaces, and reduction of the 
interpapillary distance  [  15  ]  (Fig.  12.11 ). Severe stenosis of 
the mitral valve can result in a hypoplastic left ventricular 
cavity. Congenital mitral stenosis may be associated with 
supravalvular mitral ring and parachute mitral valve. Chronic 
elevation of left atrial pressure can cause atrial dilatation and 
pulmonary vascular hypertension. Prolonged pulmonary 
vascular hypertension may also lead to right ventricular dila-
tation and failure and tricuspid regurgitation.    

    12.3.2   Lesions Associated with Mitral 
Valve Insuf fi ciency 

    12.3.2.1   Double-Ori fi ce Mitral Valve 
 This very rare anomaly characterized by an accessory bridge 
of lea fl et tissue that divides the annulus into two ori fi ces, 
both of which open into the left ventricle. Most commonly, 
the ori fi ce is oriented toward the anterolateral commissure. 
When the ori fi ce is oriented toward the posteromedial com-
missure, a coexisting atrioventricular canal defect is likely. 
Common associated anomalies are ventricular septal defect, 
aortic coarctation, and atrioventricular canal defects. Mitral 
insuf fi ciency is seen in almost 50 % of patients, while mitral 
stenosis is seen in only 10–15 % of patients  [  16,   17  ] .  

    12.3.2.2   Mitral Arcade 
 Mitral arcade is characterized by the absence of chordae. In 
place of true chordae, there is a meshwork of tissue which 

attaches the lea fl ets to the papillary muscles (Fig.  12.12 ). 
Occasionally, the lea fl ets insert directly into the papillary 
muscles causing reduced valve mobility which causes mal-
coaptation and resulting mitral regurgitation. Functional 
mitral stenosis is uncommon  [  18 ,  19  ] .   

    12.3.2.3   Mitral Valve Prolapse (MVP) 
 MVP is the most common cause of mitral regurgitation and 
occurs when the valve lea fl ets “billow” backward into the 
atrium during systole. It is de fi ned as systolic displacement 
of the mitral lea fl ets more than 2 mm beyond the annular 
plane into the left atrium. Pathologically, congenital  prolapse 

RV

LA

RA
LV

  Fig. 12.11    Congenital mitral stenosis. This computed tomographic 
angiogram shows thickened mitral valve lea fl ets ( black arrows ). There 
are a reduced number of chordae.  RA  right atrium,  RV  right ventricle, 
 LA  left atrium,  LV  left ventricle          

a

LV

LA

b

LV

RV

  Fig. 12.12    Congenital mitral valve arcade: Panel ( a ) is a long-axis cut 
and panel ( b ) a short-axis view demonstrating elongated papillary mus-
cles ( arrowheads  in panel a) connected along the free edge of the anterior 
mitral lea fl et by a bridge of abnormal tissue ( arrows  in panels a and b) 
resulting in restricted valve mobility (Reproduced from Morris et al.  [  19  ] . 
With kind permission of Elsevier Limited, Kidlington, Oxford, UK)       
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is characterized by replacement of the dense  fi brous colla-
gen layer of the mitral valve apparatus by loose myxoma-
tous tissue. This results in mitral annular dilatation, 
enlargement and thickening of the mitral valve lea fl ets, and 
chordal elongation. It can be subclassi fi ed into two types: 
billowing (bowing of the lea fl et body) and  fl ail lea fl et (free-
lea fl et-edge prolapse). The middle scallop of the posterior 
lea fl et (P2 segment) is the most often affected lea fl et 
(Figs.  12.13  and  12.14 ).    

    12.3.2.4   Mitral Valve Cleft 
 Congenital mitral valve cleft, also called isolated mitral 
cleft, is a rare cause of congenital mitral insuf fi ciency. It is 
de fi ned as a slit-like hole or defect in one of the lea fl ets. 
The anterior lea fl et is involved more often than the poste-
rior lea fl et, and the affected lea fl et is usually thickened and 
distorted (Fig.  12.15 )  [  21,   22  ] . The extent of mitral regurgi-
tation is dependent on the degree of extension of the cleft 
into the mitral annulus and the amount of coaptation 
between the lea fl ets. Although isolated clefts occur, more 
often the cleft is associated with other congenital heart 
defects, especially endocardial cushion defects. Isolated 
mitral cleft is directed toward the left ventricular out fl ow 
tract, whereas the cleft in the endocardial cushion defect is 

pointed toward the inlet septum  [  23  ] . The isolated mitral 
cleft can be managed medically or surgically, depending on 
the degree of mitral regurgitation. Other associated heart 
diseases include tetralogy of Fallot, transposition of great 

LV

SYS

RV

LA

Ao

  Fig. 12.13    Mitral valve prolapse. This three-chamber computed tomo-
gram demonstrates billowing (bowing of lea fl et body) of both mitral valve 
lea fl ets ( arrows ) during systole. The lea fl ets are also thickened. The extent 
of billowing of the lea fl et bodies below the mitral annulus plane is shown 
by the black lines.  RA  right atrium,  RV  right ventricle,  LA  left atrium,  LV  
left ventricle (Reproduced from Feuchtner et al.  [  20  ] . With kind permis-
sion of Radiological Society of North America, Oak Brook IL)       

LA

LV

Ao

  Fig. 12.14    A computed tomographic example of a  fl ail posterior 
lea fl et (free-lea fl et-edge prolapse,  arrow ).  LA  left atrium,  LV  left ven-
tricle,  Ao  aorta (Reproduced from Feuchtner et al.  [  20  ] . With kind per-
mission of Radiological Society of North America, Oak Brook IL)       

A1

C

A3

RV

LV

  Fig. 12.15    Cleft mitral valve. In this short-axis computed tomographic 
angiogram, the anterior lea fl et contains a cleft such that the A2 segment 
is absent and the cleft is present in its place.  A1  A1 segment,  C  cleft,  A3  
A3 segment    (Image kindly provided by Anthony Hlavacek, MD, 
Medical University of South Carolina).  RV  right ventricle,  LV  left 
ventricle       
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arteries, double-outlet right ventricle, tricuspid atresia, and 
double-inlet left ventricle.   

    12.3.2.5   Computed Tomographic (CT) Imaging 
in Congenital Mitral Valve Anomalies 

 The diagnosis of mitral valve anomalies is best established by 
transesophageal echocardiography (TEE). CT is not the pri-
mary imaging tool for assessing cardiac valves but instead is 
used as a complementary imaging technique to echocardiog-
raphy or MRI, especially in patients with poor quality 
echocardiography studies or patients with contraindication to 
MRI  [  24 ,  25  ] . Awareness of the CT appearances of the 
spectrum of abnormal mitral valves is important as these 
anomalies may be detected incidentally in patients undergo-
ing CT for other clinical indications. CT protocols for valve 
evaluation are similar to those for coronary artery evaluation. 
Retrospectively gated data acquisition through the entire 
cycle is needed. Reconstructions are done at 10 % increments 
of the R–R interval. These can be combined sequentially to 
provide functional imaging data in a cine loop that allow eval-
uation of lea fl et morphology and function. 

 The normal mitral valve is a bicuspid valve that consists 
of a semicircular anterior lea fl et and a crescent-shaped 
 posterior lea fl et and is anchored to the mitral valve annulus 
 [  24  ] . The valve lea fl ets are supported by chordae tendineae, 
which attach to left ventricular papillary muscles. In healthy 
adults, the thickness of the chordae tendineae ranges from 
0.4 to 1.2 mm. The normal circumference of the mitral valve 
annulus measures 10 cm and the mitral valve area measures 
4–6 cm 2   [  24  ] . 

 The mitral valve area can be measured with CT during 
early diastole (usually 75 % of the R–R interval). Stenotic 
and regurgitant mitral valves can be identi fi ed by CT  [  24  ] . In 
addition, CT allows direct evaluation of the mitral lea fl ets, 
chordae tendineae, and papillary muscles including the pres-
ence of cleft, thickening, and calci fi cation  [  24  ] . 

 Typically, stenotic mitral valves have a funnel-shaped 
appearance and thickened lea fl ets  [  24,   25  ] . Secondary 
 fi ndings include compensatory left atrial dilatation, left ven-
tricular dilatation (in mitral insuf fi ciency), main pulmonary 
artery enlargement, and right ventricular hypertrophy (in 
mitral stenosis). Cine images may show restricted lea fl et 
motion in stenosis and valve prolapse into the left atrium in 
insuf fi ciency. The severity of mitral regurgitation can be 
quanti fi ed by calculating the regurgitant volume and fraction 
or by measuring the regurgitant ori fi ce at end systole  [  25  ] . 

 The reported sensitivity and speci fi city of CT in the diag-
nosis of mitral valve prolapse are 96 and 93 % (with transt-
horacic echocardiogram as the reference standard)  [  20  ] . 
Reformatted four-chamber views are most sensitive for 
establishing the diagnosis.        
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    13.1   Aortic Valve Stenosis    

 Aortic valve stenosis refers to a narrowing of the lumen of 
the aortic valve. It is the most common cardiac valvular con-
dition requiring valve replacement. Congenital stenosis is 
the most common cause of aortic valve stenosis. It is usually 
associated with anomalous valves, most commonly the 
bicuspid aortic valve. The congenitally stenotic aortic valve 
also may be unicuspid (acommissural or unicommissural) or, 
rarely, congenitally quadricuspid/quadricommissural. A dys-
plastic tricuspid aortic valve can also develop stenosis 
(Fig.  13.1 ).  

    13.1.1   Bicuspid Aortic Valve 

 Bicuspid aortic valve disease is the most common congenital 
heart defect, occurring in 0.5–2 % of the general population, 
with a 3:1 male predominance  [  1  ] . Morphologically, there is 
a single commissure at birth with two unequally sized 
lea fl ets. The incompletely separated lea fl et has a central 
ridge (raphe). Typically, the bicuspid valve results from 
fusion of the right and left cusps. The noncoronary lea fl et is 
most commonly normal. Rarely, the lea fl ets are symmetrical 
or there is no raphe (“pure” bicuspid valve). The most com-
monly associated anomalies are coarctation of the aorta and 
interrupted aortic arch, and conversely 50–75 % of patient 
with coarctation have a bicuspid valve  [  1,   2  ] . Other associ-
ated conditions include hypoplastic left heart syndrome, 
Shone syndrome, Williams syndrome, supravalvular steno-
sis, Turner syndrome, ventricular and atrial septal defects, 
patent ductus arteriosus, and single coronary artery or rever-
sal of coronary dominance  [  2  ] . 

 In the adult population, it is important to distinguish 
between a bicuspid valve and a tricuspid aortic valve prior to 
transcatheter aortic valve implantation as the bicuspid valve 
currently is considered a contraindication to this procedure 
in the U.S. Frequently, distinguishing a bicuspid aortic valve 
from a tricuspid, normal valve is dif fi cult using echo due to 

heavy calci fi cation of the aortic valve. CT can be helpful in 
this setting. CT is also useful to evaluate aortic valve size and 
valve opening area. 

 To diagnose a bicuspid valve, the valve must be visualized 
in systole, since in diastole the raphe may mimic a tricuspid 
valve. CT has been demonstrated to be highly sensitive 
and speci fi c (94 and 100 %) for accurate differentiation 
between bicuspid and tricuspid valves  [  3  ] . Retrospective 
ECG-gated data acquisition through the entire cardiac cycle 
is necessary for this purpose. 

      Left Ventricular Out fl ow 
Tract Abnormalities       
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  Fig. 13.1    Morphologic variants of congenital aortic stenosis: Panel ( a ) 
unicuspid, acommissural valve. Panel ( b ) unicuspid, unicommissural 
valve. Panel ( c ) bicuspid valve. Panel ( d ) dysplastic, trilea fl et valve 
with hypoplastic annulus       
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 The classic CT  fi nding of a bicuspid aortic valve is the 
presence of only two cusps  [  4  ] . In the axial plane, the ori fi ce 
has a characteristic “ fi sh-mouthed” appearance. In the long-
axis view, the eccentric closure line and doming of the lea fl ets 
are observed. The two cusps are commonly asymmetric in 
size with one cusp being larger than the other. The cusps may 
be thickened and calci fi ed, resulting in reduction of the aortic 
valve area (Figs.  13.2  and  13.3 ).   

 The presence of valvular calci fi cations can cause artifacts, 
but with CT these usually do not hinder the planimetric mea-
surement of valve area. Studies have shown that planimetric 
CT measurements of the aortic valve area correlate 

signi fi cantly with transthoracic echocardiographic and 
transesophageal echocardiographic measurements  [  5,   6  ] . 
Aortic valve calci fi cation can be quanti fi ed and is associated 
with the severity of aortic stenosis  [  7  ] . Cine images may 
show decreased excursion of the valve cusps. 

 Associated  fi ndings related to a bicuspid aortic valve 
include left ventricular hypertrophy and dilatation of 
the aortic root as well as ascending aorta and anomalies 
such as aortic coarctation and interrupted aortic arch. See 
Table  13.1 .  

 The natural history of bicuspid aortic valve consists of 
gradual calci fi cation and degeneration of the valve lea fl ets 

Ao
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a b
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RA

  Fig. 13.2    Bicuspid    aortic valve in systole. Panel ( a ) is a short-axis 
computed tomogram in systole showing two asymmetric cusps and 
calci fi ed raphe ( arrow ). The larger cusp ( C ) represents the fused right 
and left cusps.  N  noncoronary cusp. Panel ( b ) is an axial view recon-

structed more superiorly and shows a dilated ascending aorta ( Ao ). 
Panel ( c ) is an axial cut at the level of the left ventricle. Note the pro-
found left ventricular hypertrophy ( white arrows ).  RV  right ventricle, 
 LV  left ventricle,  LA  left atrium,  RA  right atrium,  PA  pulmonary artery       
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resulting in aortic stenosis most commonly and sometimes 
aortic regurgitation. These  fi ndings occur most often in the 
 fi fth and sixth decades of life. Aortopathy consisting of dilata-
tion of the aortic root and or ascending aorta can also develop 
In addition to valvular degeneration, aortic regurgitation may 
also occur secondary to ascending aorta and aortic root dilata-
tion, which do commonly occur. In the Olmsted County study, 
up to 39 % of the population with bicuspid aortic valve dem-
onstrated an ascending aorta diameter over 40 mm  [  8  ] . 

 Surgical intervention is necessary in patients with bicus-
pid aortic valve and symptomatic aortic stenosis or aortic 
regurgitation. Approximately 3–6 % of patients will require 
surgical intervention for severe symptomatic regurgitation 
 [  8  ] . Surgical intervention usually consists of aortic valve 
replacement. For those aortic stenosis patients who are not 
surgical candidates and who do not have signi fi cant aortic 
regurgitation, balloon valvuloplasty may be performed. 
Balloon valvuloplasty is generally not indicated in the set-
ting of heavy valvular calci fi cation. 

 Surgical correction of symptomatic pediatric and young 
adolescent patients with a bicuspid aortic valve is sometimes 
performed using the Ross procedure (aortic valve replace-
ment with an autologous pulmonary homograft and pulmo-
nary valve replacement with a cadaveric allograft). 

 Surgery to correct the aortic root without valve replace-
ment is performed in approximately 25 % of patients with 
bicuspid aortic valve  [  9  ] . In patients with a stenotic bicuspid 
aortic valve and ascending aortic or root aneurysm (maxi-
mum diameter > 4.5 cm), concomitant aortic root replace-
ment may be performed at the time of valve replacement. 
Because aortopathy is an associated characteristic of bicus-
pid aortic valves, the threshold for aortic aneurysm repair is 
reduced and smaller diameter aortas are replaced.  

    13.1.2   Dysplastic Tricuspid Aortic Valve 

 A dysplastic tricuspid aortic valve may develop concomitant 
thickening, stenosis, and calci fi cation. The cusps of the valve 
may themselves be thickened, rolled, and redundant. 
Microscopic studies reveal that they consist of immature 
loose connective tissue. The valve ori fi ce is obstructed by the 
dysplastic cusps. Dysplastic changes rather than commis-
sural fusion are responsible for the functional aortic stenosis. 
These valves are generally not amenable to valvulotomy 
because obstruction is due to abnormal valve tissue.  

    13.1.3   Unicuspid Aortic Valve 

 Unicuspid aortic valve is an uncommon condition with an 
incidence of 0.02 % in the general population  [  10  ] . It is more 
common in men than women  [  10  ] . These valves form due to 
fusion of the cusps. Unicuspid valves are usually unicom-
missural with a posterior commissural attachment. Rarely, 
they are acommissural. This anomaly is commonly associ-
ated with aortic stenosis which is often asymptomatic. In 
asymptomatic patients, the diagnosis is most commonly 
made either at autopsy or by examination of surgically 
excised valves (60 % of cases)  [  11  ] . 

 Unicuspid aortic valves share many of the features of 
bicuspid aortic valves (valvular dysfunction, aortopathy), but 

C C
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LV

  Fig. 13.3    This short-axis scan demonstrates nearly symmetric bilea fl et 
aortic valve cusps ( C ) and a thickened commissure ( black arrow ). Two 
symmetric-size cusps are less common than two asymmetric-size cusps: 
 RA  right atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       

   Table 13.1    CT assessment of a bicuspid aortic valve   

 Retrospective ECG-gated data acquisition through entire cardiac 
cycle 
 Two valvular cusps with “ fi sh-mouthed” ori fi ce appearance, axial 
images 
 Doming of the valve, long-axis reconstructions 
 Dilated ascending aorta 
 Planimetry of aortic valve area with cine images to show valve 
excursion 
 Left ventricle hypertrophy, systolic function 
 Coronary artery anatomy 
 Associated lesions: commonly aortic coarctation and interrupted 
aortic arch 
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complications occur earlier in life and progress at a faster 
pace. This anomaly should be suspected in patients present-
ing at a young age with clinically signi fi cant aortic stenosis. 
CT can con fi rm the valve morphology and demonstrate the 
absence of a commissure  [  10  ]  (Fig.  13.4 ).   

    13.1.4   Quadricuspid Aortic Valve 

 Quadricuspid aortic valve is a rare congenital defect. It has 
no gender propensity. Typically, there are three equal-sized 
cusps with a fourth, smaller cusp. Aortic regurgitation 
commonly results (75 % of cases) and is caused by malco-
aptation of the four valvular lea fl ets  [  12  ] . About 16 % of 
patients exhibit normal valve function  [  12  ] . Aortic steno-
sis, the most frequent complication of bicuspid valve, is 
less frequently seen with quadricuspid aortic valve. 
Quadricuspid aortic valves have been associated with pat-
ent ductus arteriosus, Ehlers–Danlos syndrome, hypertro-
phic obstructive cardiomyopathy, and subaortic stenosis. 
CT can depict the morphology of the valve and can also 
provide information about the presence of stenosis and 
regurgitation when viewed in cine mode  [  13  ] . See 
Fig.  13.5 .   

    13.1.5   Subaortic Stenosis in Adults 

 Subaortic stenosis is considered an acquired (rather than 
congenital) cardiac defect of postnatal development since it 

does not appear during embryologic development of the 
heart and occurs very infrequently in the neonatal period. 
The prevalence is approximately 6.5 % for all adults with 
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  Fig. 13.4    Panel    ( a ) is an example of a unicuspid aortic valve resulting 
in symptomatic aortic stenosis in a middle-aged adult. This computed 
tomography angiogram shows a unicommissural ( arrow ) unicuspid 
valve. Note the circular, small valve opening in systole in the center of 
the image (Panel a was generously provided by Dr Jeffry M Schussler, 
Baylor University Medical Center). Panel ( b ) is an axial, oblique multi-

planar reconstruction illustrating the fused lea fl ets typical for a unicus-
pid aortic valve. Panel ( b ) points to a coexisting sinus of Valsalva 
aneurysm ( black arrow ).  RVOT  right ventricular out fl ow tract,  RA  right 
atrium,  LA  left atrium,  LV  left ventricle (Panel ( b ) is reproduced from 
Dandes  [  35  ] . With kind permission of Springer-Verlag, Berlin 
Heidelberg)       

RVOT
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AV

  Fig. 13.5    Quadricuspid aortic valve. An oblique axial slice in diastole 
shows four valve lea fl ets (two equal-sized large and two equal-sized 
smaller valve lea fl ets) with mild thickening and incomplete coaptation 
and central aortic insuf fi ciency indicated by the circular contrast den-
sity centered in the valve ori fi ce (labeled AV) during diastole.  LA  left 
atrium,  RA  right atrium,  RVOT  right ventricular outfl ow tract          
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congenital heart disease and 44 % have other associated con-
genital heart diseases  [  14  ] . It usually presents after the  fi rst 
year of life and causes severe left ventricular out fl ow tract 
obstruction (LVOT) and the development of heart failure 
during the  fi rst year of life. 

 The two most frequently associated defects are ventricu-
lar septal defect and aortic coarctation, but subaortic stenosis 
has also been identi fi ed in the presence of atrial septal defect, 
patent ductus arteriosus, bicuspid aortic valve, and double-
outlet right ventricle. Of interest, the subaortic stenosis is 
often not initially recognized and, in many cases, is not diag-
nosed until years after surgical repair of the associated car-
diac malformation. 

 Subaortic stenosis is classi fi ed into short-segment (more 
common) and long-segment obstruction  [  15  ] . Short-segment 
obstruction is de fi ned as subaortic stenosis with a length of 
less than one-third of the aortic valve diameter, while by 
de fi nition, long-segment obstruction has a stenosis length of 
more than one-third of the aortic valve diameter. 
Pathologically, this entity consists of a thin  fi brous ridge or 
membrane in the LVOT. The resulting turbulent  fl ow can 
damage the endothelium and result in  fi brin deposition, 
which can lead to LVOT obstruction. The membrane often 
extends to the anterior lea fl et of the mitral valve and occa-
sionally to the right coronary cusp of the aortic valve. 

 Aortic regurgitation is the most common complication of 
subaortic stenosis, occurring in more than 50 % of patients 
 [  15  ] . Valvular damage due to the high-pressure subvalvular 
systolic jet originating at the level of stenosis appears to be 
the cause  [  16  ] . Severe left ventricular (often asymmetric) 
hypertrophy and dynamic LVOT obstruction can develop 
and may mask the existence of a subaortic membrane. These 
 fi ndings may result in a false diagnosis of hypertrophic 
cardiomyopathy. 

 Early surgical repair of subaortic stenosis has been 
advocated to prevent rapid progression of left out fl ow 
tract obstruction and development of signi fi cant aortic 
regurgitation. However, it can recur after adequate surgi-
cal resection. Reoperation rates vary between 4 and 35 % 
and the incidence of reoperation increases progressively 
with duration of follow-up  [  17,   18  ] . Computed tomogra-
phy (CT) can show the subaortic membrane in the left 
ventricular out fl ow tract and the associated left ventricu-
lar hypertrophy and aortic root and ascending aorta dilata-
tion  [  19  ] . 

 See Fig.  13.6  for an example of subaortic stenosis.   

    13.1.6   Supravalvular Aortic Stenosis 

 Supravalvular aortic stenosis is a rare condition character-
ized by narrowing of the aorta close to its origin from the left 
ventricle. Branch pulmonary stenosis as well as ostial coro-
nary stenosis can be associated  fi ndings. It typically occurs 
in association with Williams syndrome (mental retardation, 
dysmorphic faces, and transient hypercalcemia)  [  20,   21  ] . CT 
demonstrates the presence and extent of the stenosis. 
Associated  fi ndings such as left ventricular myocardial 
hypertrophy and bicuspid aortic valve may also be seen in 
association with this condition  [  22  ] . 

 See Fig.  13.7  for an example of supravalvular aortic stenosis.  

    13.1.6.1   Cardiac Computed Tomography (CT) in 
the Assessment of Left Ventricular 
Out fl ow Tract Abnormalities 

 CT can be a useful noninvasive modality for assessing aortic 
valvular, subaortic, and supravalvular stenosis when 
echocardiography and magnetic resonance do not provide 
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  Fig. 13.6    Short-segment subaortic stenosis in a 65-year-old male, who 
initially was diagnosed with hypertrophic cardiomyopathy with left 
ventricular out fl ow tract obstruction. Panels ( a ) and ( b ) are two refor-
matted CT scans showing a subaortic membrane ( arrow ) extending to 

the base of the anterior lea fl et of the mitral valve (panel b). Note the 
dilation of the aorta and the left ventricular hypertrophy.  LV  left ventri-
cle,  LA  left atrium,  Ao  aorta       
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suf fi cient data. CT assessments should include evaluation of 
(a) the anatomy, size, and function of the aortic valve; (b) 
the presence, site, morphology, and size of subaortic and or 
supra-aortic obstruction; (c) the size of the aortic root and 
ascending aorta; (d) the size, wall thickness, and systolic 
function of the left ventricle; (e) the morphology and size of 
the left atrium; (f) the anatomy of the coronary arteries; and 
(g) coexisting anomalies. Following corrective interven-
tions, cardiac CT can be used to exclude or con fi rm the 
recurrence of obstruction. The signi fi cant drawback of car-
diac CT is its inability to measure pressure gradients across 
the stenotic lesions.    

    13.2   Hypoplastic Left Heart Syndrome 

    13.2.1   De fi nition 

 Hypoplastic left heart syndrome encompasses a spectrum of 
cardiac malformations characterized by hypoplasia of the 
left ventricle and ascending aorta and hypoplasia or atresia 
of the mitral and/or aortic valve  [  23  ] . The great vessels are 
normally aligned. 

 Hypoplastic left heart syndrome accounts for 2–3 % of 
all congenital heart diseases with an incidence of 2 in 
10,000 live births  [  24  ] . It is twice as frequent in boys as in 
girls  [  24  ] .  

    13.2.2   Morphology and Patterns of Blood Flow 

 In this syndrome, pulmonary venous blood enters the left 
atrium but cannot cross the atretic or stenotic mitral valve 
to enter the hypoplastic left ventricle (Fig.  13.8 ). The 
result is that left atrial blood is shunted across a defect in 
the atrial septum into the right atrium  [  24  ] . Most often the 
defect is highly restrictive (pinhole size), but it can be 
large and nonrestrictive. Restrictive  fl ow in combination 
with obstruction at the mitral valve leads to venous pul-
monary out fl ow obstruction and congestive heart failure. 
At the severe end of the spectrum encompassing aortic 
and mitral atresia, blood enters the aorta via retrograde 
 fl ow through a patent ductus arteriosus (Fig.  13.10 ). At 
the milder end of the spectrum with aortic or mitral valve 
stenosis (not atresia),  fl ow may enter the aorta through 
both the stenotic valve and a patent ductus arteriosus  [  23  ]  
(Fig.  13.9 ).  

 Associated anomalies include pre- and postductal coarc-
tation of the aorta, transposition of the great arteries, patent 

LV

  Fig. 13.7    Williams    syndrome with supra-aortic stenosis. Panel ( a ) is a 
coronal volumetric reconstruction demonstrating stricture ( white arrows ) 
of the ascending aorta.  Black arrow     aortic valve  LV  left ventricle 
(Reproduced from Dillman and Hernandez  [  36  ] . With kind permission 
of American Roentgen Ray Society, Leesburg, VA)       
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  Fig. 13.8    Schematic drawing of the hypoplastic left heart syndrome. 
The left ventricle is severely underdeveloped, and the aortic and mitral 
valves are hypoplastic or atretic and cannot allow suf fi cient blood  fl ow. 
The aorta is also small and underdeveloped. Blood returns from the 
lungs to the left atrium and then  fl ows through an atrial septal defect 
( arrow ) to the right side of the heart. Blood enters the aorta via retro-
grade  fl ow through a patent ductus arteriosus ( PDA ).  LV  hypoplastic 
left ventricle,  Ao  hypoplastic aorta,  RV  right ventricle        
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ductus arteriosus, ventricular septal defect, atrial isomerism, 
and total anomalous pulmonary venous drainage  [  24,   25  ] .  

    13.2.3   Prognosis 

 Hypoplastic left heart syndrome is virtually fatal if untreated. 
Despite improvements in surgical management, the medium 
survival time is 75, 70, and 65 % at 1, 5, and 10 years, respec-
tively. However, there are an increasing number of subjects 
born with hypoplastic left heart syndrome who are entering 
adulthood  [  26  ] .  

    13.2.4   Surgery 

 Therapeutic options include multistage reconstructive sur-
gery based on a single-ventricle physiology, cardiac trans-
plantation, and occasionally biventricular repair, which can 
be performed in subjects with less severe forms of hypoplas-
tic left heart syndrome  [  27–  29  ] .  

 The multistage surgical approach consists of a series of 
three operations: the Norwood procedure (stage I), the hemi-
Fontan or bidirectional Glenn procedure (stage II), and the 
Fontan procedure (stage III). These procedures are discussed 
in depth in Chap.   25    . Orthotopic heart transplantation provides 
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  Fig. 13.9    Hypoplastic left heart syndrome in a 2-day-old neonate with 
mitral and aortic stenosis, the milder end of spectrum. Panel ( a ), a four-
chamber view, and panel ( b ), a two-chamber view, showing the small 
left ventricle ( LV ) and enlarged right atrium ( RA ) and right ventricle 
( RV ). Panel ( c ) is an oblique sagittal reconstruction showing a very 

small ascending and transverse aorta ( arrows ). Note that the ascending 
aorta is smaller than the right pulmonary artery ( arrowhead ) next to it. 
 LA  left atrium (Images courtesy of Anthony M. Hlavacek, M.D., 
Medical University South Carolina)       
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an alternative therapy with results similar to those of the 
staged surgical palliation. 

 The goal of the three-stage surgical approach is to isolate 
the hypoplastic left ventricle from the circulation and to 
make the right ventricle the systemic pumping chamber (i.e., 
create a univentricular heart physiology)  [  26  ] . In stage I, per-
formed in the neonate, the Norwood procedure traditionally 
consists of an atrial septectomy, Blalock–Taussig shunt, and 
an end-to-side anastomosis of the main pulmonary artery to 
the ascending aorta creating a “neoaorta” (Fig.  13.10 )  
[  27,   30,   31  ] . The second stage is a bidirectional cavopulmonary 
shunt (hemi-Fontan or bidirectional Glenn procedure) is usu-
ally performed at the age of 4–6 months when pulmonary 
arterial resistance has fallen to normal levels. The third stage 
consists of the creation of a Fontan circulation to direct blood 
from the inferior vena cava to the right pulmonary artery and 
is usually performed when the patient is 3–5 years of age 

 [  32,   33  ] . These surgical approaches are described in more 
detail in Part 7.  

 Complications of the corrective procedures include 
obstruction of the surgically constructed conduits, conges-
tive heart failure, and arrhythmias. 

    13.2.4.1   Cardiac Computed Tomography (CT) in 
the Evaluation of Hypoplastic Left Heart 
Syndrome 

 The long-term outcome in hypoplastic left heart syndrome 
remains to be determined. However, an increasing number of 
subjects will reach adolescence and adulthood after the 
Fontan procedure. CT is not performed for diagnosis of hyp-
oplastic left heart syndrome. However, it is used for evalua-
tion of postoperative complications  [  34  ] . In adults, CT is 
especially useful to assess complications associated with 
Fontan circulation, described in Part 7   .        
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  Fig. 13.10    Hypoplastic left heart syndrome in a 3-day-old neonate 
with mitral and aortic atresia, the severe end of the spectrum. Panel ( a ) 
is a four-chamber computed tomogram (CT) showing the severely hyp-
oplastic left ventricle ( LV ) and a large right atrium ( RA ) and right ven-

tricle ( RV ). Panel ( b ) is a volume-rendered sagittal CT showing the 
extreme hypoplasia of the ascending aorta ( arrows ).  LA  left atrium 
(Images courtesy of Anthony M. Hlavacek, M.D., Medical University 
South Carolina)       
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    14.1   Pulmonary Valve Abnormalities 

 Congenital pulmonary valve abnormalities encompass a 
spectrum of anomalies that result in right ventricular out fl ow 
tract (RVOT) obstruction. Based on the level of obstruction, 
there are three possible variants: (a) valvular, (b) subvalvular 
(infundibular stenosis), and (c) supravalvular. 

    14.1.1   Valvular Pulmonary Stenosis 

 Valvular pulmonary stenosis refers to a congenital narrowing 
at the level of the pulmonary valve. It is the most common 
cause of RVOT obstruction, accounting for 7–12 % of all 
congenital heart diseases  [  1  ] . 

 Morphologic features of the stenotic pulmonary valve 
vary and include (a) the dome-shaped valve and (b) the 
dysplastic myxomatous valve. The most common mor-
phology is the dome-shaped, tricuspid pulmonary valve 
with thickened, fused commissures, a narrow central 
opening (pinhole to several millimeters), preserved lea fl et 
mobility, and poststenotic dilatation of the pulmonary 
artery. The valve annulus is usually abnormal and lacks 
 fi brous support. The dome-like appearance results from 
protrusion of the fused valve lea fl ets into the pulmonary 
artery  [  2  ] . The main pulmonary artery is dilated in almost 
all cases, related to a high-velocity jet across the stenotic 
valve (Fig.  14.1 ). Relatively uncommon variants of valvu-
lar stenosis include unicommissural, bicuspid, and quadri-
cuspid valves (Figs.  14.2  and  14.3 ).    

 Pulmonary valve dysplasia is characterized by thickened, 
redundant valvular lea fl ets, minimal or no commissural 
fusion, poor or absent lea fl et mobility, and lack of post-
stenotic dilatation of the pulmonary artery. The obstruction 
is related to myxomatous replacement of the valve cusps and 
hypoplasia of the pulmonary valve ring. 

 The stenotic (dome-shaped or dysplastic) pulmonary 
valve may be an isolated lesion, although it is often associ-
ated with peripheral pulmonary stenosis, ventricular and 

atrial septal defects, tetralogy of Fallot, and Noonan syn-
drome (phenotypically Turner syndrome and genotypically 
XX or XY)  [  3  ] . Noonan patients with  PTPN11  mutations are 
more likely to have pulmonary valve stenosis than those 
without this mutation  [  3  ] . 

 The hemodynamic consequence of pulmonic stenosis is 
proportional to the severity of the obstruction. Patients with 
moderate pulmonic stenosis are often detected in infancy and 
childhood, but they may be asymptomatic until adulthood. 
Eventually, the valvular obstruction induces changes in the 
right ventricle muscle, which hypertrophies, especially in the 
infundibular region, leading to ventricular dilatation, systolic 
dysfunction, and right-sided heart failure. Symptoms then 
include fatigue, dyspnea on exertion, cyanosis, and right 
heart failure. Progression of moderate pulmonary stenosis is 
not uncommon; mild pulmonary stenosis is rarely progres-
sive  [  2  ] . 

 Surgical intervention is necessary in symptomatic patients. 
Percutaneous balloon pulmonary valvotomy is widely used 
in the dome-shaped stenotic pulmonary valve. Recently, per-
cutaneous valve replacement has been used in patients with 
dome-shaped stenotic valves  [  1  ] . Surgery is preferred in 
patients with dysplastic pulmonary valves and also in those 
with complications of pulmonary regurgitation, subvalvular 
stenosis, and severe tricuspid regurgitation  [  3  ] . The surgical 
approach includes a partial or total valvotomy, a transannular 
patch, and valve replacement. The latter is performed when 
there is signi fi cant valvular regurgitation. In addition, pul-
monary homograft replacement may be needed. After inter-
ventions, patients should be followed for residual RVOT 
obstruction, pulmonary valve regurgitation, right ventricular 
dilatation and systolic dysfunction, and tricuspid valve regur-
gitation  [  2,   3  ] .  

    14.1.2   Infundibular or Subvalvular Stenosis 

 Infundibular stenosis refers to obstruction at the level of 
the right ventricular infundibulum within the body of the 
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ventricle, as opposed to obstruction at the pulmonary 
valve, pulmonary artery, or its branches (Fig.  14.4 ). 
Primary infundibular stenosis is a rare cardiac malforma-
tion accounting for a small minority of RVOT 
obstruction.  

 There are two forms of infundibular stenosis. The  fi rst type 
is associated with a thickened muscular/ fi brous infundibulum 
that narrows the right ventricular outlet. The narrowed area 

may be short or long and may be located immediately below 
the pulmonary valve or lower in the out fl ow tract. The second 
type is associated with stenosis of the infundibulum due to a 
 fi brous or muscle band at the junction of the main cavity of 
the right ventricle and the infundibulum. The band divides the 
cavity into a high-pressure proximal and low-pressure distal 
chamber. This is referred to as a “double-chambered right 
ventricle”  [  3  ] . 
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  Fig. 14.1    Valvular pulmonary stenosis. Panel ( a ) is an axial computed 
tomogram (CT) showing a trilea fl et pulmonary valve with thickened 
commissures and a small central ori fi ce ( arrow ). Panel ( b ) is a CT at a 
different anatomic level showing the stenotic pulmonary valve ori fi ce 
( asterisk ). Panel ( c ) depicts a coronal reformatted view showing the 

thickened and domed pulmonic valve ( PV ) and compensatory right ven-
tricular ( RV ) hypertrophy with narrowing of the right ventricular out fl ow 
tract ( RVOT ). Panel ( d ) is an axial CT at a higher anatomic plane show-
ing the dilated main ( MPA ) and left pulmonary ( LPA ) arteries.  RPA  right 
pulmonary artery,  SVC  superior vena cava,  Ao  aorta,  RA  right atrium       

 



13314.1 Pulmonary Valve Abnormalities

 The anomalous muscle bundle may be an anomalous 
septoparietal band, anomalous apical shelf, or abnormal 
moderator band  [  1  ] . It typically extends between the 
interventricular septum (in the area of septomarginal tra-
beculation) and the anterior wall of the right ventricle 
and may take a diagonal or horizontal course through the 
ventricle  [  4  ] . Double-chambered right ventricles are rare, 

accounting for 1 % of congenital heart diseases  [  4  ] . 
Infundibular muscular obstruction is associated with ven-
tricular septal defect, atrial septal defect, valvular pulmo-
nary stenosis, tetralogy of Fallot, and double-outlet right 
ventricle  [  3  ] . 

 The hemodynamic consequence of the obstruction is 
 elevated pressure within the right ventricular cavity. This 
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  Fig. 14.2    Bicuspid pulmonary valve. Panel ( a ) is an axial scan show-
ing a pulmonic valve with two asymmetric cusps. The  arrow  points to 
the raphe between the two cusps. Panel ( b ) is a volume-rendered recon-

struction showing the dilated main ( M ) and left ( L ) pulmonary arteries. 
For comparison, the right pulmonary artery ( arrow ) is of normal size       
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  Fig. 14.3    Quadricuspid pulmonic    valve. An axial scan showing four 
pulmonary valve lea fl ets of equal size with commissural thickening and 
incomplete coaptation centrally ( arrow ).  Ao  aorta,  LA  left atrium       
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  Fig. 14.4    Subinfundibular pulmonary stenosis. Here is a reformatted 
image showing a narrowed infundibulum ( white arrows ). The pulmonic 
valve ( black arrow ) and main pulmonary artery ( MPA ) are normal.  RV  
right ventricle       
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high pressure is limited to the portion proximal or the 
infundibulum. Lower or even normal pressures are present 
beyond the obstruction site. RVOT obstruction usually pro-
gresses over time. Long-term complications include com-
pensatory right ventricle hypertrophy with elevated 
end-diastolic pressures, elevated right atrial pressure and 
dilatation, and eventually right-sided heart failure. Complete 
or partial spontaneous closure of an associated ventricular 
septal defect may worsen the RVOT obstruction  [  3  ] . Most 
patients are diagnosed during childhood or adolescence and 
undergo surgical repair. However, unrepaired subinfundibu-
lar stenosis has been reported in adults  [  5–  7  ] . 

 Nonmuscular causes of infundibular obstruction are rare 
and include a prominent or displaced tricuspid valve,  fi brous 
tags arising in the inferior vena cava or coronary sinus, sinus 
of Valsalva aneurysm, and aneurysm of the membranous 
portion of the interventricular septum  [  8–  12  ] . 

 Surgical intervention is considered in patients who are 
symptomatic or who have high-pressure gradients across the 
obstruction. Treatment of muscle bands involves resection of 
the muscle bundles and repair of associated lesions. Most 
patients do well after surgery and recurrence of obstruction 
is rare  [  13,   14  ] . Interventions for other subinfundibular 
obstructions include percutaneous balloon dilatation, stent-
ing, and percutaneous alcohol ablation  [  15–  17  ] .  

    14.1.3   Supravalvular Stenosis 

 Supravalvular stenosis refers to obstruction at the level 
of the main, major, or peripheral pulmonary arteries 
 [  3  ] . Supravalvular stenosis is a rare abnormality that 
occurs in 2–3 % of patients with congenital heart disease 
(Fig.  14.5 ).  

 Supravalvular stenosis can involve the trunk, main, or 
peripheral pulmonary arteries. It can be isolated or involve 
multiple areas in one or both lungs  [  3,   18–  20  ] . Based on the 
location, stenoses may be divided into four types. Type I is 
characterized by a single central stenosis (main, right, or left 
pulmonary artery). In type II, the stenosis is located at the 
bifurcation of the pulmonary arterial trunk, extending to the 
origins of the right and left pulmonary arteries. The type III 
stenoses are peripheral only. In type IV, there is combined 
central and peripheral stenoses  [  18  ] . Type I pulmonary supra-
valvular stenosis with central stenosis is most often associ-
ated with dilatation of the poststenotic portion of pulmonary. 
Poststenotic dilatation, if it occurs, is minimal in type II 
obstruction and is absent in type III stenosis. Most supraval-
vular stenoses are due to intimal or muscular proliferation 
but may be also produced by a pulmonary artery membrane 
or aneurysm  [  1  ] . 

 A hemodynamically signi fi cant lesion is de fi ned as  ³ 50 % 
diameter narrowing. In general, adults are asymptomatic 
unless they have high right ventricular pressures or associ-
ated cardiac disease. They may come to clinical attention 
because of a murmur, or they may be referred for computed 
tomographic angiography of a dilated main pulmonary artery 
found on a plain radiography  [  3  ] . Symptoms can mimic those 
of pulmonary thromboembolic disease and include fatigue 
and dyspnea. 

 Supravalvular stenosis is frequently associated with 
Noonan syndrome, Williams syndrome, tetralogy of Fallot, 
trisomy 21 syndrome, and Ehlers–Danlos syndrome and may 
be detected incidentally during evaluation of these condi-
tions. These lesions, particularly peripheral stenoses, may be 
progressive. 

 Treatment of hemodynamically signi fi cant focal main, 
branch, or peripheral pulmonary artery stenoses is usually 
performed by balloon angioplasty. Patients with main or 
bifurcation stenoses who are not candidates for percutaneous 
intervention or who fail percutaneous angioplasty may 
require surgical dilatation or resection of the stenotic area to 
relieve right ventricular hypertension. Peripheral stenotic 
segments are usually not amenable to surgical intervention 
 [  3  ] . Recurrence of stenosis is not uncommon, particularly in 
peripherally stenotic lesions  [  3  ] .  
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  Fig. 14.5    Supravalvular pulmonary stenosis in a patient with Williams 
syndrome. The patient had prior surgery for repair of a stenotic bicuspid 
aortic valve. This sagittal scan shows a narrowing of the main pulmo-
nary artery ( black arrow s) above the level of the pulmonic valve ( white 
arrow ). Left ventricular hypertrophy is related to recurrence of aortic 
valve stenosis       
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    14.1.4   Cardiac Computed Tomography (CT) 
in the Evaluation of Pulmonary Valve 
Abnormalities 

 CT can be a useful noninvasive modality when echocardiog-
raphy and magnetic resonance do not provide suf fi cient data. 
It is especially useful for assessment of peripheral pulmo-
nary artery stenosis  [  3,   21,   22  ] . CT  fi ndings of pulmonary 
valve obstruction include a narrowed or stenotic segment 
with or without poststenotic dilatation of the distal arterial 
segments, a jet of contrast material extending across a nar-
rowed segment, and right ventricular hypertrophy. The ele-
vated right ventricular pressure and volume may cause 
bowing of the interventricular septum to the left. 

 In valvular pulmonic stenosis, the main and left pulmo-
nary arteries are dilated (see Figs.  14.1  panel d and  14.2  
panel b). The turbulent jet across the valve extends preferen-
tially into the main and left pulmonary arteries, sparing the 
right pulmonary artery. Poststenotic dilatation is less com-
mon with dysplastic valves than it is with the dome-shaped 
mobile pulmonic valves. Cine images may show decreased 
mobility of the valve lea fl ets. 

 CT assessments should include evaluation of (a) the mor-
phology, wall thickness, size, and systolic function of right 
ventricle; (b) the morphology and size of the right atrium; (c) 
the morphology, size, and function of the pulmonary valve, 
including the systolic ori fi ce area, and the presence of associ-
ated pulmonary valvular regurgitation; (d) the presence, site, 
morphology, and size of infundibular and subinfundibular 
obstruction; (e) the presence, size, morphology, and site of pul-
monary artery obstruction; (f) the anatomy, size, and function 
of the tricuspid valve; and (g) coexisting anomalies. See 
Table  14.1 . CT may also depict bronchial compression by the 
dilated pulmonary arteries, which cannot be demonstrated by 
echocardiography. In addition, rare complications such as com-
pression of contiguous cardiac structures including compres-
sion of left main coronary artery may be detected with CT  [  3  ] .  

 Following interventions, cardiac CT can be used to 
exclude or con fi rm recurrent obstruction. The major limita-
tion of cardiac CT is its inability to measure pressure gradi-
ents across the stenotic lesions.   

    14.2   Pulmonary Atresia with Intact 
Ventricular Septum 

    14.2.1   De fi nition 

 Pulmonary atresia with intact ventricular septum is a rare 
congenital heart anomaly characterized by an atretic pulmo-
nary valve, variable degrees of right ventricular and tricuspid 
valve hypoplasia, and coronary artery anomalies  [  23  ] . 

 This anomaly accounts for 3 % of congenital heart defects 
with an incidence of 0.08 per 1,000 live births  [  24  ] . Despite 
the low prevalence, it is not an uncommon cause of cyanotic 
heart diseases in neonates.  

    14.2.2   Morphology 

 In this disorder, right ventricular morphology may vary. In 
its most mild form, there is a mildly hypoplastic chamber 
with a well-formed infundibulum and imperforate tricom-
missural pulmonary valve. As the severity progresses, a 
moderately hypoplastic chamber to a severely hypoplastic 
chamber with a narrowed or atretic infundibulum may be 
seen. Finally, a dysplastic pulmonary valve and ventriculo-
coronary artery connections may occur  [  25  ] . See Figs.  14.6  
and  14.7 . In addition, the tricuspid valve is dysplastic and 
demonstrates a spectrum of abnormalities, ranging from 
severe stenosis to severe regurgitation  [  26  ]    

 The diminutive, hypertrophic right ventricle often exhib-
its diffuse  fi broelastosis  [  27,   28  ] . Ebstein anomaly coexists 
in 10 % of cases  [  26  ] . Furthermore, there is an obligatory 
right-to-left atrial shunt (via a patent foramen ovale or atrial 
septal defect). Pulmonary blood  fl ow usually depends on a 
patent ductus arteriosus. Aortopulmonary collaterals origi-
nating from the thoracic aorta are rarely seen. The main, 
right, and left pulmonary arteries are usually small but rarely 
are atretic (Fig.  14.8 ).  

 The right atrium is usually enlarged. Left-sided volume 
overload from right-to-left atrial shunting can result in left 
atrial and left ventricular enlargement. Distortion of the 
interventricular septum and right ventricular hypertrophy 
may cause left ventricular out fl ow tract obstruction. Right 
ventricle-to-coronary artery  fi stulas (sinusoids), with or 
without stenosis, atresia, or ectasia, occur in nearly 50 % of 
patients at birth  [  25  ] .  

   Table 14.1    Evaluation of right ventricular out fl ow tract obstruction 
with computed tomography   

 Morphology, hypertrophy, size, and systolic function of right 
ventricle 
 Morphology and size of right atrium 
 Morphology, size, and function of pulmonic valve, including the 
systolic ori fi ce area, and the presence of valvular regurgitation 
 Presence, size, morphology, and site of infundibular or subinfundib-
ular obstruction 
 Presence, size, morphology, and site of pulmonary artery(ies) 
obstruction 
 Anatomy, size, and function of tricuspid valve 
 Coexisting anomalies 
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    14.2.3   Clinical Findings 

 Patients present in the neonatal period with cyanosis. Early 
survival depends on ductal patency until surgical repair 
can be performed to establish adequate pulmonary blood 
 fl ow. Patients who have not undergone early surgical repair 
and have a patent ductus arteriosus may present as adults 
with dyspnea and mild central cyanosis  [  29,   30  ] . Surgically 
treated patients can present later in life with complications 
related to surgery  [  31,   32  ]  and/or with sudden death, 
angina, and/or arrhythmias related to poor myocardial per-
fusion  [  26,   33  ] .  

    14.2.4   Surgical Repairs 

 A palliative systemic-to-pulmonary artery shunt is done 
early in the neonatal period to establish an adequate source 
of pulmonary blood  fl ow. The choice of subsequent de fi nitive 
repair depends on the size and morphology of the right ven-
tricle and tricuspid valve as well as the presence and extent 
of ventriculocoronary artery sinusoids (right-ventricular-
dependent coronary circulation). The surgical options 
include biventricular, one-and-a-half-ventricle, and univen-

tricular approaches  [  34  ] . Patients with the Ebstein-like vari-
ant may require tricuspid valve repair or conversion to 
tricuspid atresia physiology  [  35  ] . Patients with severe right 
ventricle-to-coronary artery sinusoids may need cardiac 
transplantation  [  36  ] . 

 The biventricular repair approach is utilized if there is 
mild right ventricular and tricuspid valve hypoplasia with-
out ventriculocoronary connections and without right 
 ventricular out fl ow tract obstruction; a patch graft enlarge-
ment of the out fl ow tract and a surgical valvotomy (or, more 
recently, transcatheter perforation of the pulmonary valve) 
are performed. Controversy exists regarding the ef fi cacy 
and safety of transcatheter valvotomy  [  36  ] . Procedure-
related complications are not uncommon with this repair, 
with the mortality reaching 6 %. In addition, a substantial 
proportion of patients who undergo catheter valvotomy will 
need additional systemic-to-pulmonary shunts  [  37  ] . 
Pulmonary valvotomy is not performed in patients with 
right-ventricular-dependent coronary circulation since it can 
cause  fl ow reversal in the ventriculocoronary sinusoids 
( coronary steal-like phenomenon), leading to myocardial 
ischemic injury. 

    The one-and-a-half-ventricle approach is applied when 
there is moderate to severe right ventricular and tricuspid 
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  Fig. 14.6    Pulmonary atresia with intact ventricular septum in a 
32-year-old man with ventriculocoronary connections who under-
went a Fontan procedure. Panel ( a ) is an axial computed tomogram 
(CT) showing the absence of the main pulmonary artery and slightly 
diminutive right and left pulmonary arteries ( arrows ). Panel ( b ) is an 

axial CT at a more caudal plane demonstrating a severely hypoplastic 
right ventricle ( RV ) and the Fontan conduit ( arrow ). For comparison, 
the left ventricle ( LV ) is normal in size.  Ao  aorta,  LA  left atrium,  RA  
right atrium       
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valve hypoplasia without ventriculocoronary connections; 
right ventricular out fl ow tract reconstruction and surgical or 
percutaneous valvotomy with bidirectional cavopulmonary 
anastomosis is performed  [  36  ] . An atrial septostomy may be 
needed to decompress the right atrium  [  38  ] . 

 Finally, the univentricular approach is undertaken if the 
right ventricle and tricuspid valve are severely hypoplastic 
with ventriculocoronary connections and right-ventricular-
dependent coronary circulation; a univentricular Fontan 
repair is needed to provide blood  fl ow to the pulmonary 
arteries. Balloon arterial septostomy is usually performed as 
well  [  34  ] .  

    14.2.5   Outcomes and Complications 

 If untreated, pulmonary atresia with intact ventricular sep-
tum is associated with poor outcomes. After biventricular 
and one-and-a-half-ventricle repair, patients may develop 
obstruction at the level of the pulmonic valve, right ventricu-
lar out fl ow tract, or pulmonary artery and/or pulmonary 
valve. In addition, tricuspid regurgitation may ensue. After 
the univentricular and one-and-a-half-ventricle repair, 
obstruction of systemic-to-pulmonary connections and 
restriction of the interatrial communication may result. 
Finally, myocardial ischemia may occur and may be related 
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  Fig. 14.7    Pulmonary atresia with intact ventricular septum. This is an 
example of a 40-year-old woman who had undergone right ventricular 
out fl ow tract reconstruction, patch enlargement of the main pulmonary 
artery, and stenting of the right pulmonary artery as a child. Panel ( a ) an 
axial scan showing a calci fi ed pulmonary artery patch graft ( white 
arrow ) and a stent ( black arrow ) in a small proximal right pulmonary 

artery ( R ). The left pulmonary artery ( L ) is normal size. Panels ( b ) (cor-
onal section) and  c  (axial slice) show mild to moderate right ventricle 
( RV ) hypoplasia, normal left ventricle ( LV ) size, and right atrial ( RA ) 
enlargement. The streaks in the superior vena cava ( SVC ) are  fl ow arti-
facts.  LA  left atrium,  Ao  aorta       
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to coronary artery anomalies  [  34  ] . Left, right, or biventricu-
lar dilatation and systolic dysfunction are also seen after 
these repairs. See Table  14.2 .   

    14.2.6   Cardiac Computed Tomography (CT) 
in the Evaluation of Pulmonary Atresia 
with Intact Ventricular Septum 

 CT is a noninvasive modality for assessing patients with 
pulmonary atresia and intact ventricular septum when the 
echocardiographic and cardiac magnetic resonance evalu-
ations are not diagnostic. CT assessment should include 
the evaluation of (a) the morphology, thickness, size, and 
systolic function of the ventricles; (b) the morphology and 
size of the atria and pulmonary arteries; (c) the presence 

and extent of residual pulmonary valve and right ventricu-
lar out fl ow tract obstruction especially after biventricular 
and one-and-a-half-ventricle repair; (d) the anatomy 
and function of the cardiac valves, especially the presence 
of pulmonary and tricuspid valve regurgitation after 
 biventricular and one-and-a-half-ventricle repair; (e) the 
 presence and patency of systemic-to-pulmonary connec-
tions; (f) the presence and magnitude of coronary artery 
anomalies including coronary artery  fi stulas, stenoses, 
ectasia, and interruptions; (g) the presence of residual 
intracardiac connections; and (h) coexisting anomalies. 
See Table  14.3 .    

    14.3   Pulmonary Atresia with Ventricular 
Septal Defect 

    14.3.1   De fi nition 

 Pulmonary atresia with ventricular septal defect (PA–VSD) 
is a heterogeneous malformation characterized by absence of 
luminal continuity between the right ventricle and pulmo-
nary artery and a ventricular septal defect  [  39  ] . This anomaly 
has also been referred to as “pseudotruncus arteriosus” and 
“truncus arteriosus type 4.” PA–VSD accounts for 2 % of 
congenital heart diseases with an incidence of 0.07 per 1,000 
live births  [  40  ] . It is one of the common causes of cyanosis 
and hypoxemia in neonates  [  41,   42  ] .  

    14.3.2   Morphology 

 In all cases of PA–VSD, there is absence of continuity 
between the right ventricle and pulmonary circulation. The 
central pulmonary arteries may be hypoplastic or absent, and 
the right and left pulmonary artery may communicate with 
each other (con fl uent pulmonary arteries) or may not 
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  Fig. 14.8    Pulmonary atresia with intact ventricular septum. This coro-
nal reconstruction shows small main ( PA ) as well as small right and left 
pulmonary arteries ( arrows ).  Ao  aorta       

   Table 14.2    Postoperative complications after corrective procedures 
for pulmonary atresia with intact ventricular septum   

 Left/right ventricular dilatation and systolic dysfunction 
 Obstruction at pulmonary valve, right ventricular out fl ow tract, and/
or pulmonary artery(ies) 
 Pulmonary valve regurgitation 
 Tricuspid regurgitation 
 Obstruction of systemic-to-pulmonary connections 
 Coronary artery anomalies including coronary artery  fi stulas 
(especially to the right ventricle), stenoses, ectasia, and interruptions 
 Restriction of atrial connection, if present 
 Residual intracardiac connections 

   Table 14.3    The computed tomography assessment of pulmonary 
 atresia with intact ventricular septum   

 Morphology, size, and systolic function of both ventricles 
 Morphology and size of atria 
 Presence and extent of residual pulmonary valve and right ventricu-
lar out fl ow tract obstruction 
 Anatomy and function of cardiac valves, including the size and 
presence of regurgitation of pulmonary and tricuspid valve 
 Presence and direction of interatrial shunts 
 Presence, patency, and direction of systemic-to-pulmonary 
connections 
 Presence and magnitude of coronary artery anomalies including 
coronary artery  fi stulas (especially to the right ventricle), stenosis, 
ectasia, and interruptions 
 Coexisting anomalies 
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 communicate (noncon fl uent arteries) (Figs.  14.9  and  14.10 ) 
 [  39  ] . The blood supply to the lungs originates from a patent 
ductus arteriosus (PDA) and/or major aortopulmonary col-
lateral arteries (MAPCAs).   

 Based on the morphology of the pulmonary circulation, 
PA–VSD is classi fi ed into three types. In type A, the native 
pulmonary arteries are present and are supplied by a patent 
ductus arteriosus (Fig.  14.11 ). There are no MAPCAs. In type 
B, the pulmonary blood  fl ow is supplied by both native pulmo-

nary arteries and MAPCAs (Fig.  14.12 ). In type C, the native 
pulmonary arteries are absent and the pulmonary circulation is 
only supplied by MAPCAs (Figs.  14.13  and  14.18 )  [  43  ] .    

RPA

LPA

DA

RV

b

RPA LPA

a

DA

SVC
RV

  Fig. 14.9    Pulmonary atresia with ventricular septal defect in two 
adults. Panel ( a ) is an axial reconstruction and panel ( b ) is a volume-
rendered reformat. Each panel shows con fl uent pulmonary arteries 
( arrow ).  RPA  right pulmonary artery,  LPA  left pulmonary artery,  DA  
descending aorta,  RV  right ventricle       
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  Fig. 14.10    Pulmonary atresia with ventricular septal defect. This 
oblique, axial image shows noncon fl uent right and left pulmonary arter-
ies. The  arrow  points to the area of noncon fl uence.  RPA  right pulmo-
nary artery,  LPA  left pulmonary artery       
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  Fig. 14.11    An example of type A pulmonary atresia with ventricular 
septal defect. Volume-rendered image shows con fl uent pulmonary 
arteries supplied by a patent ductus arteriosus ( arrow ) without major 
aortopulmonary collateral arteries. The pulmonary arteries are of ade-
quate size.  R  right pulmonary artery,  L  left pulmonary artery       

  

 



140 14 Right Ventricular Out fl ow Tract Obstruction
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  Fig. 14.12    Type B pulmonary atresia with ventricular septal defect. A 
40-year-old woman who underwent placement of a Waterston shunt at 
age 7 years and no additional surgical procedures. Panel ( a ) an axial 
computed tomography (CT) view shows separate branches of the left 
( L ) and right ( R ) pulmonary arteries supplying the lungs. There are also 

hilar major aortopulmonary collateral vessels (MAPCAs) ( arrows ). 
Also note a right-sided aorta ( Ao ). The  arrowhead  denotes the Waterston 
shunt from the ascending aorta to the right pulmonary artery. Panel ( b ) 
an axial CT in a more superior plane shows a large left aortopulmonary 
collateral (MAPCA) ( arrow ) arising from a right-sided aorta ( Ao )       
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  Fig. 14.13    Type C pulmonary atresia with ventricular septal defect. 
An 18-year-old man who underwent a Blalock–Taussig shunt at age 
3 years and no additional surgery. Panel ( a ) an axial CT shows multiple 
large aortopulmonary collaterals (MAPCAs) ( arrows ) and an enlarged 
ascending aorta ( AAo ). Panel ( b ) an oblique, sagittal view shows the 

entire pulmonary  fl ow supplied by large major aortopulmonary collat-
eral arteries (MAPCAs) ( arrows ) from the descending aorta ( Dao ). No 
native pulmonary arteries are seen. Again note the dilated ascending 
aorta ( Aao ).  S  superior vena cava       
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 MAPCAs represent fetal primitive intersegmental arteries 
that have failed to involute. They usually originate from the 
descending aorta and less often from the aortic arch, and they 
connect the systemic circulation to the native pulmonary 
arteries in the mediastinum or at the hilar, lobar, or segmental 
levels (Figs.  14.12 ,  14.13 , and  14.14 ). Rarely, the bronchial, 
subclavian, internal mammary, intercostal, carotid, and/or 
coronary arteries will perfuse the pulmonary arteries. 
MAPCAs differ from bronchial arteries in several ways  [  44  ] . 
MAPCAs do not branch in the mediastinum, whereas bron-
chial arteries provide mediastinal branches. MAPCAs may 
follow the bronchi but do not supply branches to the bronchi. 
Unlike bronchial arteries, MAPCAs are not connected to 
intercostal arteries. Finally, MAPCAs have an elastic wall 
structure similar to that of the pulmonary artery or aorta and 
the bronchial arteries do not.  

 Stenosis is common in MAPCAs, particularly at the sites 
of aortic origin and pulmonary anastomoses. These stenoses 
may serve to protect the pulmonary circulation from pulmo-
nary arterial hypertension. When MAPCAs are long stand-
ing, aneurysmal dilatation can occur (Fig.  14.15 ).  

 The patent ductus arteriosus (PDA) serves as a source of 
pulmonary blood  fl ow. When the PDA connects with the 
central pulmonary artery con fl uence, the pulmonary arter-
ies usually are of adequate size and there are no MAPCAs 
(see Fig.  14.11 ). When a PDA connects with only one pul-
monary artery, there may be MAPCAs in the contralateral 
hemithorax. 

 The VSD in PA–VSD is usually the membranous, non-
restrictive type (Fig.  14.16 ). The aorta can be entirely 
connected to the left ventricle or it may override the inter-
ventricular septum.   

    14.3.3   Associated Anomalies 

 Other anomalies associated with PA–VSD include hetero-
taxy, abnormalities of atrioventricular and ventriculoarterial 
connections (double-outlet right ventricle, double-outlet left 
ventricle, and transposition of great arteries), coronary artery 
anomalies (high takeoff of the coronary ostia   ),  fi stula(s) 
between coronary and pulmonary arteries, and aberrant ori-
gin of the right coronary artery from the left coronary sinus 
 [  44  ] . In addition, anomalies of the pulmonary and systemic 
venous systems (partial or total anomalous pulmonary 

DAo

  Fig. 14.14    Major aortopulmonary collateral arteries (MAPCAs). A 
coronal view scan showing a large MAPCA ( arrow ) arising from the 
descending aorta ( Dao ) and connecting to the native pulmonary artery 
in the left hilum       

LPA RPA

*

DAo

  Fig. 14.15    Aneurysmal dilatation    of major aortopulmonary    collateral 
artery (MAPCA) in 28-year-old man with pulmonary atresia with ven-
tricular septal defect. An oblique lateral volume-rendered image dem-
onstrates an aneurysmally dilated MAPCA ( asterisk ) that arises from 
the right brachiocephalic artery to supply the right pulmonary artery 
( RPA ).  LPA  left pulmonary artery,  DAo  descending aorta (Images pro-
vided courtesy of Ramiah Rajeshkannan, Ponekara, India)       
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venous return, left-sided or bilateral superior venae cavae, 
and interrupted inferior vena cava) may accompany PA–VSD. 
Like tetralogy of Fallot with pulmonary stenosis, a right-
sided aortic arch is frequently seen in PA–VSD (up to 25 % 
of cases)  [  45  ] .  

    14.3.4   Clinical Features 

 Newborns with PA–VSD present with cyanosis and hypox-
emia. Adults with palliated or unrepaired PA–VSD may 
present with central cyanosis, progressive dyspnea, and/or 
irreversible pulmonary hypertension due to overperfusion of 
the pulmonary circulation by MAPCAs.  

    14.3.5   Interventions 

 Surgical treatment is largely determined by the pulmonary 
artery morphology and the presence and extent of MAPCAs. 

If the native pulmonary arteries are well developed and there 
are no MAPCAs, palliative procedures (bidirectional Glenn 
shunt, Blalock–Taussig shunt, or Fontan procedure) can be 
performed in infants, and complete repair with a right ventri-
cle-to-pulmonary artery conduit can be performed in older 
children. If there are multiple MAPCAs, a unifocalization 
procedure (connecting all MAPCAs to native pulmonary 
arteries) is needed before the complete repair  [  41  ] . 
Unifocalization is achieved by separating the MAPCAs from 
their systemic origin and joining them to a central pulmonary 
artery con fl uence via either a direct anastomosis or a pros-
thetic graft (Fig.  14.17 ).   

    14.3.6   Outcomes and Complications 

 Long-term survival of patients with PA–VSD is poor if pallia-
tion or repair is not performed  [  46  ] . Without surgical interven-
tions, survival into adulthood is extremely rare and generally 
does not exceed three decades  [  47,   48  ] . The 5-, 10-, 15-, and 
20-year long-term survival in palliated patients (those who only 
underwent systemic-to-pulmonary artery shunts, unifocaliza-
tion, or right ventricular out fl ow tract repair without VSD clo-
sure) is 83, 73, 61, and 61 %, respectively  [  49  ] . In contrast, in 
repaired subjects the long-term survival is 92 % at 5 years, 
86 % at 10 years, 83 % at 15 years, and 75 % at 20 years  [  48  ] . 

 The late postoperative complications include (a) right and 
left ventricle failure and systolic dysfunction, (b) right ven-
tricle-to-pulmonary artery conduit stenosis and/or regurgita-
tion, (c) right ventricular out fl ow tract obstruction, (d) 
tricuspid valve regurgitation, (e) aortic root/annulus dilata-
tion and aortic valve regurgitation, (f) residual MACPAs 
including stenosis/dilatation, (g) unifocalization and sys-
temic-to-pulmonary shunt obstructions, and (h) residual 
intracardiac defects and endocarditis  [  43  ] . 

 Table  14.4  lists the postoperative complications in the 
repair of PA–VSD.   

    14.3.7   Cardiac Computed Tomography (CT) in 
the Evaluation of Pulmonary Atresia 
with VSD 

 When echocardiography and magnetic resonance imaging 
cannot yield adequate diagnostic data, CT can be valuable to 

LV

LA

RV

RA

  Fig. 14.16    Ventricular septal defect (VSD) in a patient with pulmo-
nary atresia and VSD. This axial CT shows a large subaortic (membra-
nous) type VSD ( arrowhead )       
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depict the morphology of the pulmonary arteries and 
MAPCAs and postoperative complications  [  48,   50–  53  ] . CT 
assessments should include delineation of (a) ventricular 
morphology, wall thickness, size, and systolic function, (b) 
atrial morphology and size, (c) right ventricular out fl ow tract 
size and patency, (d) right ventricle-to-pulmonary artery 
conduit obstruction or regurgitation, (e) pulmonary artery 
and MAPCA size and patency including unifocalization 
anatomy, (f) systemic-to-pulmonary connection patency, (g) 
tricuspid and aortic valve size and regurgitation, (h) aortic 
annulus and root size, (i) a residual ventricular septal defect, 
and (j) other anomalies.  

 Table  14.5  depicts the important aspects in the CT evalu-
ation of PA–VSD before and after surgical palliation.        

1 Ao

42

3

a

LV

Ao

b

  Fig. 14.17    Unifocalization procedure. Panel ( a ) is a diagram showing 
the anastomosis of the bilateral major aortopulmonary collateral arter-
ies (MAPCAs) (labeled  1 ,  2 , and  3 ) into a central conduit ( 4 ). This 
connects the aortopulmonary collateral vessels which have been ligated 

from the descending aorta to the pulmonary arterial con fl uence. Panel 
( b ) is a coronal image showing a unifocalization conduit ( arrow ).  Ao  
aorta,  LV  left ventricle       

   Table 14.4    A list of the important potential postoperative complica-
tions after surgery to palliate pulmonary atresia with ventricular septal 
defect   

 Left/right ventricular dilatation and systolic dysfunction 
 Right ventricle-to-pulmonary artery conduit obstruction/
regurgitation 
 Right ventricular out fl ow tract or pulmonary artery obstruction 
 Tricuspid regurgitation 
 Aortic root/annulus dilatation and aortic valve regurgitation 
 Residual MAPCAs, including presence of stenosis and/or dilatation 
 Systemic-to-pulmonary connection obstruction 
 Residual intracardiac connections 
 Intracardiac thrombi 
 Endocarditis 
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  Fig. 14.18    An example from a report of the longest surviving patient 
(59 year old) of pulmonary atresia with ventricular septal defect. Panel 
( a ) is a 3D volume-rendered reconstruction showing the multiple well-
developed major aortopulmonary collateral arteries (MAPCAS) (sur-
rounded by  white arrows ). Panel ( b ) is a coronal maximum intensity 
projection illustrating the MAPCAS (surrounded by  white arrows ) 
which have a cavernous appearance. Panel ( c ) is a sagittal cut again 
demonstrating the extensive formation of MAPCAS (surrounded by the 

 white  and  black arrows ). Panel ( d )    is a coronal cut highlighting the 
posterior chest cavity and depicts the descending aorta giving rise to a 
MAPCA. The origin of this MAPCA is depicted by the  black  arrowhead . 
Panel ( e ) is an axial image also showing the origin of a MAPCA ( black 
arrow ) from the descending aorta.  Ao  aorta,  SVC  superior vena cava, 
 RA  right atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle 
(Reproduced with the kind permission of Lippincott Williams & 
Wilkins from Fukui et al.  [  54  ] )         
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    15.1   Patent Ductus Arteriosus    

    15.1.1   De fi nition 

 Patent ductus arteriosus (PDA) is the persistent communica-
tion between the descending aorta and main or proximal left 
pulmonary artery  [  1  ] .  

    15.1.2   Epidemiology 

 Isolated PDA accounts for 5–10 % of congenital heart dis-
eases with an incidence of 0.5 in 1,000 live term births  [  2  ] .  

    15.1.3   Morphology 

 The patent ductus arteriosus is a vascular structure that 
connects the proximal descending aorta to the main or left 
pulmonary artery just distal to the left subclavian artery 
(Figs.  15.1 ,  15.2 , and  15.3 ). During fetal life, the ductus 
arteriosus is a normal structure that allows most of the 
blood leaving the right ventricle to bypass the pulmonary 
circulation and enter the descending aorta effectively 
bypassing the developing lungs. Functional complete clo-
sure usually occurs within 24–48 h of birth in term neo-
nates, although permanent closure does not occur until 
2–3 weeks of life, and is related to  fi brous band prolifera-
tion of the intimal lining of the duct. The resulting  fi brous 
persists as the ligamentum arteriosum. Persistence of duc-
tal patency in term infants after the neonatal period is con-
sidered abnormal  [  3  ] . Of note, failure of ductus arteriosus 
contraction in preterm neonates is not uncommon and is 
thought to be due to poor prostaglandin metabolism that 
stems from lung immaturity.    

 Most typically, a PDA is left-sided but it can be right-
sided or bilateral. Although a left ductus arteriosus is a nor-
mal structure during normal fetal development, the presence 
of a right ductus arteriosus is usually associated with other 

congenital heart abnormalities most typically involving the 
aortic arch or conotruncal area.  

    15.1.4   Coexisting Abnormalities 

 In adults, a PDA is usually an isolated  fi nding. Rarely, it is 
associated with other cardiac abnormalities. The most fre-
quent association is an atrial septal defect or ventricular sep-
tal defect  [  1,   4  ] . Other associated cardiovascular anomalies 
include aortic coarctation, interrupted aortic arch, hypoplas-
tic left heart and pulmonary atresia with ventricular septal 
defect (ductus-dependent lesions), tetralogy of Fallot, and 
discordant ventriculoarterial connections (non-ductus- 
dependent lesions).  

      Arterial Anomalies                  15

Ao

PA

  Fig. 15.1    Patent ductus arteriosus. An axial contrast-enhanced com-
puted tomogram illustrating a patent communication ( arrow ) between 
the pulmonary artery ( PA ) and proximal descending aorta ( Ao )       
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    15.1.5   Clinical Features 

 The hemodynamic impact of a PDA in an otherwise normal 
cardiovascular system is determined by the magnitude of 
the shunt which depends on the ductal resistance and also 
on the pressure gradient between the aorta and the pulmo-
nary artery. Small and restrictive PDAs usually cause little 
or no hemodynamic derangement and are asymptomatic. 
Rarely, bacterial endocarditis can occur. Moderate to large 
PDAs can result in pulmonary overcirculation and left heart 
volume overload. Chronic volume overload of the left heart 
can lead to onset of congestive heart failure in adulthood, 
usually starting in the third decade. In addition, long-standing 
left-to-right shunting and exposure of the pulmonary 
artery system to high pressures can lead to morphological 
changes in the pulmonary vasculature, resulting in increased 
pulmonary vascular resistance. When pulmonary vascular 
resistance exceeds systemic vascular resistance, ductal 

shunting reverses and becomes right to left (Eisenmenger 
physiology)  [  2  ] .  

    15.1.6   Interventions 

 Ductus closure is usually indicated for patients who are 
symptomatic from signi fi cant left-to-right shunting through 
the PDA or who have left-to-right shunting resulting in left 
heart enlargement. The indications for closure of PDAs 
with small shunts, including those that are incidentally dis-
covered, are less certain. Because endarteritis has been 
reported in patients with clinically silent PDAs, it has been 
advocated that any PDA should be routinely closed, espe-
cially given ef fi cacy and safety of the percutaneous closure 
methods. 

 Transcatheter occlusion with coils or a duct occluder device 
has become the treatment of choice for most older children 

PA PA

Ao Ao

a b

  Fig. 15.2    A 65-year-old female with a known patent ductus arteriosus 
presenting with chest pain. Panel ( a ) is a sagittal view and panel ( b ) is 
a 3D oblique coronal reconstruction. Each shows a communication 
( arrow ) between the aorta ( Ao ) and main pulmonary artery ( PA ). The 

duct has a wide open aortic ampulla (13 mm diameter) and narrows at 
its junction with the pulmonary artery (3 mm diameter) (type A, 
Krichenko classi fi cation). Also note calci fi cation at the ductal-aortic 
junction ( arrowhead  in panel  a )       
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and adults with PDAs. Complete closure rates usually exceed 
90–95 %. In infants, PDA closure may be successful with 
indomethacin treatment. If indomethacin treatment is unsuc-
cessful, PDAs are then usually closed with an external clip or 
surgical ligation or division.  

    15.1.7   Cardiac Computed Tomography (CT) 
in the Evaluation of PDA 

 CT enables excellent anatomic depiction of PDAs  [  5  ] . 
When other imaging techniques do not provide suf fi cient 
data, CT can be used as an additional tool for diagnosis. 
Although the channel between the aorta and pulmonary 
artery can be seen on axial images, it is best seen on sagittal 
or oblique multiplanar and/or 3D volume-rendered recon-
structions (Figs.  15.2  and  15.3 ). Demonstration of a jet of 
blood from the aorta into the pulmonary artery via the PDA 
con fi rms the patency of the shunt  [  6,   7  ] . Of importance, a 
small diverticulum at the site of the ductus should not be 
confused with a patent ductus (Fig.  15.4 ). Unlike a PDA, 
the diverticulum will not demonstrate a patent connection 
with the pulmonary artery.  

 Size and morphology of the ductus are important in plan-
ning closure procedures.    The classi fi cation proposed by 
Krichenko et al. which divides PDA into  fi ve groups A–E 
(Table  15.1 ), related to the size of the PDA, presence or 
absence of constrictions, and, if present, the location of the 
constriction, has been useful to plan surgical or transcatheter 
closure procedure  [  8  ] .  

 CT scans should be evaluated for the following: (a) 
location and size (length and width); (b) presence and 
extent of calci fi cations, constrictions, or aneurysms; (c) 
presence of vegetations; (d) size and morphology of the 
great arteries for the presence of pulmonary hypertension 
and dissection/rupture; (e) morphology, size, and function 
of the cardiac chambers, particularly the left atrium and 
left ventricle (which may be enlarged in patients with 

PA
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  Fig. 15.3    Patent ductus arteriosus. A 65-year-old man with history of 
a repaired patent ductus arteriosus as a teenager. Here, a sagittal recon-
struction shows a jet of contrast-enhanced blood ( arrow )  fl owing from 
the aorta ( Ao ) to the pulmonary artery ( PA ). The PDA is large and short 
(type B, Krichenko classi fi cation)  LV  left ventricle       

  Fig. 15.4    Ductus diverticulum. The small diverticulum ( arrow ), which 
is a remnant of the patent ductus, does not connect with the pulmonary 
artery       

   Table 15.1    Krichenko    classi fi cation of PDA  [  7  ]    

 Type  Morphology 

 A (conical)  Well-de fi ned aortic ampulla and constriction near the 
pulmonary artery 

 B (window)  Very large and very short 
 C (tubular)  Without constrictions 
 D (complex)  Multiple constrictions 
 E (elongated)  Constriction remote from the anterior edge of trachea 
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volume overload) and the right ventricle (which may be 
hypertrophied due to pulmonary hypertension and 
Eisenmenger syndrome); and (f) coexisting anomalies. 
See Table  15.2 .  

 Ductal aneurysm, which may occur prior to or after repair, 
aortic and/or pulmonary artery dissection, and/or spontane-
ous rupture are associated with this anomaly  [  9–  14  ] . After 
closure procedures, CT may help to assess residual shunting, 
thrombus formation, and protrusion of transcatheter occluder 
devices into the arterial lumen  [  2  ] .   

    15.2   Aortopulmonary Window 

    15.2.1   De fi nition 

 Aortopulmonary window (AP window) is a communication 
between the main pulmonary artery and the ascending aorta 

in the presence of two separate semilunar valves  [  15  ] . It is 
caused by incomplete fusion of the two embryonic conotrun-
cal ridges that normally give rise to the aorta and the pulmo-
nary artery  [  16  ] .  

    15.2.2   Epidemiology 

 AP window is a rare anomaly and accounts for 0.1–0.2 % of 
all congenital heart anomalies  [  17,   18  ] .  

    15.2.3   Variants 

 Based on the Mori classi fi cation, there are three variants of 
the AP window defect: 

 (a) type I or proximal communication located near the 
semilunar valves, (b) type II or distal connection involves the 
pulmonary bifurcation at the level of the right pulmonary 
artery, and (c) type III or a connection characterized by total 
absence of the aortopulmonary septum. Occasionally there 
may be an intermediate form that has features of types I and 
II (Figs.  15.5  and  15.6 )  [  19,   20  ] .    

    15.2.4   Associated Anomalies 

 About 50 % of AP window defects are associated with other 
cardiac abnormalities. The most common associated lesions 

   Table 15.2    CT assessment of PDA   

 Location, size, geometry, connections to great arteries, and 
relationship to neighboring structures 
 Presence of constrictions, aneurysms, and wall calci fi cations 
 Presence of vegetations suggestive of endocarditis 
 Size and morphology of the great arteries including the presence of 
aorta and pulmonary artery dissection and/or spontaneous rupture 
 Morphology, size, and function of the cardiac chambers 
 Presence of coexisting anomalies 
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  Fig. 15.5    Type I aortopulmonary window in a 20-year-old woman without 
prior surgical repair. Panel ( a ) is an axial scan, while panel ( b ) is a volume-
rendered view demonstrating a communication ( arrowheads ) between the 

aorta ( Ao ) and main pulmonary artery ( PA ) at the level of the semilunar 
valves.  LA  left atrium,  LV  left ventricle,  RV  right ventricle (Images pro-
vided courtesy of Eric T. Kimura-Hayama MD, Mexico City, Mexico)       
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are type A interruption of the aortic arch and aortic coarcta-
tion  [  15–  17,   21,   22  ] . Other abnormalities include (a) anoma-
lous origin of the right pulmonary artery from the right side 
of the ascending aorta, (b) anomalous origin of the coronary 
arteries, (c) ventricular septal defect, (d) tetralogy of Fallot, 
and (e) transposition of the great arteries (Table  15.3 )  [  16  ] . 

 The AP window needs to be distinguished from truncus 
arteriosus and hemitruncus, which also are characterized by 
communications between the aorta and pulmonary artery. In 
the AP window defect, there are separate aortic and pulmo-
nary valves and the right and left pulmonary arteries arise 
from the main pulmonary artery. Truncus arteriosus has a 
single truncal valve. In hemitruncus, one pulmonary artery 
arises from the ascending aorta and the other from the right 
ventricle  [  23,   24  ] .  

    15.2.5   Clinical Aspects of AP Window 

 Patients with AP window defects typically present in the 
neonatal period with heart failure and undergo cardiac sur-

gery early in life  [  16  ] . The abnormality is rarely indenti fi ed 
later in adult life when dyspnea on exertion, cyanosis, and/or 
pulmonary hypertension develop. More often, adults present 
with postoperative complications, including residual or 
recurrent left-to-right shunt, obstruction of the ascending 
aorta or main or right pulmonary artery, or obstruction of a 
coronary artery. Surgical closure procedures include a pul-
monary artery  fl ap and pericardial patch. Small residual 
defects may be treated with a closure device implantation. 
Prognosis depends on the presence of coexisting anomalies. 
In general, survival is excellent in patients with isolated AP 
windows.  

    15.2.6   Cardiac Computed Tomography (CT) 
in the Assessment of AP Window 

 CT is a noninvasive tool to depict and characterize the 
AP window defect  [  25,   26  ] . In individuals with unrepaired 
AP windows, CT assessment should include (a) the 
presence, location, type, and size of the AP window; 
(b) size and morphology of the pulmonary artery and 
aorta, (c) size and function of the cardiac chambers; and 
(d) presence of coexisting cardiac abnormalities, includ-
ing bronchial compression by dilated pulmonary arteries, 
which cannot be demonstrated by echocardiography 
(Table  15.4 ). 

 In patients who have undergone surgical repairs, the role 
of CT is to assess (a) the integrity of the patch or device 
closure and the presence of residual or recurrent shunting, 
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  Fig. 15.6    Type II aortopulmonary window in a 3-month-old infant. 
Panel ( a ) is a two-dimensional tomogram and panel ( b ) is a volume-
rendered, coronal reconstruction. Each shows a communication ( aster-
isk ) between the aorta ( Ao ) and pulmonary artery ( PA ) just above the 

plane of the semilunar valves.  S  superior vena cava,  RA  right ventricle, 
 LV  left ventricle (Images provided courtesy of Eric T. Kimura-Hayama 
MD, Mexico City, Mexico)       

   Table 15.3    Coexisting anomalies in aortopulmonary window   

 Coarctation of aorta or interrupted aortic arch 
 Abnormal origin of the right pulmonary artery from ascending aorta 
 Coronary artery anomalies 
 Ventricular septal defect 
 Tetralogy of Fallot 
 Transposition of great arteries 
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(b) the course and size of the great vessels and pulmonary 
artery branches, and (c) the status of coexisting abnormali-
ties (Table  15.5 ).   

    15.3   Aortic Coarctation and Interrupted 
Aortic Arch 

    15.3.1   Aortic Coarctation 

 Coarctation of the aorta is a congenital narrowing at the junc-
tion of the aortic arch and proximal descending aorta in the 
region of the ligamentum ductus arteriosus  [  1  ] . Demonstrating 
a male to female ratio as high as 2:1, it accounts for 5–8 % of 
all congenital heart defects with an incidence of 1 in 2,500 
live births  [  27,   28  ] . 

 Aortic coarctation is thought to be the result of a malforma-
tion of the aortic media, leading to a short-segment, shel fl ike 
posterior infolding of the aortic wall in the periductal region 
 [  28  ] . See Fig.  15.7 . However, coarctation of the aorta may be 
a long segment and may also be associated with isthmus and 
arch hypoplasia  [  29–  31  ] . Intrinsic aortic wall abnormalities, 
characterized by cystic changes in the aortic media associated 
with disruption of elastin and increased collagen deposition, 
predispose to dissection or rupture in the area of the coarcta-
tion as well as in the ascending or descending aorta  [  1  ] .  

 Two major types of coarctation are recognized: (1) pre-
ductal (infantile) and (2) postductal (adult). In the preductal 
form of coarctation, the obstruction occurs immediately 
below the origin of the left subclavian artery at the insertion 
of the ductus arteriosus or ligamentum arteriosum (Fig.  15.8 ). 
This form of coarctation is associated with tubular hypopla-
sia of the transverse arch in addition to the focal constriction. 
The ductus arteriosus is usually patent and supplies blood to 
the descending aorta from the pulmonary artery.  

 In the postductal form, coarctation occurs below the level 
of the obliterated ductus arteriosus and produces a focal, 
shel fl ike indentation of the posterior aortic wall  [  1,   27–  33  ] . 
See Fig.  15.9 . The areas of the aorta proximal and distal to 
the coarctation may be dilated. The high pressure gradient 
across the area of obstruction leads to the formation of sys-
temic collateral circulation to maintain blood  fl ow to the 
lower pressure distal aorta. Collateral pathways include (1) 
internal thoracic (mammary) arteries, (2) intercostal arteries, 
(3) thoracoacromial and descending scapular arteries, and 
(4) vertebral arteries (Figs.  15.9  and  15.10 ). Inferior rib 
notching of the third to sixth ribs by dilated intercostal arter-
ies is another characteristic imaging  fi nding.   

 Preductal coarctation is associated with ventricular septal 
defects, patent ductus arteriosus, and hypoplastic left heart. 
Postductal coarctation is frequently associated with bicuspid 
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  Fig. 15.7    An artist’s depiction of aortic coarctation. The coarctation 
( black arrow ) is in the region of the embryologic ductus arteriosus at 
the junction of the transverse aortic arch and proximal descending 
aorta.  Ao asc  ascending aorta,  Ao arch  aortic arch,  Ao desc  descending 
aorta,  LCCA  left common carotid artery,  RCCA  right common carotid 
artery,  LSA  left subclavian artery,  RSA  right subclavian artery,  MPA  
main pulmonary artery,  LPA  left pulmonary artery,  RPA  right pulmo-
nary artery,  RECA  right external carotid artery,  RICA  right internal 
carotid artery,  LECA  left external carotid artery,  LICA  left internal 
carotid artery       

   Table 15.4    Computed tomography assessment in untreated patients 
with aortopulmonary window   

 Presence, location, type, and size of aortopulmonary window 
 Morphology, size, and course of great arteries 
 Morphology, size, geometry, and systolic function of both ventricles 
with out fl ow tracts 
 Morphology and size of atria 
 Presence of coexisting anomalies 

   Table 15.5    Computed tomography assessment in treated patients with 
aortopulmonary window   

 Integrity of aortopulmonary window closure patch/device (presence 
of residual or recurrent shunting) 
 Morphology, size, course, and obstruction of great arteries 
 Integrity of repair of coexisting anomalies 
 Morphology, size, and geometry of both ventricles with their out fl ow 
tracts, including systolic function of the ventricles 
 Morphology and size of atria 
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  Fig. 15.8    Preductal coarctation. Panel ( a ) is an axial image showing 
the decreased caliber of the descending aorta ( arrows ) compared with 
the transverse aortic arch ( Ao ).  PA  pulmonary artery. Panel ( b ) is a sag-
ittal 3D volume-rendered image demonstrating a focal constriction 

( arrow ) of the aortic lumen below the left subclavian artery ( S ) and 
long-segment hypoplasia of the transverse arch ( arrowheads ).  I  innomi-
nate artery,  LC  left carotid artery       
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  Fig. 15.9    Postductal aortic coarctation. Panel ( a ) an axial scan show-
ing narrowing of the descending aorta ( Ao ) distal to the origin of the left 
subclavian artery ( S ). Also note the enlarged internal mammary arteries 
( arrowheads ). Panel ( b ) sagittal image demonstrating the characteristic 

narrowing ( arrow ) of the aortic lumen at the level of the ligamentum 
arteriosum. Also note the large posterior collateral vessel ( arrowheads ) 
and the mildly dilated ascending aorta ( Ao ).  S  subclavian artery       
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aortic valve (22–85 % of cases), parachute mitral valve, 
hypoplastic mitral valve, aortic arch hypoplasia, and ven-
tricular septal defects  [  1  ] . Bicuspid aortic valve may be com-
plicated by aortic stenosis or regurgitation or both. Coarctation 
may also coexist with complex congenital heart diseases 
including transposition of the great arteries, double-inlet 
ventricle, double-outlet right ventricle, tricuspid atresia, and 
hypoplastic left heart syndrome  [  28  ] . 

 Syndromes associated with aortic coarctation include 
Turner syndrome (15–20 % incidence of coarctation) and 
Shone’s complex (left ventricular out fl ow tract obstruction 
and parachute mitral valve)  [  34  ] . 

 Noncardiac associations include intracranial aneurysms 
(up to 10 % of coarctation cases) and spinal stenosis  [  1,   28, 
  32,   33,   35  ] . 

 The clinical presentation and age at diagnosis of aortic 
coarctation are dependent on the severity of the obstruction 
and presence of other anomalies. The preductal form pres-
ents in infancy with congestive heart failure. Postductal 
coarctation can present in children or adults and may come 
to clinical attention because of a left sternal border systolic 
ejection murmur, systemic arterial hypertension in the upper 
extremities, and/or decreased lower extremity pulses  [  1,   27–

  31,   36  ] . Chronic hypertension and cerebrovascular accidents 
are late  fi ndings  [  36  ] . 

 Untreated coarctation has a poor prognosis. Approximately 
60 % of untreated infants with high-grade coarctation and 90 % 
with complicated coarctation die in the  fi rst year of life  [  28,   37  ] . 
In untreated patients, the mortality rate is reported to be 25, 50, 
75, and 92 % at 20, 32, 46, and 60 years of age, respectively 
 [  38  ] . Surgery has substantially improved the long-term out-
comes in infants with coarctation, although the survival rate in 
this group is still lower than that in an older population  [  38  ] . 
Coarctation in untreated adults may be asymptomatic due to the 
formation of systemic collateral vessels that reduce the gradient 
across the coarctation site masking the obstruction  [  1,   27,   28  ] . 

 Treatment for coarctation consists of either open surgical 
repair or catheter interventions, including angioplasty and 
stent implantation. Resection and end-to-end anastomosis is 
the procedure of choice in neonates and infants with coarcta-
tion, although balloon angioplasty has been introduced as the 
bridge to surgery in critically ill subjects  [  39  ] . In adults, aor-
tic coarctation can be treated percutaneously or with surgery 
 [  40,   41  ] . Surgical techniques include (a) resection and end-
to-end anastomosis, (b) resection and extended end-to-end 
anastomosis, (c) prosthetic arch aortoplasty, (d) subclavian 

a
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  Fig. 15.10    Aortic coarctation and collateral vessels. Panel ( a ) a sagittal scan shows the coarctation ( arrow ) and a large internal mammary artery 
( arrowheads ). Panel ( b ) a coronal view con fi rms the enlarged internal mammary arteries ( arrowheads ).  Ao  aorta       
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 fl ap aortoplasty, (e) interposition of a (tube) graft, and (f) 
bypass tube grafting  [  28,   29  ] . See Chap.   32     for a discussion 
of aortic coarctation surgical repairs.  

    15.3.2   Interrupted Aortic Arch 

 Interrupted aortic arch is a form of coarctation characterized 
by the lack of luminal continuity between ascending and 
descending aorta (Fig.  15.11 ). The condition is rare, account-
ing for 1 % to all 1.5 % of congenital heart disease  [  28,   42  ] . 
The Celoria–Patton classi fi cation identi fi es three types of 
interrupted arch based on the site of interruption. In type A, 
the interruption is distal to the left subclavian. Type B inter-
ruptions occur between the left carotid and left subclavian 
artery, and type C interruptions reside between the brachio-
cephalic trunk and left carotid artery  [  42  ] . In patients with an 
interrupted aortic arch, blood  fl ow to the descending aorta is 
provided by an obligatory persistent arterial duct (Fig.  15.11 ).  

 This anomaly is commonly associated with ventricular 
septal defects, bicuspid aortic valves, left ventricular 
out fl ow tract obstruction, and aberrant right subclavian 
artery originating from the descending aorta. It also may 
be associated with complex heart lesions including com-
mon arterial trunk, aortopulmonary window, double-outlet 
right ventricle, and transposition of great arteries  [  42  ] . 

Type B interruption has been associated with the DiGeorge 
syndrome (hypocalcemia and T-cell defects due to thymic 
hypoplasia)  [  42  ] . Patients with interrupted aortic arch 
present in the neonatal period with respiratory distress, 
cyanosis, and congestive heart failure.    

 Surgical techniques for repair of the interrupted arch 
include (a) direct anastomosis after mobilization of both the 
ascending and descending aorta, (b) direct anastomosis with 
patch augmentation, and (c) interposition of a conduit. If 
necessary, the closure of ventricular septal defect and resec-
tion of the aortic stenosis is performed  [  43  ] . Mortality with 
these techniques ranges from 15 to 20 %  [  44  ] . The  abnormality 
can be identi fi ed later in adult life if stenosis or signi fi cant 
collateral circulation develops  [  45  ] .  

    15.3.3   Aortic Pseudocoarctation 

 Aortic pseudocoarctation is an unusual anomaly character-
ized by buckling or kinking of a tortuous aortic arch at the 
level of the ligamentum arteriosus (Fig.  15.12 ). It is thought 
to be the result of incomplete fusion of the third and seventh 
aortic dorsal segments. Although there may be some mild 
luminal narrowing and turbulence, the essential feature of 
pseudocoarctation is the absence of a hemodynamically 
signi fi cant pressure gradient. Therefore, there is no collateral 
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  Fig. 15.11    Interrupted aortic arch in a neonate. Panel ( a ) an axial sec-
tion demonstrates a normal caliber transverse aortic arch ( Ao ). The ves-
sel inferior to the arch is a large dilated patent ductus arteriosus ( PDA ), 
not to be confused with the descending aorta. Panel ( b ) a sagittal recon-
struction shows interruption of the transverse arch ( arrow ) just below 

the origin of the left subclavian artery ( S ) and the large patent ductus 
arteriosus ( arrowhead ) which supplies the distal aorta. The ascending 
aorta is normal caliber.  Ao  ascending aorta,  LV  left ventricle,  LA  left 
atrium       

 

http://dx.doi.org/10.1007/978-1-4471-5088-6_32


156 15 Arterial Anomalies
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  Fig. 15.12    Pseudocoarctation. Panel ( a ) (3D sagittal) and panel ( b ) 
(oblique maximum intensity projection) reconstructions demonstrating 
the pronounced buckling of a tortuous aorta at the level of the ligamen-
tum arteriosus ( arrows ). The “shel fl ike” fold is due to the buckling of 

the aorta. Note the absence of collateral vessel formation. Panel ( c ) an 
axial scan highlights that the internal mammary arteries ( arrowheads ) 
are normal caliber.  TA  transverse aortic arch,  AAo  ascending aorta,  Dao  
descending aorta,  PA  pulmonary artery       
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vessel formation. This anomaly is usually asymptomatic and 
discovered incidentally on imaging studies and needs to be 
differentiated from a true aortic coarctation. Pseudocoarctation 
need not be treated.   

    15.3.4   Cardiac Computed Tomography (CT) 
in the Evaluation of Aortic Coarctation 
and Interrupted Aortic Arch 

 In the untreated coarctation and interrupted aortic arch, 
CT enables a detailed assessment of anatomy including 
the presence, site, morphology, and extent of luminal nar-
rowing at the coarctation site as well as at the hypoplastic 
segment of the aortic arch and isthmus. Additionally, asso-
ciated aortic dilatation, aneurysm formation, or aortic dis-
section may be identi fi ed. Luminal narrowing of the aortic 
arch and its branches can be seen. Collateral circulation 
may be identi fi ed. Finally, accompanying anomalies such 
as bicuspid aortic valve, mitral valve abnormalities, ven-
tricular septal defects, and other congenital heart diseases 
should be identi fi ed  [  5,   46,   47  ] . However, CT cannot pro-
vide functional data such as the gradient across the 
coarctation. 

 In aortic coarctation, CT may identify collateral  fl ow 
which is important in surgical planning. The aorta may be 
cross-clamped during surgical repair if collateral  fl ow is 
suf fi cient for lower body perfusion. If collateral formation is 
inadequate, use of cardiopulmonary bypass for perfusion of 
the lower body may be indicated. Reconstructed images in 
sagittal and parasagittal planes best show the location and 
extent of  coarctation. Coronal and sagittal reconstructions 
may help delineate rib notching and or collateral vessel 
formation. 

 In the    post-intervention patient, the goals of CT imaging 
include evaluation of residual or recurrent stenosis(es), 
identi fi cation of potential endovascular stent-related com-
plications (leaks, stent migration, stent fracture, in-stent 
thrombus, and aortic dissection), assessment of aortic dila-
tation, aneurysm formation and dissection, delineation of 
the aortic branch artery anatomy, assessment for collateral 
vessel formation, and characterization of any coexisting 
anomalies  [  48–  50  ] . 

 Since patients with aortic coarctation may experience 
accelerated atherosclerosis and premature coronary artery 
disease, evaluation of the coronary arteries is critical. 
Therefore, any CT evaluation should provide a noninva-
sive assessment of the presence, severity, and extent of 
coronary atherosclerosis in these patients. See Tables  15.6  
and  15.7 .     

    15.4   Aortic Arch Anomalies 

 Aortic arch anomalies represent a wide spectrum of symp-
tomatic and asymptomatic congenital malformations that 
affect both the aortic arch and its branches. 

 Knowledge of the embryology of the great arteries is 
helpful in understanding the variations in the number, size, 
and position of the thoracic great vessels. 

 The normal left aortic arch and its branches develop 
from paired pharyngeal arches which form during the 4th 
and 5th weeks of development and undergo a process of 
orderly regression. There are six potential arches in the 
human embryo that are numbered craniocaudally as I, 
II, III, IV, V, and VI. Arch V may never form or incom-
pletely forms and then regresses. Arches III, IV, and VI 
develop into the great arteries (Figs.  15.13  and  15.14 ). 
Arch III forms the common carotid arteries and the  fi rst 
part of the internal carotid arteries. Right arch IV forms the 
most proximal segment of the right subclavian artery, and 
left arch IV develops into the segment of the aortic arch 
between the left common carotid and the left subclavian 
arteries. Right arch VI creates the right pulmonary artery, 
and the left arch VI becomes the left pulmonary artery and 
the ductus arteriosus.   

   Table 15.6    CT assessment in patients with coarctation of the aorta   

 Presence, site, morphology, and extent of luminal narrowing and or 
the hypoplastic segment 
 Presence, site, morphology, and extent of aortic dilatation and 
aneurysm formation of dissection 
 Presence, site, morphology, and extent of luminal narrowing of the 
aortic arch and branch vessels 
 Collateral circulation 
 Accompanying anomalies, especially bicuspid aortic valve and its 
complications 
 Other associated congenital heart disease 
 Presence, extent, and severity of associated coronary atherosclerosis 

   Table 15.7    CT assessment in postoperative patients with aortic coarctation   

 Presence, site, morphology, extent of residual luminal narrowing 
and/or recoarctation 
 Endovascular stent-related complications, including leak, migration, 
fracture, thrombosis presence, site morphology, and extent of aortic 
dilatation, aneurysm, or dissection 
 Anatomy and patency of aortic arch branch arteries 
 Presence and extent of collateral vessel formation 
 Coexisting anomalies including bicuspid aortic valve with its 
complications other associated congenital heart disease 
 Presence, extent, and severity of associated coronary atherosclerosis 
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 In the 5th week, the two aortas fuse caudally below T4 
to form a single aorta in the distal thorax and abdomen. 
Persistence of a segment of arch that should have regressed 
or regression of a segment of arch that should have persisted 
accounts for the development of most arch anomalies. 

 Arch anomalies can be subdivided into anomalies of posi-
tion and arch branching and anomalies of number (i.e., 
supernumerary arches). The abnormalities of branching and 
position include left aortic arch with aberrant left subclavian 
artery, right aortic arch with mirror-image branching, right 
aortic arch with aberrant left subclavian artery, and cervical 
aortic arch. Supernumerary arches include double aortic arch 
and persistent  fi fth aortic arch. 

 Aortic arch anomalies may produce vascular rings that sur-
round the thoracic anatomy (trachea and esophagus). The pri-
mary symptomatology associated with vascular rings relates 
to the structures that they encircle and may include dysphagia, 
odynophagia, wheezing, and shortness of breath with and 
without exertion. Arch anomalies that completely encircle the 
trachea and bronchi are referred to as “vascular rings.” Vascular 
rings are more likely to be symptomatic than arch anomalies 

that only partially surround adjacent structures. The majority 
of symptomatic arch anomalies are diagnosed in infants; how-
ever, adults with vascular rings may be symptomatic. 

    15.4.1   Left Aortic Arch with Aberrant Right 
Subclavian Artery 

 The left aortic arch with an aberrant right subclavian artery is 
the most common congenital abnormality of the aortic arch 
vessels and occurs in about 0.5–2 % of the general popula-
tion  [  51,   52  ] . 

 Normally, the right subclavian artery is a continuation of 
the brachiocephalic artery which is the  fi rst major aortic arch 
branch vessel. In left aortic arch with aberrant right subcla-
vian artery, the right subclavian artery is the last branch off 
the aortic arch. In this anomaly, the proximal to distal order 
of branching is as follows: right common carotid, left com-
mon carotid, left subclavian, and then the aberrant right sub-
clavian (Figs.  15.15  and  15.16 ). The anomalous artery 
courses cephalad from left to right, crossing behind the 
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  Fig. 15.13    Normal embryologic    development of the great arteries. At 
6 weeks, the  fi rst and second pairs of branchial arches have virtually 
disappeared. The third arch forms the common carotid arteries. The 
right fourth arch becomes the proximal part of the right subclavian 
artery and the left fourth arch becomes part of the normal aortic arch. 
The distal parts of the subclavian arteries develop from the seventh 
intersegmental arteries. The  fi fth arch either never forms or involutes 
early. The sixth pair of arches forms the pulmonary arteries bilaterally. 
The left sixth arch also gives rise to the ductus arteriosus. Arches are 
numbered  1 – 6 .  RCCA  right common carotid artery,  LICA  left internal 
carotid artery,  RSA  right subclavian artery,  RPA  right pulmonary artery, 
 LSA  left subclavian artery,  LPA  left pulmonary artery       
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  Fig. 15.14    The normal adult aortic arch. The right subclavian and 
carotid arteries join to form the right brachiocephalic artery. The left 
subclavian and carotid arteries arise separately from the aorta.  Aoasc  
ascending aorta,  Aoarch  aortic arch,  Aodesc  descending aorta,  MPA  
main pulmonary artery,  RPA  right pulmonary artery,  LPA  left pulmo-
nary artery,  BT  brachiocephalic trunk,  RSA  right subclavian artery, 
 RCCA  right common carotid artery,  RECA  right external carotid artery, 
 RICA  right internal carotid artery,  LCCA  left common carotid artery, 
 LICA  left internal carotid artery,  LECA  left external carotid artery,  LSA  
left subclavian artery       
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  Fig. 15.16    Left aortic arch with    an aberrant right subclavian artery. 
Panel ( a ) is an axial image showing a left aortic arch ( L ) and an aberrant 
right subclavian artery ( S ) coursing posterior to the esophagus ( e ) and 

trachea ( T ). Panel ( b ) is a sagittal image    demonstrating the right subcla-
vian artery ( S ) coursing posteriorly and compressing both the esopha-
gus ( arrows ) and trachea ( T ).  Ao  aorta,  SVC  superior vena cava       
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  Fig. 15.15    Left aortic arch    with aberrant right subclavian artery. Note 
the right subclavian artery ( RSA ) is the last branch off the arch.  Ao asc  
ascending aorta,  Ao arch  aortic arch,  Ao desc  descending aorta,  LPA  left 
pulmonary artery,  LSA  left subclavian artery,  LCA  left carotid artery, 
 MPA  main pulmonary artery,  RPA  right pulmonary artery,  RCA  right 
carotid artery,  Arrow  ligamentum ductus arteriosum,  RECA  right exter-
nal carotid artery,  RICA  right internal carotid artery,  LICA  left internal 
carotid artery,  LECA  left external carotid artery       
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 trachea and esophagus to reach the right arm. Dilatation of 
the origin of the aberrant vessel, termed a diverticulum of 
Kommerell, is common (Fig.  15.17 ). The diverticulum of 
Kommerell itself may give rise to right subclavian artery. 
Atherosclerotic changes and intramural thrombus formation 
are known to occur within this diverticulum.    

 Left aortic arch with aberrant right subclavian artery is asso-
ciated with a left ductus arteriosus (ductus arteriosum ligament) 
which completes the vascular ring. This malformation may be 
associated with other congenital heart diseases, most frequently 
tetralogy of Fallot and ventricular septal defects  [  50  ] . Its inci-
dence is also increased in trisomy 21 syndrome  [  53  ] . 

 This anomaly is usually asymptomatic and found inciden-
tally on imaging examinations. However, if the aberrant sub-
clavian artery is ectatic, it may compress the esophagus 
resulting in dysphagia (dysphagia lusoria). It may occasion-
ally also result in airway compression which may result in 
wheezing and shortness of breath.  

    15.4.2   Rare Left Aortic Arch Anomalies 

 Left aortic arch with right descending aorta and a right arte-
rial duct/ligament describes an arch anomaly in which the 
left-sided aortic arch takes a retroesophageal course and, 
from proximal to distal, gives rise  fi rst to the right carotid 

artery, followed by left carotid artery, left subclavian artery, 
and  fi nally the right subclavian artery  [  51  ] . A vascular ring is 
completed by the right arterial duct/ligament. 

 Left aortic arch with isolation of the subclavian artery 
depicts an arch anomaly where the left subclavian artery 
originates exclusively from the pulmonary artery via an arte-
rial duct or ligament. The subclavian artery is supplied by the 
pulmonary artery if the ductus arteriosus is patent. When 
arterial duct closes, the subclavian artery is supplied by ret-
rograde  fl ow from the vertebral artery.  

    15.4.3   Right Aortic Arch with Mirror-Image 
Branching 

 In the right aortic arch with mirror-image branching, the aor-
tic arch branch arteries arise from the right arch in the fol-
lowing order from proximal to distal: left innominate artery, 
right carotid artery, and right subclavian artery (Figs.  15.18  
and  15.19 ). The aorta usually descends on the right. The duc-
tus ligamentum arteriosum is on the right, and thus, there is 
no vascular ring. A right aortic arch with mirror-image 
branching occurs in 2–3 % of population  [  54  ] .   

 Most patients with this anomaly come to clinical attention 
because of associated heart disease, which is usually cyan-
otic. The common associated anomalies with a mirror-image 
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  Fig. 15.17    Left arch with aberrant right subclavian artery and diver-
ticulum of Kommerell. Panels ( a ) and ( b ) are coronal views showing 
the left aortic arch ( L ) and an aberrant right subclavian artery ( S ), which 

is focally enlarged at its origin. This focal enlargement is termed a 
diverticulum of Kommerell ( arrow )       
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  Fig. 15.19    Right aortic arch with mirror-image branching. Panels ( a ) 
(anterior view) and ( b ) (posterior view) are coronal images in two dif-
ferent patients showing a right aortic arch ( asterisks ) with mirror-image 
branching. The great arteries originate from the arch in the following 

order: left common carotid artery ( LCA ), right common carotid artery 
( RCA ), right subclavian artery ( RSA ), and left subclavian artery ( LSA ). 
 LIMA  left internal mammary artery.  Arrow  in panel (b) left innominate 
artery       
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  Fig. 15.18    Right aortic arch    with mirror-image branching. Branch 
arteries arise in the following proximal to distal order: left brachio-
cephalic trunk ( BT )/innominate artery ( IA ), right carotid artery ( RCCA ), 
and right subclavian artery ( RSA ).  Ao asc  ascending aorta,  Ao arch  aor-
tic arch,  Ao desc  descending aorta,  LCCA  left common carotid artery, 
 LPA  left pulmonary artery,  MPA  main pulmonary artery,  RPA  right pul-
monary artery,  E  esophagus,  RECA  right external carotid artery,  RICA  
right internal carotid artery,  LECA  left external carotid artery,  LICA  left 
internal carotid artery,  LSA  left subclavian artery       
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right arch are tetralogy of Fallot, truncus arteriosus, pulmo-
nary artery atresia with ventricular septal defect, tricuspid 
atresia, double-outlet right ventricle, and transposition of the 
great arteries  [  55  ] . Because of the concomitant heart disease, 
the right arch with mirror-image branching usually is discov-
ered in infancy.  

    15.4.4   Right Aortic Arch with Aberrant Left 
Subclavian Artery 

 A right aortic arch anomaly with an aberrant left subclavian 
artery gives rise to the great arteries from proximal to distal 
in the following order: left common carotid artery, right com-
mon carotid artery, right subclavian artery, and left subcla-
vian artery (Fig.  15.20 ). The aberrant left subclavian artery 
often arises from a diverticulum of Kommerell (Fig.  15.21 ). 
The descending aorta is commonly right-sided. A left-sided 
arterial duct (ductus ligament) is present and thus the malfor-
mation forms a vascular ring (formed by the right arch, left 
subclavian artery, and ligamentum arteriosum, which attaches 
to the left pulmonary artery)  [  51  ] . This anomaly accounts for 
30–40 % of vascular rings  [  51  ] .    

    15.4.5   Rare Right Aortic Arch Anomalies 

 Right aortic arch with left descending aorta and left arterial duct/
ligament describes an arch anomaly in which the right-sided 
aortic arch takes a retroesophageal course and gives rise  fi rst to 
the innominate artery followed by the right carotid artery and 
 fi nally the right subclavian artery, or it gives rise to the left 
carotid artery followed by the right carotid artery, right subcla-
vian artery, and  fi nally the left subclavian artery  [  51  ] . A vascular 
ring is formed by the right arch and the aberrant left subclavian 
artery and completed by the left arterial duct/ligament. 

 Right aortic arch with aberrant innominate artery repre-
sents an aortic arch anomaly where the right-sided aortic 
arch gives rise  fi rst to the right carotid artery, followed by the 
right subclavian artery, and  fi nally to the left innominate 
artery  [  51  ] . The aberrant left innominate artery takes a ret-
roesophageal course and bifurcates into left carotid artery 
and left subclavian artery. 

 Right aortic arch with isolation of the contralateral arch 
vessel is an arch anomaly in which an arch vessel originates 
exclusively from pulmonary artery via an arterial duct or 
ligament  [  51  ] . The left subclavian, left carotid, or left innom-
inate artery may originate from the pulmonary artery. Isolated 
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  Fig. 15.20    Right aortic arch with aberrant left subclavian artery. Panel 
( a ) this coronal image viewed from the posterior perspective demon-
strates a right aortic arch ( R ). An aberrant retroesophageal left subcla-
vian artery ( LSA ) is the last artery to arise from the arch. The  arrow  
indicates the site of origin of the LSA from a diverticulum of Kommerell. 
Panel ( b ) is a coronal image viewed anteriorly from a separate patient 

and demonstrates a right aortic arch ( R ) and the aberrant left subclavian 
artery ( arrow ) arising from the ascending aorta.  LCA  left common 
carotid artery,  RCA  right common carotid artery,  RSA  right subclavian 
artery,  IA  right innominate artery,  LV  left vertebral artery,  RV  right ver-
tebral artery       
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left subclavian artery is the most common form of this anom-
aly. Isolated arch vessels are associated with congenital heart 
diseases, most frequently tetralogy of Fallot  [  56  ] .  

    15.4.6   Cervical Aortic Arch 

 A cervical aortic arch is a rare anomaly characterized by a 
high-riding elongated aortic arch, which extends above the 
sternum into the neck before turning downward to descend in 
the thorax (Figs.  15.22  and  15.23 ). There is a retroesophageal 
course of the descending aorta with the retroesophageal aorta 
giving off the left subclavian artery. A right-sided cervical arch 
is more common than a left-sided cervical arch. The preva-
lence of cervical aortic arch is estimated at 0.01 %  [  57  ] .   

 Cervical aortic arch is usually an isolated  fi nding, but it 
may be accompanied by other cardiac abnormalities. The 
arch may be hypoplastic, tortuous, or obstructed and is fre-
quently associated with aneurysm formation  [  57  ] . Other 
anomalies include absence of the innominate artery and ori-
gin of the contralateral subclavian artery from the descend-
ing proximal aorta. When the ligamentum arteriosum is on 
the side opposite of the arch, a vascular ring is formed. 

 Most patients are asymptomatic and the diagnosis is an 
incidental  fi nding on imaging examinations. Clinical symp-
toms include dysphagia from the retroesophageal course of 
the aorta or from a vascular ring and a pulsatile neck mass.  

    15.4.7   Supernumerary Arches 

    15.4.7.1   Double Aortic Arch 
 The double aortic arch is characterized by the presence of 
two aortic arches arising from a single ascending aorta 

(Figs.  15.24  and  15.25 ). Each arch gives rises to its own 
subclavian and carotid artery before uniting to form a sin-
gle descending aorta, which is usually left sided. Both limbs 
of the double arch are usually patent and functioning. The 
right limb is typically larger and more cephalad than the 
left arch, but both arches may be the same size and occa-
sionally, one arch, usually the left, may be hypoplastic or 
atretic with a  fi brous band completing the vascular ring 
(Fig.  15.26 ). Double arches with hypoplastic or atretic 
components can still compress the esophagus and trachea 
and be symptomatic.    

 Double aortic arch is the most frequent vascular ring 
resulting in tracheoesophageal compression  [  50  ] . The left 
aortic arch usually takes a course similar to the normal left 
aortic arch, while the right aortic takes a course behind the 
esophagus to join the left aortic arch. Double arch is usually 
diagnosed in childhood, but it can be discovered incidentally 
in adults if the ring formed by the double arch is loose. 
Double aortic arch is usually an isolated  fi nding but may be 
accompanied by cardiac malformations, most frequently 
tetralogy of Fallot and transposition of great arteries  [  58  ] . It 
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  Fig. 15.21    Right aortic arch with aberrant left subclavian artery. This 
axial view shows a right aortic arch ( R ) and aberrant right subclavian 
artery ( S ) arising from a large diverticulum of Kommerell ( arrow )       
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  Fig. 15.22    An artist’s depiction of a cervical aortic arch. In this 
anomaly, the aortic arch extends above the sternum before descending 
in the thorax.  Ao asc  ascending aorta,  Ao arch  aortic arch,  Ao desc  
descending aorta,  LPA  left pulmonary artery,  LSA  left subclavian artery, 
 MPA  main pulmonary artery,  RPA  right pulmonary artery,  RSA  right 
subclavian artery,  RECA  right external carotid artery,  RICA  right inter-
nal carotid artery,  LICA  left internal carotid artery,  LECA  left external 
carotid artery       
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  Fig. 15.23    Cervical aortic arch. Panel ( a ) an axial image showing a 
right-sided aorta ( R ) extending to the sternum. Panel ( b ) this image 
shows that as the aorta descends; it crosses the mediastinum ( arrow ) 
posterior to the esophagus ( e ) and trachea ( T ). The left subclavian ( S ) 
artery arises from the retroesophageal aorta (origin is not visible in this 

view).  Aao  ascending aorta. Panel    ( c ) an oblique 3D image viewed from 
the posterior showing the cervical arch ( CA ) ascending on the right 
above the sternum ( arrow ) before crossing the mediastinum to descend 
on the left.  Dao  descending aorta,  RPA  right pulmonary artery       
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may be also associated with cervical aortic arch and coarcta-
tion of aorta.   

    15.4.8   Persistent Fifth Aortic Arch 

 Persistent  fi fth aortic arch is an anomaly in which both 
arches are present on the same side of the trachea. Two vari-
ants have been reported: (a) double aortic arch with both 
lumina patent and (b) double aortic arch with interrupted or 
atretic superior and patent inferior arch. In the more com-
mon second variant, the inferior arch extends from the 
innominate artery to the takeoff of the left subclavian artery 
levels  [  59  ] . Persistent  fi fth arch is usually accompanied by 
congenital heart malformations; however, it may be an iso-
lated  fi nding.  

    15.4.9   Cardiac Computed Tomography (CT) in 
the Evaluation of Aortic Arch Anomalies 

 CT enables detection and depiction of the morphology of 
aortic arch anomalies  [  5,   47,   56,   60  ] . The following param-
eters need to be assessed: (a) course and branching pattern of 
the aortic arch, (b) number of arches, (c) presence of a hyp-
oplastic or atretic segment, (d) compression of the trachea or 
esophagus, and (e) accompanying anomalies and other con-
genital heart lesions.   
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  Fig. 15.24    Double aortic arch. The persistence of both fourth arches 
results in the formation of a double aortic arch arrangement. Note that 
each arch gives rise to a separate carotid and subclavian artery. There is 
no innominate/brachiocephalic artery.  Ao asc  ascending aorta,  Ao desc  
descending aorta,  LCCA  left common carotid artery,  LPA  left pulmo-
nary artery,  LSA  left subclavian artery,  MPA  main pulmonary artery, 
 RCCA  right common carotid artery,  RPA  right pulmonary artery,  RSA  
right subclavian artery       
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  Fig. 15.25    Double aortic arch. Panel ( a ) is an axial image showing 
four separate branch vessels.  RSA  right subclavian artery,  LSA  left sub-
clavian artery,  RCCA  right common carotid artery,  LCCA  left common 
carotid artery. This anatomy is abnormal since in the normal anatomy 
there is right brachiocephalic artery and separate origins for the left 
carotid and subclavian arteries. Panel ( b ) is another axial CT section 
showing a complete ring around the esophagus and trachea formed by a 

double aortic arch ( R  right arch,  L  left arch). Panel ( c ) is a 3D volume-
rendered sagittal view showing two arches that arise from the ascending 
aorta ( Ao ) and joining posteriorly. The right-sided arch ( R ) is of larger 
caliber and more superior than the left-sided arch ( L ).  RV  right ventri-
cle,  LV  left ventricle,  PA  pulmonary artery,  LSA  left subclavian artery, 
 RSA  right subclavian artery,  RCA  right carotid artery,  LCA  left carotid 
artery       
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    15.5   Sinus of Valsalva Aneurysm 

 The sinus of Valsalva aneurysm (SVA) is most often con-
genital and accounts for 0.1–3.5 % of all congenital heart 
diseases  [  61  ] . A 4:1 male predominance is reported  [  61  ] . The 
sinuses of Valsalva are normal dilatations of the aortic root 
wall that arise between the aortic valve annulus and the sino-
tubular ridge. These three sinuses are associated with a cor-
responding right, left, or noncoronary aortic valve cusps and 
are named as such (right sinus of Valsalva, left sinus of 
Valsalva, and noncoronary sinus of Valsalva). 

 SVA results from incomplete fusion of the distal bulbar 
septum that divides the truncus arteriosum into the aorta and 
the pulmonary artery, resulting in a localized weakness of the 
elastic lamina at the junction of the aortic media and the 
annulus  fi brosus of the aortic valve  [  61  ] . As a result of expo-
sure to high pressures, this area of localized weakness, which 
forms part of the sinuses of Valsalva, dilates and becomes 
aneurysmal. 

 The right coronary sinus is most commonly involved and 
accounts for 75–90 % of cases of SVA, followed by the non-
coronary sinus and infrequently the left coronary sinus  [  61  ] . 

 Common associated anomalies are ventricular septal 
defect, aortic insuf fi ciency, bicuspid aortic valve, and less 
often coronary anomalies. Other associations are Marfan and 
Ehlers–Danlos syndromes. 

    15.5.1   Clinical Features 

 Aortic insuf fi ciency is a common complication in both non-
ruptured and ruptured SVAs. Nonruptured SVAs typically 
remain clinically silent for many years and are often inciden-
tally found at imaging performed for other clinical indica-
tions or for abnormal cardiac contours seen on chest 
radiography. Symptoms can develop if they cause mass effect 
on the conduction system resulting in complete heart block 
or extrinsically compress a coronary vessel leading to symp-
tomatic ischemia  [  62  ] . Intracardiac rupture occurs most 
commonly in the third or fourth decade of life and results in 
sudden onset of chest pain and heart failure due to mass 
effect on adjacent cardiac structures. Rupture typically 
results in communication of the aortic sinus with the right 
ventricle or right atrium (especially if the aneurysm affects 
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  Fig. 15.26    Double aortic arch with atretic left aortic arch. Panels ( a ) 
and ( b ) are axial scans in two patients showing both a right ( R ) and left 
( L ) arches encircling the trachea ( T ). A  fi brous band ( arrow ) joins the 

left aortic arch ( L ) to the larger descending right aortic arch ( R ).  SVC  
superior vena cava       
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  Fig. 15.27    Nonruptured sinus    of Valsalva aneurysm. Panel ( a ) an axial 
scan, panel ( b ) a coronal section, and panel ( c ) a sagittal view show 
aneurysmal dilatation of the noncoronary sinus of Valsalva. There is 
mild dilatation of the right and left coronary sinuses of Valsalva and 
mild ectasia of the proximal ascending aorta just distal to the cusps. The 

aneurysm compresses the left atrium. The  arrow  indicates the closed 
aortic valve.  Asterisk : right coronary sinus of Valsalva aneurysm.  RC  
right coronary cusp,  LC  left coronary cusp,  Ao  aorta,  LA  left atrium,  LV  
left ventricle,  PA  pulmonary artery       
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the noncoronary cusp), which can lead to clinical signs of 
tricuspid atresia  [  63  ] . 

 Management consists of operative resection of the aneu-
rysmal wall and closure of the mouth with a patch with or 
without aortic valve surgery.  

    15.5.2   Cardiac Computed Tomography (CT) in 
the Evaluation of Sinus of Valsalva 
Aneurysm 

 CT is useful to con fi rm echocardiographic  fi ndings of SVAs 
and plan interventions and device selection in patients with 

SVA rupture  [  63–  66  ] . Ruptured SVA is easily diagnosed 
with transthoracic echocardiography, but CT provides supe-
rior spatial resolution and coronary anatomy information 
prior to surgical procedures  [  65  ] . 

 The CT criteria for diagnosis of a SVA are a saccular-
shaped structure with an origin above the aortic annulus and 
normal dimensions of the adjacent aortic root and ascending 
aorta (Fig.  15.27 )  [  63–  66  ] . A giant SVA can protrude into the 
right ventricle or right atrium. SVA rupture on CT would 
manifest by the presence of a jet of contrast extending from 
the aneurysm into an adjacent cardiac chamber (Fig.  15.28 ). 
CT can also identify SVA compression of adjacent struc-
tures, including the coronary arteries.     
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  Fig. 15.28    Rupture of the sinus of Valsalva in a 23-year-old man present-
ing with orthopnea. Panel ( a ) is an axial image showing a large, bizarre-
shaped pseudoaneurysm ( black arrows ) with partial thrombi ( white 
arrow ) on the right side of the aortic root. Panel ( b ) is a coronal section 

showing a lobulated, low-attenuation lesion    suggestive of a con fi ned 
thrombus ( white arrows ) along the right side of the aortic root (Reproduced 
with kind permission of the Radiological Society of North America, Oak 
Brook, Il from    Chae et al.  [  67  ] ).  Ao  aorta,  LV  left ventricle       
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    15.6   Genetic Aortopathies 

 There are several syndromic and nonsyndromic genetic condi-
tions that are associated with the development of thoracic aor-
tic aneurysms as well as aortic dissection, including Marfan 
syndrome, Loeys–Dietz syndrome, Ehlers–Danlos syndrome, 
Turner syndrome, as well as other genetic mutations (TGFBR1, 
TGFBR2, FBN1, ACTA2, COL3A1, MYH11)  [  68  ] . 

    15.6.1   Marfan Syndrome 

 Marfan syndrome is an inherited multisystemic disorder of 
connective tissue with a prevalence of approximately 2–3 per 
10,000 persons  [  69  ] . It is inherited in an autosomal dominant 
manner, although about 25–30 % of cases are sporadic  [  70  ] . 
Sporadic cases are caused by a mutation in the FBN1 gene that 
encodes  fi brillin, a large glycoprotein that allows structural 
integrity of the vessel wall  [  70  ] . Defective micro fi bril produc-
tion causes elastolysis of the connective tissue, which is asso-
ciated with aneurysm formation and dissection. The classic 
characteristics of Marfan syndrome are abnormalities of the 
eyes (lens dislocation), skeleton (increased bone lengths, pec-
tus excavatum, or pectus carinatum, scoliosis, joint laxity), 
and cardiovascular system (aneurysm and dissection). 

 Cardiovascular and valvular diseases occur in the majority 
of Marfan patients (>90 %) and are the cause of death in >90 % 
of the cases, with aortic rupture accounting for 80 % of the 
deaths. The average age of death in untreated patients is approx-
imately 35 years versus 75 years in treated patients  [  71  ] . 

 The most severe problems in Marfan syndrome include 
aortic root dilatation and dissection, which have historically 
been the causative factors in early patient demise. 
Annuloaortic ectasia, predominantly involving the aortic 
root, occurs in 60–80 % of adults with Marfan syndrome 
(Figs.  15.29  and  15.30 )  [  71,   72  ] . It is characterized by dilata-
tion of all three sinuses of Valsalva, with extension into the 
sinotubular junction and ultimately into the aortic annulus. 
Compared with atherosclerotic aortic aneurysms, aortic 
aneurysms in Marfan syndrome occur in younger patients, 
enlarge more rapidly, and rarely show intimal calci fi cation or 
thrombosis  [  71,   72  ] .   

 Aortic root dilatation is typically progressive and if 
untreated leads to aortic dissection or rupture (Fig.  15.31 ). 
Moreover, the outer wall of the false lumen of patients with 
Marfan syndrome is usually extremely thin, thus increasing 
the risk of rupture  [  73  ] . In addition, the dilatation of the aortic 
ring can cause aortic valve incompetence and regurgitation.  

 Dilatation of the main pulmonary artery is also common 
in Marfan syndrome and like dilatation of the ascending 
aorta, it occurs predominantly in the pulmonic root  [  73  ] . 
Mitral valve prolapse and mitral annular calci fi cation before 
40 years of age can occur as well  [  71  ] .  

    15.6.2   Loeys–Dietz Syndrome 

 Loeys–Dietz syndrome (LDS) is an autosomal dominant 
genetic syndrome which has features similar to Marfan syn-
drome but which is caused by mutations in the genes encod-
ing transforming growth factor beta receptor 1 (TGFBR1) or 
2 (TGFBR2)  [  74–  76  ] . The classic  fi ndings include vascular 
(cerebral, thoracic, and abdominal arterial aneurysms and/or 
dissections) and skeletal abnormalities (pectus excavatum or 
pectus carinatum, scoliosis, joint laxity, arachnodactyly, tal-
ipes equinovarus). Approximately 75 % of affected individu-
als have LDS type I with craniofacial manifestations (ocular 
hypertelorism, bi fi d uvula, cleft palate, craniosynostosis) 
and approximately 25 % have LDS type II with cutaneous 
manifestations (velvety and translucent skin, easy bruising, 
and wide atrophic scars). The natural cardiovascular history 
of LDS is development of arterial aneurysms, which have a 
high incidence of rupture. Median survival in Loeys–Dietz 
syndrome is 37 years, and the major cause of death is tho-
racic aortic dissection (67 %), followed by abdominal aortic 
dissection (22 %) and intracranial bleeding (7 %)  [  76  ] . 

 Many of the cardiovascular  fi ndings in Loeys–Dietz syn-
drome are also found in Marfan syndrome patients, includ-
ing increased risk of ascending aortic aneurysm and aortic 
dissection (Fig.  15.32 ). Dissection tends to occur at an ear-
lier age than in Marfan syndrome and the diameter of the 
dissected aorta is usually less than that in Marfan syndrome. 
Pulmonary artery dilatation occurs in both LDS and Marfan 
syndrome. In contrast to Marfan syndrome, the majority 
(92 %) of patients with Loeys–Dietz syndrome have aneu-
rysms of other vessels that are associated with a high risk of 
rupture. Similar to Marfan syndrome, CT is the study of 
choice to identify the vascular manifestations, which in turn 
helps in planning surgical intervention  [  77,   78  ] .   

    15.6.3   Ehlers–Danlos Syndrome 

 Ehlers–Danlos syndrome (EDS) is an autosomal dominant dis-
order caused by heterozygous mutations in the COL3A1 gene 
encoding for type III procollagen. There are six major types 
and at least  fi ve minor types of Ehlers–Danlos syndrome. EDS 
type IV, also called vascular EDS, is characterized by arterial 
fragility and carries a poor prognosis because of the risk of life-
threatening arterial dissection or rupture. The diagnosis of vas-
cular EDS can be challenging as patients often have subtle 
phenotypic features (thin, translucent skin, hypermobility of 
small joints, tendon/muscle rupture, easy bruising). In fact, the 
diagnosis is often unexpected and made at the time of the  fi rst 
vascular complication  [  79  ] . Such complications are dramatic, 
presenting as sudden death, shock, stroke, and acute abdomen. 
Most patients have experienced a signi fi cant complication by 
age 20 years and more than 80 % by age 40 years. The median 
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age of death is 48 years  [  79  ] . Aortic disruption accounts for 
many of the deaths in ED’s type IV cases. 

 Similar to Marfan syndrome and LDS, patients with vas-
cular-type EDS have multiple vascular complications, includ-
ing aneurysm, dissection, and/or rupture of both major and 
minor arteries (Fig.  15.33 ). Arterial rupture may be preceded 
by aneurysm, arteriovenous  fi stulae, or dissection or may 
occur spontaneously. The common sites of arterial rupture 
are the thorax and abdomen followed by the head and neck 
and extremities. Vascular EDS and LDS share the complications 

of spontaneous rupture of the spleen, bowel, and uterus. In 
contradistinction to Marfan syndrome and LDS, vascular 
abnormalities are progressive in vascular EDS and patients 
with vascular EDS have a higher incidence of fatal complica-
tions from vascular surgery.  

 Similar to the other genetic aorthopathies, CT should be 
considered not only for diagnosis but also for surveillance of 
the disease  [  80  ] . Noninvasive imaging with CT or magnetic 
resonance imaging (MRI) is recommended as invasive cathe-
terization increases the risk of vascular rupture and dissection.  
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  Fig. 15.29    Annuloaortic ectasia in a patient with Marfan syndrome. 
Panel ( a ) is an axial scan, panel ( b ) a coronal image, and panel ( c ) a 
sagittal view. Each shows dilatation of the aortic root ( Ao , panel a, line 

panel b). Note the normal size of the ascending aorta ( aAo ) and descend-
ing aorta ( dAo ). The aortic root maximum diameter is 4.9 cm. Also note 
the ectatic involvement of the sinuses of Valsalva       
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  Fig. 15.31    Aortic dissection in a patient with Marfan syndrome. This 
computed tomography scan demonstrates a type B aortic dissection 
(involving the descending thoracic aorta only). Panel ( a ) an axial view 
at the level of the left ventricle shows an intimal  fl ap in the descending 
aorta separating the inner true ( T ) and outer false ( F ) lumens. Panel ( b ) 

a sagittal image of the aortic arch and the entire descending aorta dem-
onstrates a dissection  fl ap extending from the distal aortic arch into the 
abdominal aorta ( arrowheads ). The sagittal view also shows enlarge-
ment of the dural sac in the sacrum ( arrow )       
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  Fig. 15.30    Annuloaortic ectasia in another patient with Marfan syn-
drome. Panel ( a ) an axial scan at the level of the left atrium ( LA ) shows 
dilatation of the aorta which involves the aortic valve annulus ( arrow ). 

Panel ( b ) a coronal view shows a maximum aortic root diameter of 
4.1 cm ( black line )       
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    15.6.4   Turner Syndrome 

 Turner syndrome or Ullrich–Turner syndrome (also known 
as “gonadal dysgenesis”) is a 46XO chromosomal abnormal-
ity in which all or part of the second X chromosome is absent. 
Characteristic physical abnormalities are short stature, swell-
ing, broad chest, low hairline, low-set ears, and webbed 
necks. Turner syndrome occurs in 1 in 2,500 to 1 in 3,000 
live-born girls  [  81  ] . 

 The prevalence of congenital heart disease among patients 
with Turner syndrome ranges from 17 to 45 % with no clear 
phenotype–genotype correlations  [  81  ] . Coarctation of the 
aorta and bicuspid aortic valve are the most common malfor-
mations associated with Turner syndrome. Other congenital 
cardiovascular malformations, such as partial anomalous 
venous drainage and aortic valve stenosis or aortic regurgita-
tion, are also more common in Turner syndrome than in the 
general population. 

 The prevalence of aortic root dilatation ranges from 9 to 
40 % and aortic dissection affects 1–2 % of patients with 
Turner syndrome  [  81,   82  ] . Coarctation of the aorta (unre-
paired or repaired), bicuspid aortic valve, and/or hyperten-
sion are risk factors for aortic dissection. Routine surveillance 
is highly recommended in patients with aortic root dilata-
tion  [  81,   82  ] .  

    15.6.5   Indications and Surgical Repairs for 
Genetic Aortopathies 

 Elective replacement of the aortic root is suggested before 
critical enlargement or dissection occurs. Prophylactic car-
diovascular surgery is performed for treatment of aortic 
aneurysm. Emergency surgery is indicated for aortic dissec-
tion. Surgical replacement of the aortic root may be indicated 
for survivors of acute proximal aortic dissection. 

 In patients with Marfan syndrome, elective aortic valve/
graft surgery is usually considered when the aortic root diam-
eter reaches 5.0 cm  [  68  ] . Earlier surgery is advocated if there 
is a family history of aortic dissection or a rapidly expanding 
aneurysm (>0.5 cm/year) or signi fi cant aortic regurgitation. In 
these cases, surgical intervention is suggested when the aortic 
root diameter reaches 4.0–4.5 cm. After operative repair of the 
aortic root, Marfan syndrome patients are at continuing risk 
for distal aortic aneurysm and dissection, but other arteries 
develop aneurysms infrequently  [  69  ] . See Fig.  15.34 .  

 For patients with Loeys–Dietz Syndrome, surgical repair 
is recommended when the internal aortic diameter is equal to 
or greater than 4.2 cm by transesophageal echocardiography 
or the external diameter is equal to or greater than 4.4–4.6 cm 
by CT and/or MR imaging  [  68  ] . The vascular form of Ehlers–
Danlos syndrome warrants a conservative approach to 
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  Fig. 15.32    Aortic aneurysm in a patient with Loeys–Dietz syndrome. 
Panel ( a ) an axial view shows marked dilatation of the aorta at the level 
of the sinuses of Valsalva and involving the aortic valve ( AV ). Panel ( b ) 

a sagittal reformat shows dilatation of the aortic root ( black line ) and 
proximal ascending aorta. The aortic root maximum diameter is 5.8 cm. 
 Ao  aorta       
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  Fig. 15.33    Annuloaortic ectasia in a patient with Ehlers–Danlos syn-
drome. Panel ( a ) is a coronal reconstruction and panel ( b ) is a sagittal 
view. Each shows a dilated aortic root ( black line ). The aortic root 

 maximum diameter is 4.8 cm. Panel ( c ) is an axial view of the neck 
showing a tortuous, dilated left carotid artery ( arrows )       
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managing asymptomatic vascular abnormalities  [  68  ] . 
Surgical repair is complicated by friability of the vascular 
tissues, and some recommend surgery only when there is 
impending arterial rupture or life-threatening hemorrhage. 

 The preferred surgical repair for patients who have aortic 
root and sinuses of Valsalva dilatation but normal valve 
lea fl ets is excision of the native aortic sinuses and valve-spar-
ing root resection (modi fi ed David reimplantation operation) 
 [  68  ] . The advantage of this strategy is that it preserves the 
aortic valve as well as the elastic properties of the native aor-
tic root and it does not require postoperative anticoagulant 

administration which is especially important in this group of 
patients who are at high risk for aortic dissection. Composite 
valve–graft replacement, in which the dilated aortic segment 
is replaced by a prosthetic valve which is sewn into a tube 
graft with reimplantation of the coronary ostia (modi fi ed 
Bentall procedure), is an alternative surgery (Fig.  15.35 ). This 
surgery has low rates of morbidity and mortality and produces 
excellent long-term results. In patients who have associated 
aortic lea fl et disease, a root replacement with a valve–graft 
conduit and reimplantation of the coronary artery ostia may 
be warranted (class I indication)  [  68  ] .   

a

c

b

d

  Fig. 15.34    A 39-year-old man with Marfan syndrome who has under-
gone aortic root repair and aortic valve replacement after a type A dis-
section. Panels ( a ) and ( b ) are after the repair. Panel (a) is an axial scan 
showing the prosthetic aortic valve ( black arrow ). Also note the pectus 
excavatum deformity ( white arrow ). Panel (b), an axial view at a higher 

level, shows the residual type A dissection (involving the aortic arch) 
( arrows ). Panel ( c ) is an image at the level of the pelvis and reveals the 
dissection  fl ap extending into the right common iliac artery ( arrow ). 
Panel ( d ) is an axial reconstruction at the level of the mid-sacrum 
revealing ectasia of the dural sac at the S1 and S2 levels ( arrows )       
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    15.6.6   Cardiac Computed Tomography (CT) in 
the Evaluation of Genetic Aortopathies 

 CT is a valuable imaging tool in patients with genetic or famil-
ial aortopathy. It can clearly demonstrate the diameters of the 
dilated aorta, sinotubular junction, and aortic root. ECG-gated 
images enable depiction of aortic valve function and elimi-
nates motion artifact in the ascending aorta which may be mis-
taken for a dissection. On end-diastolic images, valvular 
regurgitation appears as a coaptation defect  [  71 ,  73  ] . 

 CT is now established as the imaging modality of choice 
for suspected diagnosis of aortic dissection. It easily demon-
strates the extent of dissection, the relationship of the true 
lumen and false lumen, as well as involvement of major aor-
tic branch vessels. Classic CT  fi ndings of aortic dissection 
are an intimal  fl ap and presence of a false lumen. Other 
 fi ndings include increased attenuation of the thrombosed 
false lumen on unenhanced CT scans representing acute 
hemorrhage, internal displacement of intimal calci fi cation, 
and mediastinal and/or pericardial hematoma  [  73  ] .   

    15.7   Pulmonary Artery Anomalies 

 The normal diameter of the main pulmonary artery is usually 
about two-thirds that of the ascending aorta and should not 
exceed 28 mm  [  83  ] . The main, left, and right pulmonary 
arteries lie entirely within the pericardium. The main pulmo-
nary artery divides into the right and left pulmonary arteries 
behind and to the left of the ascending aorta. The right 

 pulmonary artery has a longer course than the left, extends 
posteriorly and to the right from the main pulmonary artery, 
and divides into two lobar branches at the root of the right 
lung. The intrapericardial portion of the right pulmonary 
artery usually measures 12–15 mm in diameter. The left pul-
monary artery courses over the left main bronchus and pene-
trates the root of the left lung, where it divides into two lobar 
branches. The left pulmonary artery measures 18–24 mm in 
diameter and has a shorter intrapericardial course than the 
right pulmonary artery  [  83  ] . Most congenital anomalies of 
the pulmonary arteries in adults are found incidentally on 
chest radiographs or computed tomography (CT)scans  [  84  ] . 

    15.7.1   Proximal Interruption of Pulmonary 
Arteries 

 Proximal interruption of the right or left pulmonary artery is a 
rare developmental anomaly. The proximal pulmonary artery 
ends blindly at the hilum, usually within 1 cm of its origin from 
the main pulmonary artery, and blood supply to the lung is 
through systemic collateral vessels, mainly bronchial and trans-
pleural collateral arteries  [  85,   86  ] . Interruption of the left pul-
monary artery is usually associated with other congenital 
cardiovascular anomalies, including right aortic arch, septal 
defects, patent ductus arteriosum, and tetralogy of Fallot. Right-
sided pulmonary artery interruption is more common than left-
sided involvement and is usually an isolated  fi nding  [  86  ] . 

 Most affected patients come to clinical attention in the 
 fi rst year of life and present with dyspnea or recurrent 
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  Fig. 15.35    CT imaging of type A aortic dissection repair (Bentall pro-
cedure) in a Marfan patient. Panel ( a ) an axial image at the level of the 
proximal descending aorta showing the dissection  fl ap ( arrow ). Panel 
( b ) an axial image at the level of the aortic root again showing the 

 dissection  fl ap ( black arrow ) and the aortic root graft ( AG ) as well as the 
coronary graft ( CG ) from the ascending aortic graft to the proximal left 
anterior descending artery ( LAD ) and sequentially to the left circum fl ex 
artery ( LCX )       
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 pulmonary infections. However, patients can be asymptom-
atic and the diagnosis can be made as an incidental detection 
on chest radiographs or CT scans obtained for other clinical 
indications. Occasionally, adults with this disorder present 
with recurrent pulmonary infections or hemoptysis due to 
systemic-to-pulmonary arterial shunting. 

 Contrast-enhanced CT can clearly indentify the abnor-
mal termination of the proximal pulmonary artery and the 

collateral arteries supplying the lung  [  84,   87–  91  ] . Associated 
 fi ndings include decreased size of the affected lung, ipsilat-
eral mediastinal shift, and diminished ipsilateral pulmonary 
vascularity (Figs.  15.36  and  15.37 ). The pulmonary venous 
drainage and bronchial branching pattern are normal. CT at 
lung windows may show serrated thickening of the pleura 
and subpleural parenchymal linear opacities or bands 
related to anastomoses of transpleural systemic collateral 
vessels with peripheral branches of the pulmonary artery. 
Systemic collateral vessels can originate from intercostal, 
mammary (internal thoracic), subclavian, and/or innomi-
nate arteries.    

    15.7.2   Pulmonary Artery Sling 

 With a pulmonary artery sling, the left pulmonary artery 
arises from the posterior aspect of the right pulmonary artery 
and crosses the mediastinum, passing between the trachea 
and esophagus to reach the left hilum. The left pulmonary 
artery thus forms a sling around the distal trachea and the 
proximal right main bronchus and may compress either 
structure  [  90–  93  ] . 

 This anomaly usually comes to clinical attention because 
of the compressive effect of the artery on the airway and/or 
associated tracheal or bronchial stenosis due to cartilaginous 
rings. It may also be asymptomatic and detected incidentally 
on imaging studies  [  93  ] . In the latter scenario, the posterior 
membranous component of the trachea is absent and the 
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  Fig. 15.36    Proximal interruption of the right pulmonary artery. Panel 
( a ) an axial tomogram showing proximal interruption of the right pul-
monary artery ( black arrow ), mediastinal shift to the right side, and 
bronchial artery collateral vessels ( white arrows ). Panel ( b ), a 3D 

 volume-rendered image, demonstrates the abrupt interruption of the 
right main pulmonary artery ( black arrow ) and multiple aortopulmo-
nary collateral arteries supplying the right lung ( white arrows ).  R  right, 
 L  left,  LPA  left pulmonary artery       

RPA

  Fig. 15.37    Proximal interruption of the left pulmonary artery. The 
diagnosis was made incidentally in an asymptomatic adult referred for 
scoliosis evaluation. This axial image shows a blind-ending left pulmo-
nary artery ( arrow ) and mediastinal shift to the left side.  RPA  right pul-
monary artery       
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 tracheal cartilages are O-shaped rather than U-shaped, result-
ing in either short- or long-segment tracheal stenoses. 

 The esophagus may be indented anteriorly but is rarely con-
stricted enough to cause symptomatic obstruction. Congenital 
heart defects occur in approximately 50 % of patients with 
pulmonary artery sling, most commonly atrial septal defect, 
ventricular septal defect, and patent ductus arteriosus and 
less commonly, tetralogy of Fallot, tricuspid atresia, and 
double-outlet right ventricle. Bronchus suis (“pig” bronchus), 

 characterized by separate high origin of the right upper lobe 
bronchus from the trachea, is also a common association. 

 Contrast-enhanced CT can simultaneously show the 
abnormal origin and course of the left pulmonary artery and 
the associated tracheobronchial narrowing including the 
presence of complete tracheal rings and the extent of tracheal 
stenosis (Fig.  15.38 )  [  90–  92  ] . In addition, dynamic CT dur-
ing forced inspiration and expiration can show air trapping, 
further con fi rming the presence of bronchial obstruction.  
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  Fig. 15.38    Pulmonary artery sling in a 58-year-old woman. Panel ( a ) 
an axial image showing the left pulmonary artery ( L ) arising from the 
posterior aspect of the right pulmonary artery ( R ) and crossing between 
the trachea ( black arrow ) and esophagus ( white arrow ) to reach the left 
hilum. Panel ( b ) a 3D volume-rendered reformat again showing the 

anomalous origin and course of the left pulmonary artery ( L ) and its 
relationship to the aorta ( Ao ). Panel ( c ) is a volume-rendered depiction 
of the airway showing a long-segment of distal tracheal narrowing 
( arrows ). The diagnosis of complete tracheal rings was made during 
surgery.  M  main pulmonary artery       
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 In symptomatic patients, treatment is reimplantation of 
the anomalous left pulmonary artery and tracheal reconstruc-
tion in cases with congenital tracheal stenosis. Resection 
with end-to-end anastomosis is the preferred procedure for 
short-segment tracheal stenosis. Tracheoplasty is usually 
needed for repair of long-segment stenosis  [  94  ] .  

    15.7.3   Idiopathic Dilatation of the Main 
Pulmonary Artery 

 Idiopathic dilatation of the pulmonary trunk refers to enlarge-
ment of the pulmonary out fl ow tract without pulmonary val-
vular stenosis. The right and left pulmonary arteries may or 
may not be dilated  [  95  ] . It is a diagnosis of exclusion and 
secondary causes such as pulmonic valvular stenosis and 
pulmonary hypertension need to be ruled out. This condition 
is benign, asymptomatic, and nonprogressive. It is usually 
incidentally detected on imaging studies (Fig.  15.39 )  [  96  ] .        
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 Coronary artery anomalies represent a heterogeneous group 
of congenital disorders with different pathophysiology and 
clinical impact. By de fi nition, they represent variants or 
deviations from the normal coronary artery anatomy  [  1  ] . 

    16.1   Normal Anatomy of the Coronary 
Arteries    

 The aortic valve has three lea fl ets or cusps named the left, 
right, and noncoronary cusps. Just above the aortic valves 
there are three anatomic dilatations of the ascending aorta, 
known as the aortic sinuses of Valsalva. There are three 
sinuses of Valsalva which are named for the associated aortic 
valve cusp: left, right, and noncoronary. The left main coro-
nary artery (LMCA   ) normally arises from the left sinus of 
Valsalva and the right coronary artery (RCA) arises from the 
right sinus of Valsalva. The noncoronary cusp is normally 
not associated with a coronary artery ostium. 

 The classic features of the normal coronary artery sys-
tem include a right and left coronary circulation with sepa-
rate ostia located at the aortic sinuses with 45–90° angles of 
origin from the aortic wall. The left coronary circulation has 
a common trunk called the LMCA that gives rise to all of 
the left coronary circulation branches. The proximal course 
of the LMCA coronary artery traverses the atrioventricular 
groove. There are branches to the ventricular myocardium 
and to the coronary arteries that terminate at the capillary 
bed. The coronary arteries are classi fi ed as “end circula-
tion” since they represent the only source of blood supply to 
the myocardium  [  2  ] . 

    16.1.1   Left Main Coronary Artery    

 The LMCA arises from the left aortic sinus of Valsalva. It 
bifurcates into the left anterior descending artery (LAD) 
(embedded in the anterior cardiac surface) and the left 
circum fl ex artery (LCx) (embedded in the  posterior surface). 

Occasionally, the LMCA trifurcates into the LAD, the LCx, 
and a third vessel termed the ramus intermedius artery which 
arises between the takeoff of the LAD and LCx. The LAD 
and LCx arteries give off diagonal arteries and obtuse mar-
ginal arteries, respectively.  

    16.1.2   Right Coronary Artery 

 The right coronary artery (RCA) originates from the right 
aortic sinus of Valsalva and travels caudally through the right 
atrioventricular groove to reach the cardiac apex. The RCA 
gives off several branches, including the conus artery, sinus 
node artery, acute marginal artery, and posterior descending 
artery.  

    16.1.3   Epidemiology and Clinical Importance 
of Coronary Anomalies 

 The incidence of coronary artery anomalies is relatively rare 
and is estimated to affect approximately 1 % of the general 
population  [  1  ] . Yamanka and Hobs  [  3  ]  reported    a 1.3 % inci-
dence of coronary anomalies in a series of 126,595 patients 
undergoing coronary angiography over a 28-year period. 
Although coronary artery anomalies are far less common 
than acquired coronary artery disease, they may have 
signi fi cant cardiovascular consequences, including myocar-
dial ischemia, fatal arrhythmias, and sudden cardiac death 
 [  4  ] . Patients in whom the proximal segment of an aberrant 
vessel is compressed between the aorta and pulmonary artery 
have a high risk of exercise-related cardiac death  [  5  ] . 

 Coronary artery anomalies are most often classi fi ed by 
their origin, course, termination, or aberrant intrinsic anat-
omy (Table  16.1 ). They can be both hemodynamically 
signi fi cant and insigni fi cant. Hemodynamically signi fi cant 
anomalies are those that affect myocardial perfusion, leading 
to an increased risk of myocardial ischemia or sudden death. 
These anomalies potentially include (1) ectopic coronary 
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origin of the RCA or the left coronary artery (LCA) from the 
pulmonary artery, (2) ectopic coronary origin from the oppo-
site aortic sinus, (3) single coronary artery, (4) coronary 
artery  fi stulae, and (5) myocardial bridging  [  5  ] .    

    16.2   Anomalous Origin and Course 
of the Coronary Arteries 

 Excluding myocardial bridging, coronary artery anomalies 
of origin and course account for most coronary artery 
anomalies  [  5  ] . They represent up to 87 % of coronary 
anomalies diagnosed at invasive coronary angiography. 
These anomalies include (a) absent left main trunk, (b) 
anomalous origin near the sinus of Valsalva, (c) anomalous 
origin from the opposite or noncoronary cusp, (d) anoma-
lous origin outside the sinus of Valsalva, and (e) single 
coronary artery. 

    16.2.1   Absent Left Main Trunk 

 In this anomaly, there are three or more coronary ostia. 
The left main artery is absent and there are separate ostia 
for the LAD and LCx arteries with otherwise normal LAD 
and LCx artery anatomy (Fig.  16.1 )  [  7  ] . In other words, 
the LAD and LCx arteries have separate ostia emanat-
ing from the aorta. This anomaly may cause techni-
cal dif fi culties when performing conventional selective 
angiography.   

   Table 16.1    Coronary artery anomalies   

  I .  Anomalies of origination and course  
 Absent left main trunk (split origination of left coronary artery) 
 Anomalous origin near aortic sinus of Valsalva 
 Anomalous origin from opposite of noncoronary sinus 
 Anomalous origin outside sinus of Valsalva 
  Anomalous pulmonary origin 
  Anomalous non-pulmonary origin 
 Single coronary artery 
  II .  Anomalies of intrinsic coronary arterial anatomy  
 Congenital ostial stenosis/atresia 
 Coronary ectasia/aneurysm 
 Coronary hypoplasia 
 Absent coronary artery 
 Intramural course (myocardial bridging) 
 Coronary artery crossing 
 Doubled (duplicated) coronary artery 
 Anomalous origination of coronary artery branches 
  III .  Anomalies of termination  
 Decreased number of arteriole/capillary rami fi cations 
 Coronary artery  fi stula 
 Extracardiac connections 

LAD LCx

b

LAD

LCx

a

Ao

  Fig. 16.1    Absent left main trunk. The separate ostia ( black arrow  in panel  a  and  white arrow  in panel  b ) of the left anterior descending artery 
( LAD ) and circum fl ex artery ( LCx ) in panel ( a ), a 2D multiplanar reformat and panel ( b ), a 3D volume-rendered reconstruction.  Ao  aorta       
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    16.2.2   Anomalous Coronary Artery Origin near 
the Proper Sinus of Valsalva 

 This group of anomalies includes (a) a high ostium and (b) 
commissural ostium. High takeoff or high ostium refers to 
the origin of either coronary artery ostium above the sinotu-
bular junction (i.e., between its sinus of Valsalva and the 
tubular part of the ascending aorta). See Figs.  16.2  and  16.3 . 
This anomaly involves the RCA more frequently than the left 
and rarely has clinical signi fi cance unless interventional pro-
cedures are performed at which time it may add dif fi culty to 
the procedure. Awareness of the abnormal anatomy is impor-
tant in order to avoid accidental ligation, transection, or 
cross-clamping at the time of surgery as well as to simplify 
the cannulation of the artery during surgery or arteriography. 
The coronary artery origin is usually located a few millime-
ters above the sinotubular junction, but an origin >5 cm 
above the junction has been reported  [  8  ] .   

 Commissural coronary artery ostium is an extremely rare 
variant in which a coronary artery originates near or behind 
the commissure between two aortic valve cusps (Fig.  16.4 ). 
The combination of a slit-like coronary ostium and intimal 
proliferation of the aortic valve lea fl et can contribute to 
lumen obstruction. This anomaly has been rarely associated 
with sudden cardiac death  [  9  ] .   

    16.2.3   Anomalous Coronary Artery Origin 
from the Opposite or Noncoronary 
Sinus of Valsalva 

 Anomalous coronary artery origin from the opposite or 
noncoronary sinus of Valsalva represents the second most 
frequent reason for sudden cardiac death in the young (par-
ticularly during exercise) behind anomalous origin of the 
coronary artery near the sinus of Valsalva  [  10  ] . The diagnosis 
is challenging since patients have few prodromal symptoms 
and routine echocardiography is not sensitivity for detecting 
this abnormality  [  11–  13  ] . This anomaly may be associated 
with sudden death, chest pain, arrhythmia,  exercise-induced 
presyncope or syncope, left ventricular dysfunction, and 
 fi ndings of myocardial ischemia  [  14  ] . 

 There are four anatomic patterns of anomalous origin of a 
coronary artery from the opposite or noncoronary sinus of 
Valsalva: (1) the LMCA arising from the right coronary sinus 
(Figs.  16.5  and  16.6 ), (2) the RCA arising from left coronary 
sinus (Fig.  16.7 ), (3) the LCx or the LAD arising from the 
right coronary sinus (Fig.  16.8 ), and (4) the LCA or the RCA 
arising from the noncoronary sinus (Fig.  16.9 ). There are 
also four different anatomical courses or distributions of the 
anomalous artery: (a) interarterial (between the aorta and 
pulmonary trunk, Fig.  16.7 ), (b) retroaortic (Figs.  16.5  and 

a b

LCX

Ao
LV

RV
RCA

LMCA

LMCA

LAD
RI

  Fig. 16.2    The high takeoff of the left main coronary artery ( LMCA ) in 
a 2D multiplanar reconstruction (panel  a ) as well as in a 3D volume-
rendering reconstruction (panel  b ). The ostium of the left main coro-
nary artery ( LMCA ) is located above the sinotubular junction of aorta. 

 LAD     left anterior descending artery,  LCx  left circum fl ex artery,  RCA  
right coronary artery,  RI  ramus intermedius artery,  Ao  aorta,  LV  left 
ventricle,  RV  right ventricle       
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 16.6 ), (c) prepulmonic, and (d) septal (also known as subpul-
monic, Fig.  16.6 ). The precise path taken by the artery is of 
clinical importance. The interarterial course (previously 
called a malignant course) is associated with a high risk of 
sudden cardiac death, while the retroaortic, prepulmonic, 
and septal courses are considered low-risk anomalies.      

 High-risk anatomy (i.e., high risk for sudden cardiac 
death) can be associated with other abnormalities including 
a narrowed slit-like ori fi ce of the coronary ostium, acute 
angle takeoff of the ostium, and an intramural course. An 
intramural course is characterized by a coronary artery 
whose origin travels diagonally through the wall of the aorta 

b

LAD

RCA

Ao

LV

RV

LA

RCA

a

c

RCA

LAD

LCx

LMCA

  Fig. 16.3    The high takeoff of the right coronary artery ( RCA ) in 2D 
multiplanar reconstruction (panel  a ) as well as in a 3D volume-render-
ing reconstruction (panel  b ) and a coronary artery tree format (panel  c ). 

The ostium of RCA is positioned above the sinotubular junction of 
aorta.  LAD  left anterior descending artery,  LCx  left circum fl ex artery, 
 LMCA  left main coronary artery       
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before exiting the aortic lumen as opposed to taking a per-
pendicular course directly through the aortic wall as it exits 
the aorta. This is identi fi ed by the acute angle takeoff, the 
slit-like origin, and the diagonal course between the great 
vessels  [  15  ] . To date, no single anatomical abnormality has 
been identi fi ed as the de fi nitive cause of ischemia and sud-
den cardiac death  [  16  ] . 

 The LMCA arising from the right coronary sinus of 
Valsalva is reported to occur in 0.017 % of patients undergo-
ing coronary angiography (Figs.  16.5  and  16.6 )  [  3  ] . It is 
associated with a high incidence of sudden cardiac death 
which is related to its frequently occurring interarterial 
course  [  17  ] . The interarterial course is associated with coro-
nary arterial compression (worse in systole) which decreases 
coronary blood  fl ow and may result in myocardial infarction. 
Anomalous coronary arterial  fl ow can be further compro-
mised during exercise due to aortic dilatation. A narrow slit-
like ori fi ce and an acute angle takeoff of the coronary ostium 
with a tangential proximal course of the ectopic coronary 
artery are also common pathologic  fi ndings and can contrib-
ute to sudden cardiac death. Surgical coronary revasculariza-
tion is recommended in all patients with an anomalous, 
interarterial LMCA  [  14  ] . 

 Less commonly, an anomalous LMCA may also take a 
retroaortic, prepulmonic, or septal (subpulmonic) course. 

 The RCA arising from the left coronary sinus Valsalva 
has been reported in approximately 0.2 % of patients 

scheduled for coronary angiography  [  3  ]  (six times higher 
incidence    than the LMCA arising from the right coronary 
sinus) (Fig.  16.7 ). It is associated with a lower risk of sud-
den cardiac death than LMCA arising from the right coro-
nary sinus  [  12,   15,   18  ] . The most common course of an 
anomalous RCA arising from the left sinus of Valsalva is 
interarterial so this variant can be associated with sudden 
cardiac death  [  5  ] . 

 Within the LCx or LAD arising from the right coronary 
sinus class of coronary anomalies, the LCx artery more fre-
quently arises from the right coronary sinus than does the 
LAD artery (Fig.  16.8 )  [  3,   19  ] . The vast majority of the time, 
the anomalous LCx artery passes behind the aortic root (i.e., 
retroaortic course) and has a good prognosis. It has not been 
associated with sudden death  [  20  ] . The LAD arising from 
the right coronary sinus is a very rare malformation. Rarely 
seen in patients with otherwise normal hearts, it has been 
associated with tetralogy of Fallot, double outlet right ven-
tricle, and transposition of the great arteries. It may take 
either an interarterial or an intraseptal or prepulmonic course. 
The interarterial course portends a serious outcome, while 
the other intraseptal and prepulmonary routes are considered 
low-risk anomalies. 

 The LCA and the RCA arising from the noncoronary 
sinus are uncommon variants of coronary artery anomalies 
(Fig.  16.9 )  [  19  ] . Both are usually benign and have no clinical 
relevance. Rarely they are associated with myocardial isch-
emia  [  21  ]  and sudden cardiac death  [  22  ] .  

    16.2.4   Anomalous Origin of the Coronary 
Artery Outside the Aortic Sinuses 
of Valsalva 

 Anomalous coronary arteries originating outside aortic 
sinuses of Valsalva may have a pulmonary origin or a non-
pulmonary origin. 

 There are  fi ve anatomic patterns of anomalous pulmonary 
origin of coronary artery: (1) anomalous LMCA (LCA, left 
coronary artery) from the pulmonary artery (also known as 
ALCAPA or Bland–White–Garland syndrome), (2) anoma-
lous RCA from the pulmonary artery, (3) anomalous LCx 
artery from the pulmonary artery, (4) anomalous LAD artery 
from the pulmonary artery, and (5) anomalous RCA and 
LCA from the pulmonary artery  [  6  ] . Of those anomalies, 
ALCAPA is most common, while the other variants are 
extremely rare. 

 ALCAPA (Bland–White–Garland syndrome, Fig.  16.10 ) 
has an incidence of 1 in 300,000 live births  [  14  ] . This anom-
aly results in a coronary steal phenomenon caused by the 
 fl ow of blood from the higher pressure coronary arterial sys-
tem to the lower pressure pulmonary arteries and results in 
impaired myocardial perfusion.  
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  Fig. 16.4    The commissural origin of left main coronary artery 
( LMCA ). Note the presence of hypoplasia ( small caliber ) of the anoma-
lous LMCA. The LMCA ostium is located at the commissure between 
left and noncoronary lea fl ets ( arrow ).  R  right coronary lea fl et,  RCA  
right coronary artery,  L  left coronary leafl et,  N  noncoronary leafl et       
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 Based on age at presentation and survival patterns, ALCAPA 
has been classi fi ed as infantile types or adult types  [  23  ] . The 
infantile form presents days to weeks after birth with severe left 
ventricular dysfunction and mitral regurgitation due to an inad-
equate intercoronary collateral circulation. The prognosis is 
poor in the absence of early surgical intervention and approxi-
mately 90 % of untreated infants die in the  fi rst weeks to months 
of life. Very few patients survive to adulthood  [  24  ] . 

 In the adult type, the development of extensive intercoro-
nary collaterals, which feed the LCA territory, as well as a 
restrictive opening between the LCA and the pulmonary 
trunk, lead to near-normal left coronary perfusion and longer 
survival  [  25  ] . These patients may remain asymptomatic until 
adulthood despite silent, recurrent ischemia. In adults, clini-
cal manifestations of ALCAPA include left ventricular dys-
function, mitral regurgitation, exercise-induced myocardial 
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  Fig. 16.5    The abnormal origin of left main coronary artery ( LMCA ) 
from the right coronary sinus together with the right coronary artery 
( RCA ) in a maximum intensity projection (panel  a ), a 3D volume-ren-
dered image (panel  b ) and a coronary artery tree format (panel  c ). The 
LMCA follows the retroaortic course (seen best in panels a and b) and 

bifurcates subsequently into the left anterior descending artery ( LAD ) 
and circum fl ex artery ( LCx ). Note the normal width of LMCA ostium 
and the acute angle ( arrowhead ) just after its origin. The  arrow  in panel 
(a) points to the RCA ostium which is moving out of plane.  Ao  aorta       
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  Fig. 16.6    The abnormal origin of left main coronary artery ( LMCA ) 
from the right coronary sinus together with the right coronary artery 
( RCA ) in 2D multiplanar reformat (panels  a  and  b ) and 3D volume-
rendered reconstruction (panel  c ). The LMCA follows the subpulmo-

nary course ( single arrow  in panel b and  multiple arrows  in panel c). 
Note the hypoplasia of the anomalous artery ( small caliber ) and acute 
angle ( arrowhead  in panel a) at its origin.  PA  pulmonary artery       
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ischemia, myocardial infarction, heart failure, cardiac 
arrhythmia, and sudden cardiac death. 

 The anomalous LCA may arise from the pulmonary artery 
at or above the level of the pulmonary sinuses (high takeoff) 
or very close to a valvular commissure. At the pulmonary 

sinus level, the anomalous ostium most commonly originates 
from the left posterior pulmonary sinus (so-called right-
handed sinus). Less commonly, it arises from the right poste-
rior (left-handed) sinus or from the anterior (nonfacing) 
pulmonary sinus  [  26,   27  ] . 
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  Fig. 16.7    The abnormal origin of right coronary artery ( RCA ) from the 
left coronary sinus together with the left main coronary artery ( LMCA ) 
in 2D multiplanar reformat (panels  a  and  b ) and 3D volume-rendered 
reconstruction (panel  c ). The RCA follows the interarterial course 
(between the pulmonary artery and aorta). Note the hypoplasia ( small 
caliber ), acute angle takeoff, diagonal course between the great arteries 

and slit-like origin all of which defi ne it as intramural ( arrowhead  in 
panel a). This anomaly takes intramural course as identi fi ed by the 
acute angle takeoff and the slit-like origin and diagonal course as it 
travels between the aorta and the pulmonary artery.  LAD  left anterior 
descending artery,  PA  pulmonary artery,  Ao  aorta       

 



19116.2 Anomalous Origin and Course of the Coronary Arteries

 Once the diagnosis of ALCAPA is established, prompt 
surgical reconstruction is indicated to restore a normal dual 
coronary artery, which usually results in near-total myocar-
dial recovery  [  88  ] . In infantile-type ALCAPA, the surgical 
reconstruction strategies include direct reimplantation of 
the anomalous LCA into the aorta, creation of an intrapul-
monary baf fl e from the left coronary ostia to the aorta 

(Takeuchi procedure, Fig.  16.11 ), or coronary bypass graft-
ing (Fig.  16.12 )  [  25  ] . Since in most cases the anomalous 
ostium arises from the left posterior sinus, aortic reimplanta-
tion is usually technically easy and allows full anatomical 
 correction. In adult-type ALCAPA, ligation of the LCA from 
the pulmonary artery, combined with coronary artery bypass 
grafting utilizing the internal mammary artery or a  saphenous 
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  Fig. 16.8    The abnormal origin of left circum fl ex artery ( LCx ) from the 
right coronary sinus together with the right coronary artery ( RCA ) in a 
multiplanar reformat (panels  a  and  b ) and 3D volume-rendered recon-
struction (panel  c ) and a coronary tree format (panel  d ). The LCx fol-

lows the retroaortic course. Note the normal position of the left anterior 
descending artery ( LAD ).  R  right aortic sinus of Valsalva,  L  left aortic 
sinus of Valsalva,  N  noncoronary aortic sinus of Valsalva       
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  Fig. 16.10    Anomalous pulmonary origin of left main coronary artery 
( LMCA ) from the main pulmonary artery ( MPA ) also known as 
ALCAPA or Bland–White–Garland syndrome. Panels ( a ) and ( b ) are 
multiplanar reformats demonstrating the takeoff of the LMCA from the 
MPA. Panels ( c ) and ( d ) illustrate the very large and tortuous right coro-
nary artery ( RCA ) which provides oxygenated myocardial blood supply 
for the whole myocardium via an extensive collateral circulation to the 

branches of the left coronary circulation and seen best in panel (c and d) 
and shown by the  arrows . Note the  fl ow of blood from the left coronary 
artery to the MPA.  Aoasc  ascending aorta,  LA  left atrium,  LAA  left atrial 
appendage,  LAD  left anterior descending artery,  LCx  left circum fl ex 
artery,  LV  left ventricle,  RA  right atrium,  RV  right ventricle,  SVC  supe-
rior vena cava       
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  Fig. 16.9    The abnormal origin of the left main coronary artery ( LMCA ) 
from the noncoronary sinus. Panel ( a ) is a multiplanar reformat and 
panel ( b ) is a 3D volume-rendered reconstruction. The right coronary 

artery ( RCA ) arises normally from the right coronary sinus.  LAD  left 
anterior descending artery,  LCx  left circum fl ex artery,  R  right coronary 
sinus,  N  noncoronary sinus,  L  left coronary sinus       
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vein, is preferable  [  28  ] . If coronary reimplantation is not fea-
sible due to an unfavorable coronary anatomy and or a short 
length of the coronary artery, the Takeuchi procedure may 
restore dual coronary artery supply  [  88  ] .   

 Adults after surgical repair should be evaluated every 3–5 
years to assess the adequacy of repair and to exclude ongoing 
or recurrent myocardial ischemia  [  14  ] . Potential post-repair 
complications may include coronary artery and graft stenosis 
as well as aortic and mitral valve insuf fi ciency. After the 
Takeuchi procedure, supravalvular pulmonary stenosis and 
baf fl e leaks or baf fl e stenosis may develop  [  29–  31  ] . 

 In the anomalous non-pulmonary origin variant, the anom-
alous coronary artery may arise from the right or left ventricle, 
aortic arch, ascending or descending aorta, as well as from the 
carotid, subclavian, innominate, internal thoracic, or bron-
chial arteries  [  6  ] . These origins are extremely rare and the 
clinical  fi ndings as well as the age at diagnosis are variable.  

    16.2.5   Single Coronary Artery 

 The single artery system is a rare abnormality in which only 
one coronary artery arises from a solitary ostium  [  32  ] . The 
incidence of this anomaly in series of patients undergoing 
invasive coronary angiography ranges from 0.008 to 0.066 % 
and accounts for 1.1–8.8 % of all coronary anomalies  [  33  ] . 
A single coronary artery may be an isolated  fi nding or it may 

be associated with other congenital heart diseases including 
transposition of the great arteries, tetralogy of Fallot, truncus 
arteriosus, and coronary artery  fi stulas  [  26,   32  ] . 

 Three different types of single coronary artery have been 
described: (1) single coronary artery following the course of 
either a normal RCA or LCA, (2) single coronary artery giv-
ing rise to the left main and RCA, and (3) single coronary 
artery having an anomalous course that does not meet crite-
ria for type 1 or type 2  [  34  ] .   

    16.3   Anomalies of Intrinsic Coronary 
Arterial Anatomy 

 Anomalies of intrinsic coronary arterial anatomy represent a 
heterogeneous group of abnormalities, including coronary 
ostial atresia and coronary ostial stenosis, coronary ectasia and 
coronary aneurysm, absent coronary artery, coronary artery 
hypoplasia, muscular bridging, coronary crossing, double cor-
onaries, and anomalous origin of coronary artery branches. 

    16.3.1   Coronary Artery Ostial Atresia or Stenosis 

 Coronary ostial atresia refers to complete atresia of the coro-
nary ostium. There are two morphologic variants: (1) atresia 
of the LMCA (commonest form) and (2) atresia of the RCA 
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 [  35  ] . In atresia of the left coronary ostium, the entire coro-
nary arterial supply is from the RCA and its branches. The 
LAD and LCx artery are seen in their normal respective loca-
tions, but they join together and terminate at a proximal blind 
end, receiving blood only from RCA collaterals  [  36,   37  ] . The 
collateral circulation from the right to the left coronary 
 system is usually inadequate, and thus, most affected patients 

develop early myocardial ischemia and die in infancy or 
childhood. However, asymptomatic survival until adulthood 
has been reported and cases may be discovered incidentally 
at angiography  [  38  ] . 

 This anomaly can also be associated with  fi ndings of 
myocardial ischemia or infarction, heart failure, syncope, 
and sudden cardiac death  [  36  ] . Surgical reconstruction of a 
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  Fig. 16.11    Takeuchi procedure in Bland–White–Garland syndrome 
(ALCAPA): Panels ( a ) and ( b ) are multiplanar reformats demonstrating 
the baf fl e from the main pulmonary artery ( MPA ) wall making an intra-
pulmonary tunnel ( arrows ) between the left coronary artery origin off 
of the MPA and the surgically created aortopulmonary window (creat-
ing a “pseudo left main coronary artery”). Panels ( a ) and ( c ) demon-

strate the narrowed ori fi ce of the surgically created intrapulmonary 
arterial baf fl e at aortic wall origin ( arrowhead ) with dilatation of the 
baf fl e after the stenosis (seen best in panel c).  Aoasc  ascending aorta, 
 Aodesc  descending aorta,  PA  pulmonary artery,  LPA  left pulmonary 
artery,  RPA  right pulmonary artery,  RV  right ventricle       
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  Fig. 16.12    Coronary artery bypass grafting and ligation of the native 
left main coronary artery in a patient with ALCAPA (Bland–White–
Garland syndrome): Panels ( a ), ( b ) are multiplanar reformats while 
panel ( c ) is a 3D volume-rendered image. Note the origin of the wide 
caliber of the right coronary artery ( RCA ) and the presence of the 

calci fi ed venous graft ( arrows ) between the ascending aorta ( Aoasc ) 
and the left descending coronary artery ( LAD ).  Aodesc  descending 
aorta,  LA  left atrium,  LAA  left atrial appendage,  LCx  left circum fl ex 
artery,  LPA  left pulmonary artery,  RPA , right pulmonary artery         
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two coronary artery system by a coronary artery bypass graft 
procedure is the preferred surgery  [  36  ] . 

 In congenital right coronary ostial atresia, there is atresia 
of the right coronary ostium. In this rare condition, the RCA 

is supplied via collaterals from the LCA  [  39  ] . Surgical repair 
entails restoration of a dual coronary artery supply  [  39  ] . 

 Congenital ostial stenosis is a multifactorial condition 
that may be caused by an acute angle takeoff of the coronary 
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artery, a slit-like ori fi ce, intimal proliferation of an aortic 
valve lea fl et, fusion of the aortic lea fl ets, and intramural 
course of the coronary artery  [  71,   77  ] . Coronary ostial steno-
sis has been associated with sudden cardiac death  [  77,   80  ] .  

    16.3.2   Coronary Artery Ectasia or Aneurysm 

 Coronary artery ectasia or aneurysm is de fi ned as a dilated 
coronary artery with a luminal diameter exceeding 1.5 times 
the diameter of the adjacent normal coronary segment or the 
largest diameter of the coronary artery (Fig.  16.13 )  [  40–  42  ] . 
The dilatation is commonly diffuse and can be either fusi-
form or saccular in shape  [  44  ] . A giant coronary aneurysm is 
usually de fi ned as a coronary artery with a maximal diameter 
exceeding 20 mm, although other cutoff values (50–150 mm) 
have also been described  [  41,   43  ] .  

 The two most common etiologies of coronary ectasia and 
aneurysm are atherosclerotic disease (acquired form) which 
occurs in >50 % and congenital coronary ectasia and aneu-
rysm  [  44  ] . Congenital coronary aneurysms are most com-
monly described in the RCA and are frequently associated 
with  fi stulas, but other congenital abnormalities can coexist. 

 Complications include thrombosis, distal embolization, 
myocardial ischemia and infarction, heart failure, arrhyth-
mias, dissection, vasospasm, calci fi cation,  fi stula formation 
to the coronary sinus, cardiac rupture, and sudden cardiac 
death  [  44–  48  ] . 

 Management is not standardized, but surgery should be 
considered for large symptomatic aneurysms, while conser-
vative approach may be justi fi ed for small, asymptomatic 
aneurysms  [  41  ] .  

    16.3.3   Absent Coronary Artery 

 Absence of a coronary artery is a rare  fi nding. It is usually 
partial, in contrast to total absence of the coronary artery 
(also known as single coronary artery, described above). 
Since the territory of the absent artery is supplied by a branch 
arising from another artery, this anomaly often has a good 
clinical outcome  [  49  ] . Absence of the LCx artery with a 
superdominant RCA is the most common form of absent 
coronary artery  [  49,   50  ] . In this scenario, the LMCA contin-
ues as the LAD and there is complete absence of the LCx and 
obtuse marginal arteries. The RCA is dominant with its distal 
branches supplying the LCx territory of the left ventricle.  

    16.3.4   Coronary Artery Hypoplasia 

 A hypoplastic coronary artery system is de fi ned as the under-
development of one or more major coronary artery branches 
which have either signi fi cantly decreased luminal diameters 
and or length  [  51  ] . This abnormality may occur as an iso-
lated  fi nding or it may coexist with other coronary artery 

RCA

Ao 

asc

MPA

a

Ao 

asc

MPA

RCA

b

  Fig. 16.13    Right coronary artery ( RCA ) ectasia in a multiplanar reformat (panel  a ) and a volume-rendered image (panel  b ).  Aoasc  ascending 
aorta,  LPA  left pulmonary artery,  MPA  main pulmonary artery       
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anomalies. It has been reported in young individuals who die 
suddenly without antecedent symptoms  [  51,   52  ] . Its true 
incidence is unknown. Ogden  [  53  ]  reported 5 cases of hyp-
oplastic coronary arteries in an autopsy series of 224 con-
genital coronary anomalies. This anomaly is most frequently 
diagnosed at necropsy and rarely is it diagnosed antemortem. 
Affected individuals are at high risk of sudden cardiac death 
 [  54,   55  ] .  

    16.3.5   Intramural Course (Muscular Bridging) 

 Myocardial bridging refers to a band of myocardial muscle 
overlying a segment of a coronary artery (Fig.  16.14 ). The 
abnormal artery traverses through the myocardium instead of 
having a normal epicardial location. The tissue overlying the 
artery is termed the myocardial bridge. Myocardial bridging 
is a common  fi nding in cardiac computed tomographic 
angiography (CCTA) (4–39 %)  [  56–  59  ]  and at autopsy 
(5–86 %)  [  60–  64  ] . It has a lower incidence in invasive coro-
nary angiography (0.5–4.9 %)  [  65–  69  ] .  

 The characteristic  fi nding on catheter angiography is sys-
tolic compression of the artery, termed “milking effect.” 
Invasive angiography may be insensitive to minimal bridging 
that does not cause substantial systolic compression of the 

arterial lumen. CCTA may be more sensitive for diagnosis 
since it can directly delineate the coronary artery lumen and 
wall, in contrast to catheter angiography which only demon-
strates the arterial lumen. 

 Myocardial bridging is usually an incidental  fi nding, but 
it has been linked with symptoms of myocardial ischemia, 
myocardial infarction, arrhythmias, and sudden cardiac 
death. These symptoms have been attributed to the intramu-
ral course of the artery  [  70–  73  ] . Myocardial bridging may 
also complicate coronary bypass surgery  [  74  ]  by making it 
dif fi cult to localize the tunneled coronary artery which may 
lead to ventricular wall perforation (most commonly the 
right ventricular wall) due to overly aggressive surgical dis-
section  [  75,   76  ] . Thus, the intramural course can be consid-
ered a relative contraindication to minimally invasive 
surgery  [  58,   75  ] . 

 Myocardial bridging most commonly affects the middle 
or distal segment of the LAD artery. Myocardial bridging of 
the RCA and LCx arteries are less common  [  56–  59  ] . 
Myocardial bridges have been further classi fi ed as super fi cial 
( £ 1.0 mm), deep (>1.0 mm), and right ventricular type (when 
the intramuscular artery traverses through the right ventricu-
lar wall)  [  59  ] . The latter may correspond to the intracavitary 
coronary artery course, a variant that has been reported in the 
literature  [  74,   77  ] .  
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  Fig. 16.14    Myocardial bridge ( asterisk ) over the  midportion  of left 
anterior descending artery ( LAD ). Note the curved course of LAD in the 
multiplanar reconstruction (panel  a ) and coronary tree reformat (panel  b ). 

 LCx  left circum fl ex artery,  LMCA  left main coronary artery,  RCA  right 
coronary artery       
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    16.3.6   Coronary Crossing 

 Coronary crossing is an extremely rare abnormality in which 
the epicardial course of one artery is crossed by another. This 
anomaly may be isolated  [  78  ]  or accompanied by other 
abnormalities (i.e., double coronary artery, anomalous coro-
nary artery origin)  [  79–  81  ] . The potential risk of this anom-
aly is coronary artery compression  [  80  ] .  

    16.3.7   Double Coronary Artery 

 Double coronary artery is a very uncommon congenital 
abnormality which usually has no clinical impact (Fig.  16.15 ). 
This anomaly may affect both coronary arteries and may be 
isolated or accompanied by other abnormalities  [  82–  84  ] . If 
associated with coronary stenosis, it may have potential 
impact on revascularization procedures  [  83  ] .  

 Based on the course of the coronary artery within the 
anterior interventricular sulcus and the number of branches, 
Spindola-Franko et al.  [  84  ]  described four types of double 
LAD. The most common type is type 1 or duplication of the 
LAD. This type consists of both a short LAD which courses 
along the anterior interventricular sulcus without reaching 
the apex and a long artery that originates from the LAD or 
the RCA, enters the anterior interventricular sulcus, and 
descends over the left ventricle to reach the ventricular apex. 
In type 2 duplication, the artery descends over the right ven-
tricle. In type 3 duplication, the artery demonstrates myocar-
dial tunneling along the septum. With the type 4 variant, 

there are two separate LAD arteries, one originates from the 
LMCA and the other from the RCA. 

 Recently, Tuncer et al.  [  85  ]  described a type 5 duplication 
where two LADs originate from the LMCA (either from the 
right or noncoronary sinus).  

    16.3.8   Anomalous Origination of Coronary 
Artery Branches 

 This anomaly is characterized by unusual origins of the coro-
nary artery branches. The most common example is an 
anomalous origin of the posterior descending artery from the 
 fi rst septal branch. It usually has no clinical signi fi cance  [  86–
  88  ] , although myocardial ischemia due to compression of the 
 fi rst septal branch has been reported  [  89  ] . Despite being 
asymptomatic, its presence can be important when a revascu-
larization procedure is planned.   

    16.4   Anomalies of Termination 

 Abnormal coronary artery terminations include (1) decreased 
number of arteriole/capillary rami fi cations, (2) coronary arte-
riovenous  fi stulas, and (3) extracardiac connections  [  6  ] . The 
most common of these is the coronary artery  fi stula which rep-
resents the second most frequent congenital coronary artery 
anomaly after anomalous origin of the coronary arteries  [  3  ] . 

    16.4.1   Coronary Artery Fistula 

 Coronary artery  fi stula is de fi ned as an abnormal communi-
cation between the coronary system and a cardiac chamber 
or great vessel (Figs.  16.16  and  16.17 ). The incidence of this 
anomaly is approximately 0.18 % in patients who undergo 
selective coronary angiography  [  3  ] .   

 Fistulas more commonly involve the RCA than the LCA. 
In less than 5 % of cases,  fi stulas originate from both the LCA 
and the RCA. The LCx artery is rarely affected  [  90  ] . There is 
usually a solitary communication, but multiple  fi stulas can 
occur. The involved coronary artery is dilated and often tortu-
ous because of increased blood  fl ow. The site of drainage is 
usually into a low-pressure venous circulation including right 
atrium, right ventricle, pulmonary artery, superior vena cava, 
and coronary sinus, thus resulting in a left-to-right shunt. 
Drainage into the left atrium or left ventricle is very rare  [  91  ] . 
When the connection is to a left-sided chamber, the hemody-
namics can mimic those of aortic insuf fi ciency. 

 Most adults with coronary artery  fi stulas are asymptom-
atic and the  fi stulas are found incidentally during coronary 
angiography. The clinical manifestations depend on the 
severity of the left-to-right shunt, which if severe can lead to 
a hemodynamic steal phenomenon. As symptoms develop, 

RCA

  Fig. 16.15    Duplication of the recessive right coronary artery ( RCA ) in 
a 3D volume-rendering reconstruction       
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patients may present with angina, myocardial infarction, 
arrhythmias, endocarditis, heart failure, pulmonary hyper-
tension, pericardial effusion, and sudden cardiac death  [  92  ] . 
Potential complications include arterial aneurysm,  fi stula 
rupture, or  fi stula thrombosis. Treatment options include 
closing the  fi stula by coil embolization or by ligation without 
or without coronary artery bypass grafting. Intervention is 
indicated in large  fi stulas, regardless of symptomatology, 
and in small- to moderate-size symptomatic  fi stulas  [  14  ] .  

    16.4.2   Extracardiac Connections 

 Coronary arteries may connect to extracardiac vessels, such 
as the bronchial, internal mammary, pericardial, mediastinal, 
phrenic and intercostal arteries, and esophageal branches of 
the aorta. These pathways can be hemodynamically 
signi fi cant if a pressure gradient exists between the two arte-
rial systems, which most often occurs with development of 
atherosclerotic coronary artery disease.   

    16.5   Cardiac Computed Tomography (CT) 
in Assessing Coronary Anomalies 

 ECG-gated cardiac CT has emerged as a noninvasive imag-
ing modality for detection and assessment of coronary artery 
anomalies  [  93  ] . In contrast to invasive coronary angiogra-
phy, this technique allows de fi nition of not only the coronary 
lumen but the coronary wall and neighboring structures, 
including myocardium, great arteries, and cardiac chambers. 

a

LAD

Ao asc
b

RC

RV

LV

  Fig. 16.16    Coronary artery  fi stula. The  fi stula ( arrow  in panel  a  and  arrowhead  in panel  b ) between the  midportion  of left anterior descending artery ( LAD ) 
and the right ventricle ( RV ) seen in 2D multiplanar reformatting (panels  a  and  b ).  Aoasc  ascending aorta,  LV  left ventricle       

  Fig. 16.17    Coronary artery  fi stula: the  fi stula ( arrows ) is between the 
proximal portion of left anterior descending artery ( LAD ) and main pul-
monary artery ( MPA ) is demonstrated in a volume-rendered reconstruc-
tion.  Aoasc  ascending aorta,  RV  right ventricle,  LV  left ventricle       
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CT enables precise assessment of the anomalous origin, 
course, and termination of the coronary arteries. Axial CT 
images provide an overview of the data, but three- dimensional 
volume-rendered images are required for comprehensive 
pathology depiction  [  94,   95  ] . While CT can show the ostial 
origin, proximal course, and termination of the coronary 
arteries, it cannot reliably assess the hemodynamic 
signi fi cance of congenital coronary anomalies, and addi-
tional clinical tests are needed to detect ischemia associated 
with these anomalies  [  58  ] . 

 For anomalies of origin and course, cardiac CT provides 
a thorough, detailed depiction of the course and origin of the 
anomalous artery while demonstrating the spatial relation of 
the anomalous coronary artery to adjacent structures, which 
is crucial for management strategy. CT can clearly reveal the 
malignant interarterial course of the anomalous artery 
 [  94–  96  ] . In patients with Bland–White–Garland syndrome, 
it is particularly useful to depict the intercoronary and other 
collateral arteries providing blood supply to the LCA circu-
lation. In addition cardiac CT may be used to assess postop-
erative complications that require reintervention. 

 Cardiac CT is an accurate technique to depict and assess 
anomalies of intrinsic coronary arterial anatomy as well. In 
particular, it provides insight into the morphology of coro-
nary artery ostial atresia or stenosis, ectasia or aneurysm, 
hypoplasia, and anomalous origin of coronary artery 
branches. In addition, it is recognized as a sensitive and reli-
able technique for detecting myocardial bridges and deter-
mining their depth, length, and course  [  56–  59  ] . 

 Cardiac CT is also an accurate technique for assessing 
anomalies of termination. Unlike invasive coronary angiog-
raphy, CT not only allows diagnosis of a coronary  fi stulas 
and extracardiac connections but enables the accurate evalu-
ation of the anomalous course, site of origin, and termination 
as well as the relationship to other structures. 

 CT is recognized as an accurate, noninvasive technique 
for the clinical work-up of patients with a continuous mur-
mur, which may be produced by  fi stulous connection  [  14  ] . 
Cardiac CT may be also useful in planning  fi stula closure 
procedures and in planning for the reimplantation of extrac-
ardiac connections.      
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    17.1   Pulmonary Venous Anomalies    

 Pulmonary venous anomalies comprise a spectrum of 
 abnormalities characterized by the abnormal number, con-
nection, or drainage of pulmonary veins. 

 The spectrum of pulmonary venous anomalies includes 
(a) partial anomalous pulmonary venous return (PAPVR), 
(b) total anomalous pulmonary venous return (TAPVR), 
(c) common pulmonary vein atresia, (d) pulmonary venous 
stenosis, and (e) pulmonary varix. See Table  17.1 .  

    17.1.1   Partial (Incomplete) Anomalous 
Pulmonary Venous Return 

 In partial anomalous pulmonary venous return (PAPVR), one 
or more pulmonary veins connect with the right atrium or one 
of its tributaries (venae cavae, azygos vein, coronary sinus, 
right atrium, portal vein, and hepatic veins)  [  1  ] . This anomaly 
results from persistence of fetal pulmonary venous drainage 
into the right atrium or systemic veins. The anomalous con-
nection causes a left-to-right shunt that can lead to clinically 
signi fi cant hemodynamic changes. PAPVR may occur in iso-
lation, but more often it is associated with a sinus venosus type 
of atrial septal defect (ASD). As an isolated anomaly, PAPVR 
is often asymptomatic. When both PAPVR and a septal defect 
are present, the shunt is more likely to lead to cardiovascular 
symptoms and pulmonary arterial hypertension. 

 The anomalous right upper lobe (RUL) pulmonary vein 
usually drains into the superior vena cava (SVC) or the SVC 
right atrial junction. In up to 90 % of cases, a sinus venosus 
ASD is also present  [  1,   2  ] . See Figs.  17.1  and  17.2 .   

 An anomalous right lower lobe pulmonary vein usually 
drains into the inferior vena cava (IVC) or occasionally 

into the portal or hepatic veins (Fig.  17.3 ). When the anom-
alous drainage is associated with right lung and pulmonary 
artery hypoplasia, ipsilateral mediastinal shift, and cardiac 
dextroposition and/or dextrorotation, it is termed “scimitar, 
venolobar, or hypogenetic lung syndrome”  [  3,   4  ] . See 
Fig.  17.4 . The term “scimitar” refers to the curved appear-
ance of the anomalous pulmonary vein, which resembles a 
Turkish scimitar (a curved saber). Other anomalies in the 
spectrum of “scimitar” syndrome include arterial subdia-
phragmatic supply to the right lower lobe and horseshoe 
lung. In the latter anomaly, the posterobasal segments of 
both lungs are fused behind the pericardial sac.   

 The anomalous left upper lobe pulmonary vein drains into 
the brachiocephalic or innominate vein via a vertical vein, 
which is the remnant of the left cardinal system (Fig.  17.5 ). 
PAPVR from the left upper lobe needs to be distinguished 
from a persistent left superior vena cava. The left pulmonary 
vein will be seen anterior to the left main bronchus in patients 
with left superior vena cava, whereas in PAPVR there is no 
pulmonary vein superior to the bronchus. In addition, the 
persistent left superior vena cava drains into a dilated coro-
nary sinus.  

 The corrective surgical strategy involves redirection of 
the anomalous pulmonary veins to the left atrium or atrial 
appendage and closure of the intracardiac communication, if 

      Congenital Venous Anomalies       
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   Table 17.1    Types of pulmonary venous anomalies   

 Partial anomalous pulmonary venous connections (PAPVC) 
 Total anomalous pulmonary venous connections (TAPVC) 
 Common pulmonary vein atresia 
 Pulmonary venous stenosis 
 Pulmonary varix 
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a b
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  Fig. 17.1    Panel ( a ) shows an anomalous right upper lobe and right 
middle lobe venous return. This maximum intensity projection shows 
the right upper lobe pulmonary vein ( arrow ) and right middle lobe pul-
monary vein ( arrowhead ) draining into the superior vena cava ( S ). 
Panel ( b ) illustrates an anomalous right upper lobe and right middle 

lobe  pulmonary venous return. The axial image in panel (b) shows the 
right upper lobe pulmonary vein ( arrow ) draining into the superior vena 
cava ( S ). The pulmonary arteries are dilated due to the left-to-right 
shunt.  PA  pulmonary artery,  Ao  aorta       

a b
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  Fig. 17.2    Anomalous right upper lobe venous return and sinus veno-
sus atrial septal defect. Panel ( a ) is an axial image showing the right 
upper lobe pulmonary vein ( arrow ) draining into the superior vena cava 

( S ). Panel ( b ) is a scan reconstructed at a lower level showing the 
contrast- fi lled sinus venosus atrial septal defect ( arrow ) between the 
right atrium ( RA ) and left atrium ( LA ).  PA  pulmonary artery       
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present (Fig.  17.6 ). Other    options for repair of left upper lobe 
PAPVR include systemic vein translocation (referred to as a 
Warden procedure, which involves relocation of the superior 
vena cava to the right atrial appendage), creation of an ASD, 
and coronary sinus unroo fi ng with baf fl e connection to the 
left atrium.   

    17.1.2   Total (Complete) Anomalous Pulmonary 
Venous Return 

 In total anomalous pulmonary venous return (TAPVR), all 
pulmonary veins fail to connect to the left atrium. Pulmonary 
venous drainage is to the right atrium or its tributaries via 
primitive connections  [  5  ] . An atrial septal defect is virtually 
always present and allows blood to reach the left heart. This 
anomaly occurs when the embryologic common pulmonary 
vein does not join the left atrium. 

 There are two classi fi cations of TAPVR: (1) embryologic 
and (2) anatomic. Embryologically, TAPVR is divided into four 
groups based on connection sites of the embryologic common 
vein, which include (a) right atrium, (b) right common cardinal 
system (vena cava or azygos vein), (c) left common cardinal 
system (left innominate vein, coronary sinus), and (d) umbilico-
vitelline system (portal vein, ductus venosus)  [  1,   6  ] . The ana-
tomic classi fi cation scheme is based on the anatomic route of 
venous drainage, which is classi fi ed as (a) type I, supracardiac 
level (connecting to the right or left superior vena cavae or their 
tributaries); (b) type II, cardiac level (connecting to the coronary 
sinus or right atrium); (c) type III, infracardiac level (connecting 
to the inferior vena cava or its tributaries); and (d) type IV, mixed 
level (combination of a–c)  [  7  ] . See Fig.  17.7 .  

 The clinical  fi ndings of TAPVR are determined by the 
size of the atrial septal defect and the pulmonary vascular 
resistance. Pulmonary venous obstruction is usually present 
in the infracardiac form and may also be present in the 

a

LV

IVC

IVC

RA
R
V

b

  Fig. 17.3    Anomalous right lower lobe venous return. Panel ( a ) is an axial image, while panel ( b ) is a coronal section. Both show the anomalous 
right lower lobe pulmonary vein ( arrows ) draining into the inferior vena cava ( IVC ).  RA  right atrium,  RV  right ventricle,  LV  left ventricle       

IVC

  Fig. 17.4    Scimitar syndrome. An axial CT image shows the anomalous 
right lower lobe pulmonary vein ( arrows ) draining into the inferior vena 
cava ( IVC ), a small right lung, and cardiac dextroposition. This patient 
also has hemiazygos continuation of the inferior vena cava ( asterisk )       
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 supracardiac form, causing pulmonary venous hypertension 
and congestive heart failure  [  5  ] . Obstruction is rare in the 
cardiac subtype. Virtually all patients with TAPVR present 
in the neonatal period with cyanosis and congestive heart 
failure and require surgery. 

 The surgical options are tailored to the anatomy and 
intracardiac communication. In the supracardiac and inf-
racardiac types of TAPVR, the redirection of pulmonary 
venous  fl ow to the left atrium can be achieved via creation 
of a direct anastomosis of the common pulmonary venous 

a

c

b

Ao

BCV

BCV

  Fig. 17.5    Anomalous left upper lobe venous return. Panel ( a ) a trans-
verse image shows an abnormal vessel to the  left  of the aortic arch 
which is the vertical vein ( arrow ). Panel ( b ), an oblique axial scan, and 

panel ( c ), a 3D image, both show the vertical vein ( arrow ) draining into 
the left brachiocephalic vein (BCV).  Ao  aorta       
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sinus to the left atrium or atrial appendage. In the intracar-
diac type of TAPVR which drains into the right atrium, 
 fl ow is redirected via an unrestricted interatrial communi-
cation to the left atrium. In the intracardiac type of TAPVR 
which drains into the coronary sinus, the roof of the coro-
nary sinus may be incised to create an unrestricted connec-
tion between the anomalous vein and left atrium (coronary 
sinus unroo fi ng procedure)  [  5  ] . Postsurgical complications 
include pulmonary vein stenosis and shunt at the site of 
intracardiac repair.  

    17.1.3   Common Pulmonary Vein Atresia 

 Common pulmonary vein atresia is a rare anomaly in 
which all of the pulmonary veins drain into a common pul-
monary venous con fl uence that has no connection to the 
left atrium.  

    17.1.4   Pulmonary Venous Stenosis 

 Pulmonary venous stenosis is an uncommon anomaly due to 
congenital obstruction of the pulmonary veins. It is postu-
lated to result from abnormal incorporation of the common 
pulmonary vein into the left atrium  [  8  ] . Venous obstruction 
may be diffuse, long segmental, short segmental, or ostial 
 [  1,   8  ] . Patients with diffuse pulmonary vein hypoplasia have 

poor prognoses, while those with short segmental or ostial 
stenosis have the best outcome  [  5  ] . The repair includes stent 
or patch augmentation of the stenotic vein. Postoperative 
complications include stenosis and leak.  

    17.1.5   Pulmonary Varix 

 A varicosity of the pulmonary vein, referred to as a varix, can 
be congenital or result from chronic pulmonary hyperten-
sion. Patients may be asymptomatic or present with hemop-
tysis. The contrast-enhanced computed tomography (CT) 
diagnosis is based on enhancement of the varix concurrent 
with the normal pulmonary venous anatomy and continuity 
between the varix and the left atrium. 

    17.1.5.1   Cardiac Computed Tomography (CT) 
Assessment in Congenital Pulmonary 
Venous Anomalies 

 CT allows clear assessment of pulmonary venous anatomy. CT 
diagnosis of PAPVR is based on recognition of the abnormal 
course of the intraparenchymal pulmonary vein, which is espe-
cially well seen on 3D reconstructions  [  2,   9–  12  ] . 

 CT assessment should include delineation of (a) the mor-
phology of the pulmonary veins, including size, course, loca-
tion, presence/absence of stenosis, and connection site of the 
veins to the cardiac chambers; (b) size and course of any 
surgical connections between the pulmonary veins and atria; 

a b

LA

  Fig. 17.6    Repair of anomalous left upper lobe venous return. Panel ( a ) 
a coronal image, shows reimplantation of the anomalous superior right 
pulmonary vein ( white arrow ) into the left atrial appendage ( black 
arrow ). Panel ( b ) an axial 3D scan shows that the inferior left and supe-

rior and inferior right pulmonary veins ( arrows ) are in normal locations 
draining into the posterior aspect of the left atrium ( LA ). The superior 
right pulmonary vein is not seen draining into left atrium proper in this 
image as it normally should       
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  Fig. 17.7    Supracardiac total anomalous venous return in a 2-year-old 
boy with worsening dyspnea. The congenital heart disease was undiag-
nosed at the time of this scan. Panel ( a ) a coronal image shows the large 
common supracardiac vein ( V ) draining into a dilated superior vena 
cava. Panel ( b ) a sagittal projection shows the pulmonary venous 

con fl uence ( arrows ) draining cephalad into the supracardiac vein ( V ) 
that ultimately returns blood to the superior vena cava ( SVC ). Panel ( c ) 
a coronal 3D reformat in an infant (separate patient) shows the vertical 
vein ( V ) draining into the superior vena cava ( arrows )       
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(c) morphology of surgically created interatrial baf fl es or 
conduits, including obstruction and/or leak; (d) presence/
absence of an ASD, including location, size, shunt direction, 
and leakage at surgical repair sites; (e) cardiac chamber size 
and contractility; and (f) presence of other anomalies. See 
Table  17.2 . In the scimitar syndrome, CT assessment also 
should include the extent of hypoplasia of the right lung and 
pulmonary artery.     

    17.2   Systemic Venous Anomalies 

 Systemic venous anomalies comprise abnormalities charac-
terized by abnormal connection or drainage of systemic veins 
 [  13–  15  ] . The two major anomalies are persistent left supe-
rior vena cava (LSVC) and azygos interruption of the infe-
rior vena cava. 

    17.2.1   Persistent Left Superior Vena Cava 

 The LSVC results from persistence of the embryologic left 
anterior cardinal vein. It occurs in up to 0.5 % of the general 
population and in 4.4 % of patients with congenital heart dis-
ease  [  16–  18  ] . In most cases, the persistent LSVC is an iso-
lated  fi nding. However, about 40 % of patients have associated 
cardiac anomalies, including atrial septal defects, bicuspid 
aortic valve, aortic coarctation, cor triatriatum, and coronary 
sinus atresia  [  19  ] . 

 In over 90 % of cases, the LSVC arises from the left bra-
chiocephalic vein and travels inferiorly and lateral to the aor-
tic arch, pulmonary artery, left hilum, and left atrium to drain 
into the coronary sinus through the vein of Marshal (Fig.  17.8 ) 
 [  16–  18,   20  ] . In the remaining cases, the LSVC drains into 
the left atrium or an unroofed coronary sinus resulting in a 
right-to-left shunt. In the majority of cases of LSVC (90 %), 
a right superior vena cava (SVC) is also present. An anasto-
mosis between the right and left superior venae cavae (bridg-
ing vein) occurs in about 35 % of cases. A right sided SVC 
draining into the left atrium in the presence of persistent 
LSVC has been reported as well  [  21  ] .   

    17.2.2   Interrupted Inferior Vena Cava 
with Azygos Continuation 

 Azygos continuation of the inferior vena cava (IVC), also 
termed absence of the hepatic segment of the IVC with azy-
gos continuation, results from in utero interruption of the 
intrahepatic IVC with atrophy of the right subcardinal vein. 
It has a prevalence of approximately 0.6 %. Blood  fl ows 
 cranially through the retrocrural azygos and hemiazygos 
veins in the paraspinal and retrocrural areas to drain into the 
SVC (Fig.  17.9 ). The suprarenal and intrahepatic portions of 
the IVC are absent. Although azygos continuation may be 
associated with congenital heart disease and asplenia or 
polysplenia, it is often an isolated  fi nding.  

 Another variant of this anomaly is hemiazygos continua-
tion of a left-sided IVC that is less frequent than azygos 
 continuation. Blood returns to the heart by one of three 
routes. The hemiazygos vein can drain into (a) the azygos 
vein, (b) a persistent left SVC, or (c) the accessory hemiazy-
gos vein, left superior intercostal vein, left brachiocephalic 
vein, and then into a right-sided SVC  [  16,   22  ] .  

    17.2.3   Clinical Findings 

 The LSVC and interrupted IVC are usually not hemodynam-
ically signi fi cant. However, patients with persistent LSVC 
draining to the left atrium or to an unroofed coronary sinus 
may present with cyanosis related to a right-to-left shunt. 

 Although most vena caval anomalies are not clinically 
signi fi cant, they need to be recognized because they can 
have an impact on heart surgery planned for other associ-
ated cardiac anomalies. An LSVC can affect the strategy 
for cardiopulmonary bypass (e.g., position and number of 
venous cannulae and choice of continuous perfusion or 
circulatory arrest). Identi fi cation of azygos continuation 
can affect the surgical strategy in patients with single-
ventricle physiology. In this setting, the preferred surgical 
approach is usually palliation with a Kawashima proce-
dure or superior cavopulmonary connection, rather than a 
total cavopulmonary connection which connects the IVC 
to the pulmonary artery.  

    17.2.4   Interventions for Persistent Left Superior 
Vena Cava and Azygos Continuation 
of the Inferior Vena Cava 

 Surgical intervention is reserved for LSVCs associated with 
left-to-right shunting. The procedures include (a) ligation of 
the LSVC, (b) creation of an atrial baf fl e directing the LSVC 
to the right atrium, (c) closure of an unroofed coronary sinus 
if present, (d) reimplantation of the LSVC to the right atrium 

   Table 17.2    Critical CT assessment in pulmonary venous anomalies   

 Size, location, course, patency, and connection sites of all pulmonary 
veins 
 Size, course, and anastomotic sites of surgical connections between 
the veins and atria 
 Integrity of surgical baf fl es or conduits, including obstruction and/or 
leakage 
 Location, size, and shunt direction in ASD defects, including leak at 
surgical repair site 
 Size and contractility of the cardiac chambers 
 Presence of coexisting anomalies 
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  Fig. 17.8    Persistent left superior vena cava (LSVC). Here, multiple 
axial CT images show the course of the LSVC as it travels to the coronary 
sinus. In panel ( a ) note the vessel lateral to the aortic arch ( Ao ) as the 
persistent LSVC ( arrow ). In panel ( b ) the LSVC ( arrow ) courses lateral 
toward the pulmonary artery ( PA ). In panel ( c ) the LSVC ( arrow ) is seen 

adjacent to the left atrium. In panel ( d ) the LSVC ( arrow ) drains into a 
dilated coronary sinus ( CS ). In panel ( e ) demonstrates an oblique coronal 
volume-rendered image depicting the course of the LSVC ( arrows ) as it 
drains into the coronary sinus ( CS )         
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or right SVC, and (e) bidirectional Glenn shunt  [  13  ] . 
Interrupted IVC with azygos continuation usually does not 
require interventions.  

    17.2.5   Other Systemic Venous Anomalies 

 The retroaortic innominate vein can take an anomalous 
course, passing below and posterior to the transverse aortic 
arch (Fig.  17.10 ). Its prevalence is about 0.1 % and it is not 
commonly associated with other anomalies  [  23  ] .  

 The levoatrial cardiac vein is an anomalous pulmonary 
vein to systemic vein connection, which arises from the left 
atrium or the pulmonary vein and drains into the SVC or 
innominate vein. It is associated with left atrial outlet obstruc-
tive lesions and cor triatriatum  [  24  ] .  

    17.2.6   Cardiac Computed Tomography (CT) 
in the Assessment of Anomalous 
Systemic Veins 

 Cardiac CT enables comprehensive assessment of the sys-
temic veins. CT evaluation should include evaluation of (a) 
the morphology, course, size, and connections of the sys-
temic veins and (b) presence of associated anomalies. In the 
postoperative patient, CT can be useful to identify obstruc-
tion or occlusion of reimplantation sites and patency of atrial 
baf fl es.       

e

CS

Fig. 17.8 (continued)
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  Fig. 17.9    Azygos continuation of the inferior vena cava. Panel ( a ) is 
an axial image showing a dilated azygos arch ( Az ). Panel ( b ) is another 
axial image and panel ( c ) is a coronal cut. Both panels (b) and (c) show 

an enlarged azygos vein ( Az ) crossing anterior to the spine to connect 
with a dilated hemiazygos vein ( H ).  Ao  aorta       
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  Fig. 17.10    Retroaortic innominate vein. Panels ( a ) and ( b ) are two axial images showing the innominate vein coursing posterior to the aorta ( Ao )       
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    18.1   Univentricular Heart 
(Double-Inlet Ventricle)    

 Univentricular heart, also termed “functionally single  ventricle” 
and “single ventricle,” refers to the congenital heart defects in 
which the heart functionally has only one pumping chamber. 
The unifying criteria to identify a univentricular heart is a main 
(dominant) ventricle with a malformed atrioventricular con-
nection and a rudimentary (incomplete) ventricle, which lacks 
an inlet component or less commonly an outlet component 
 [  1–  4  ] . A true single ventricle is exceedingly rare. 

 The spectrum of univentricular heart anomalies includes 
absence of one atrioventricular valve (mitral or tricuspid atre-
sia) (see Chap.   12    ), atresia or severe stenosis of a semilunar 
valve (aortic atresia, hypoplastic left heart syndrome, and pul-
monary atresia with intact ventricular septum) (see Chap.   14    ), 

heterotaxy syndrome with only one well-developed  ventricle 
(univentricular heterotaxy syndrome) (see Chap.   20    ), and 
double-inlet ventricle (left or right). Double-inlet ventricle is 
the focus of the discussion in this section. 

 The well-developed single (dominant) ventricle may 
demonstrate left, right, or indeterminate morphology. The 
characteristics of the morphologic left and right ventricles 
are discussed in Chap.   2    . Brie fl y, the morphologic left ven-
tricle has relatively smooth walls and  fi ne trabeculations and 
lacks septal chordal attachments to the atrioventricular valve. 
The morphologic right ventricles is more trabeculated and 
has septal chordal attachments to its atrioventricular valve 
 [  3,   4  ] . The rare solitary chamber demonstrates coarse apical 
trabeculation  [  5  ] . The atrioventricular connection can be a 
single (either tricuspid or mitral valve), double, or common 
inlet (Figs.  18.1  and  18.2 ).   

      Abnormal Relationship Between 
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  Fig. 18.1    Double-inlet left ventricle with left ventricular morphol-
ogy and two separate atrioventricular valves and L-transposition of 
the great arteries, hypoplastic ascending aorta, and persistent ductus 
arteriosus in a 21-year-old male. Panel ( a ) is an axial image showing 
the separate right and left atrioventricular junctions ( asterisks ) open-
ing into the same dominant chamber with left ventricle ( LV ) morphol-
ogy (smooth walls,  fi ne trabeculations). The rudimentary right 
ventricle ( RV ) is positioned anteriorly and superiorly. The right atrium 
( RA ) is located anteriorly and to the right, while the left atrium ( LA ) is 
positioned posteriorly and to the left, consistent with normal situs. 

Also note the ventricular septal defect ( arrow ). Panel ( b ) is an oblique 
coronal scan showing discordant ventriculoarterial connections. The 
dominant LV gives rise to the main pulmonary artery and the rudi-
mentary right ventricle gives rise to a hypoplastic aorta. The aorta lies 
anteriorly and to the  left  of the main pulmonary artery ( MPA ) consis-
tent with L-transposition. Panel ( c ) is an axial reconstruction again 
highlighting the hypoplastic aorta ( Ao ) which is positioned anteriorly 
and to the  left  of the pulmonary artery. Panel ( d ) is a sagittal cut dem-
onstrating the persistent ductus arteriosus (PDA) ( arrow ) coursing 
between the main pulmonary artery and the aorta       

 



21918.1 Univentricular Heart (Double-Inlet Ventricle) 

    18.1.1   Double-Inlet Ventricle 

 This condition is characterized by abnormal atrioventricular 
connections, with both atria emptying into a single common 
ventricle (double inlet) that is morphologically predominantly 
left, predominantly right, or indeterminate (Figs.  18.1 ,  18.2 , 
and  18.3 )  [  5–  9  ] . When there is a common valve and one well-
developed ventricle, the anomaly is also called an unbalanced 
atrioventricular canal defect (see Chap.   11    )  [  3,   6,   7  ] .  

 Double-inlet ventricle is a rare cardiac malformation 
accounting for approximately 1.5 % of congenital heart dis-
eases  [  8  ] . 

 A comprehensive description of morphology should 
include (a) ventricle morphology (left, right, indeterminate), 
(b) atrioventricular valve connections (common, single, or 
two separate valves), (c) interventricular communication 
(unrestrictive or restrictive ventricular septal defect), (d) ven-
triculoarterial connections (concordant, discordant/transpo-
sition of great arteries, double-outlet con fi guration, and 
common arterial trunk), and (e) atriovisceral situs (solitus, 
inversus, isomerism)  [  3–  5,   7,   8  ] . 

 A double-inlet left ventricle has dominant left ventricular 
morphology and a rudimentary right ventricle located antero-
superiorly (Figs.  18.1 ,  18.2 , and  18.3 ). A double-inlet right 
ventricle has dominant right ventricular morphology and a 
rudimentary left ventricle positioned posteroinferiorly 
(Fig.  18.4 ). Double-inlet left ventricle is the more common 
arrangement  [  5,   6  ] . A single ventricular chamber, which is 
rare, has indeterminate morphology.  

 The term double-inlet single ventricle indicates that more 
than 50 % of the time, both atrioventricular valves or a sin-
gle common atrioventricular valve opens into one ventricu-
lar chamber. There may be a common, single, or double 
connection. With double-inlet connections, morphological 
features of the atrioventricular valve may not be distinct 
enough to distinguish between mitral and tricuspid 
con fi gurations and the valves are better described as right- 
or left-sided valves. 

 The main and rudimentary chambers are separated by a 
septum, which does not extend to the crux of the heart and 
is connected to the dominant chamber via a ventricular sep-
tal defect (VSD). The VSD is often the muscular-type. 

 The VSD may be unrestrictive or restrictive initially or 
become restrictive over time  [  5  ] . A restrictive ventricular 
septal defect leads effectively to subaortic stenosis, which 
can increase pulmonary blood  fl ow. Ventricular septal defect 
in a double-inlet ventricle should be differentiated from a 
true ventricular septal defect. In the latter setting, the septal 
defect is associated with normally developed right and left 
ventricular cavities  [  5  ] . 

 The great arteries may be normally related (also called 
“Holmes heart”) or the aorta may be anterior and rightward 
(D-transposition) or leftward (L-transposition) or “inverted” 
with a posterior and leftward orientation. In double-inlet left ven-
tricle, the ventriculoarterial connections are generally discordant 
with the aorta arising from the hypoplastic right ventricle and 
lying anterior and to the left of the left ventricle (L-transposition). 
Concordant connections or common arterial trunk con fi guration 

RV

LV

a

Atr LVFon

b

  Fig. 18.2    Double-inlet left ventricle with left ventricular morphology 
and common atrioventricular valve in an 18-year-old male status post 
Fontan operation. Panel ( a ), an axial reconstruction, demonstrates a 
dominant left ventricle ( LV ) and a hypoplastic right ventricle ( RV ) 

 positioned anteriorly. Panel ( b ), another axial scan reconstructed at a 
lower plane, shows a common atrium ( Atr ) with a common atrioven-
tricular valve ( arrow ) opening into the dominant left ventricular cham-
ber ( LV ).  Fon  lateral Fontan tunnel       
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  Fig. 18.3    Double-inlet left ventricle with left ventricular morphol-
ogy, single atrioventricular valve (tricuspid valve atresia), and 
D-transposition of the great arteries in a 28-year-old male status post 
Fontan operation. Panel ( a ) an axial image depicting a rudimentary 
right ventricle ( RV ) connected via a small ventricular septal defect 
( arrow ) to the dominant left ventricle ( LV ). Connection to the com-
mon atrium ( Atr ) is through a single mitral valve ( asterisk ) since this 
patient has tricuspid valve atresia. There is no atrioventricular con-
nection to the right ventricular chamber. Note the lateral Fontan 

 circulation ( Fon ). Panel ( b ) an axial view showing the aortic valve 
( AV ) with its coronary artery ( arrow ) anterior and to the  right  of the 
pulmonary valve ( PV ) consistent with D-transposition. The Fontan 
circulation is also visible. Panel ( c ) an oblique coronal view illustrat-
ing the hypoplastic right ventricle/conus ( RV ), which gives rise to the 
aorta ( Ao ). The Fontan conduit is seen next to the LV. Panel ( d ) an 
oblique sagittal image demonstrating the dominant left ventricle ( LV ) 
giving rise to the pulmonary artery ( PA ).  White Arrows : coronary 
artery       
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is less common  [  3–  5,   10  ] . In double-inlet right ventricle 
 morphology, both great arteries usually arise from the right ven-
tricle (double-outlet arrangement) or they may have a concor-
dant arrangement.    Discordant connections and common arterial 
trunk are extremely rare in right ventricular morphology  [  3,   4  ] . 
In the solitary ventricle, the ventriculoarterial junction may be a 
double-outlet connection or common arterial trunk  [  3,   4  ] . 

 Pulmonary out fl ow tract obstruction (stenosis or atresia) 
is common and is an important determinant of the clinical 
course. The obstruction may be subvalvular, valvular, or 
supravalvular or there may be complete pulmonary atresia. 
Severe pulmonary out fl ow obstruction will reduce pulmo-
nary blood  fl ow, which then becomes dependent on left-to-
right shunting across a patent ductus arteriosus. 

 Systemic out fl ow obstruction (stenosis or atresia) can 
occur at the subvalvular level and/or the level of the aortic 
arch and/or isthmus or at multiple levels. In hearts with dis-
cordant ventriculoarterial connections, it can occur at the 
level of the ventricular septal defect and may coexist with 
aortic coarctation or interruption of aortic arch  [  8,   9  ] . 

 Atrial situs possibilities include solitus, inversus, and 
right or left isomerism. Situs solitus arrangement is common 
in left and right double-inlet ventricular morphology. Right 
atrial isomerism is commonly associated with the solitary 
ventricle. Situs solitus is rare with a single ventricle. 

 Patients with unrepaired univentricular hearts have a poor 
prognosis with high mortality rates exceeding 70 %  [  4  ] . 
Actuarial survival following Fontan procedure is about 90 % at 
10 years in patients with double-inlet left ventricles. Potential 
complications of the Fontan operation include arrhythmias, 
thromboemboli, hepatic dysfunction, protein-losing enteropa-
thy, and worsening cyanosis from systemic venous collateral-
ization or pulmonary arteriovenous malformations. 

 Clinical manifestations primarily depend on the presence 
or absence of pulmonary out fl ow obstruction. Double-inlet 
ventricle is usually diagnosed and surgically treated in 
infancy. In the absence of pulmonary stenosis or atresia, 
infants present with clinical  fi ndings of congestive heart fail-
ure due to pulmonary overcirculation. Thus, a mild degree of 
pulmonary stenosis is physiologically desirable to prevent 
pulmonary overcirculation. However, severe pulmonary 
out fl ow tract obstruction may result in hypoxemia and cyano-
sis. Aortic out fl ow obstruction can further increase the 
already excessive pulmonary blood  fl ow and worsen conges-
tive heart failure. 

 Adult patients with univentricular heart defects usually have 
had a Fontan operation. Very rarely, patients who have unob-
structed systemic blood  fl ow and mildly obstructed pulmo-
nary  fl ow reach adulthood without treatment  [  3,   8  ] . However, 
most adults who have not had the Fontan  procedure will 
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  Fig. 18.4    Double-inlet right ventricle with situs inversus in a 21- year-old 
male after Fontan procedure. Panel ( a ) an axial image showing that both 
atrioventricular junctions ( asterisks ) are supported by the same domi-
nant ventricular chamber of right ventricle ( RV ) morphology. The rudi-
mentary left ventricle ( white arrow ) is positioned posteriorly. Note the 
ventricular septal defect ( white arrowhead ). The morphological right 

atrium ( RA ) is located  posteriorly  and to the  left , while the  morphological 
left atrium ( LA ) is positioned  anteriorly  and to the  right  consistent with 
situs inversus. Panel ( b ) a sagittal view showing the dominant ventricle 
with coarse trabeculations typical of right ventricular morphology ( RV ) 
and hypoplastic left ventricle ( LV ).  Black arrow  in panel ( a ): common 
atrioventricular valve.  Fon  Fontan circulation       
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begin to show symptoms of cyanosis, fatigue, and/or exercise 
 intolerance, generally because of poor pulmonary blood  fl ow. 

 Initial surgical palliation is performed to control pulmonary 
blood  fl ow and ensure unobstructed systemic out fl ow. In patients 
with unrestrictive pulmonary blood  fl ow, initial palliation 
includes pulmonary artery banding or pulmonary artery divi-
sion with creation of an aortopulmonary shunt to limit pulmo-
nary blood  fl ow. In patients with severe pulmonary obstruction 
or atresia, palliative procedures include systemic to pulmonary 
shunts, such as the modi fi ed Blalock–Taussig shunt or bidirec-
tional cavopulmonary anastomosis (Glenn shunt). A palliative 
shunt is usually performed about 6 months of age. 

 The Fontan procedure, performed between 18 months and 
4 years of age, is the de fi nitive repair (Fig.  18.2 ).  [  11  ]  The goal 
of this operation is to separate the pulmonary and systemic 
circulations. In patients with univentricular heart and aortic 
out fl ow obstruction, surgical procedures include enlargement 
of a restrictive VSD and creation of an aortopulmonary win-
dow with ligation of the distal main pulmonary artery (Damus–
Kaye–Stansel operation, see Chap.   27    )  [  3,   8  ] . Biventricular 
repair is rarely performed in double-inlet hearts.  

    18.1.2   Cardiac Computed Tomography (CT) 
Assessment in Double-Inlet Ventricle 

 A comprehensive CT examination should consider 
 assessment of (a) atrial and ventricular number, size, func-
tion, and morphology (left, right, indeterminate ventricle); 
(b) atrioventricular junction connections including num-
ber, size, function, and morphology of the atrioventricular 
valves (stenosis, regurgitation, ring, lea fl ets, overriding, 
straddling); (c) ventriculoarterial connections (discordant, 
concordant, double outlet, or common arterial trunk); (d) 
aorta and pulmonary artery including size, morphology, and 
potential obstruction; (e) atriovisceral situs; and (f) systemic 
and pulmonary venous return (presence of obstruction)  [  12  ] . 
See Table  18.1 .    

    18.2   Atrioventricular Discordance 
(Congenitally Corrected Transposition 
of the Great Arteries) 

 Levo-transposition of the great arteries (L-TGA), also known 
as double discordance or congenitally corrected transposi-
tion, is characterized by atrioventricular and ventriculoarte-
rial discordant connections. It results from malrotation of the 
bulboventricular loop, which twists to the left (opposite of 
normal). The incidence of corrected transposition in patients 
with congenital heart disease is approximately 0.5 %  [  13  ] . 

 Van Praagh et al.  [  14  ] . has reported three main anatomic vari-
ants of corrected transposition of the great arteries (TGA) with 
two ventricles: (1) TGA with solitus atria (S), L-loop ventricles 
(L), and L-TGA (L) (termed TGA-S,L,L) occurring in 94 % of 
cases; (2) TGA with solitus atria (S), L-loop ventricles (L), and 
D-TGA (D), (TGA-S,L,D), occurring in 3 % of cases; and (3) 
TGA with inverted atria (I), D-loop ventricles (D), and D-TGA 
(D) (TGA-I,D,D) in 3 % of cases  [  14  ] . Anomalies of the left-
sided systemic tricuspid valve are present in 97 % of patients 
with the TGA-S,L,L with malformations of the left-sided sys-
temic right ventricle reported in 91 % of these patients. 

 In classic L-TGA (TGA-S,L,L), the morphologic right ven-
tricle, which gives rise to the aorta, lies on the left and the mor-
phologic left ventricle, which gives rise to the pulmonary artery, 
lies on the right side (Figs.  18.5 ,  18.6 , and  18.7 ). Systemic 
venous return from the venae cavae  fl ows into a normally 

   Table 18.1    Cardiac CT assessment in double-inlet ventricle   

 Number, morphology, size, hypertrophy, geometry, and systolic 
function of ventricle and size and morphology of atria 
 Morphology, size, and function of atrioventricular valve(s) (stenosis, 
regurgitation, overriding, straddling) 
 Morphology of ventriculoarterial connections (valves, arterial 
commitment to ventricle(s)) 
 Anatomy, size, and presence/magnitude of aortic and/or pulmonary 
out fl ow track obstruction including the restrictiveness of interven-
tricular communication, if present 
 Anatomy, size, spatial relationship, and potential obstruction of aorta 
and pulmonary artery 
 Atriovisceral situs and position of heart 
 Morphology and potential obstructions of systemic and pulmonary 
venous return 

Left-handed
coronary sinus #2

Non-adjacent
coronary sinus

Ao

MPA

Right-handed
coronary sinus #1

  Fig. 18.5    Corrected transposition of the great arteries. The Leiden 
convention for coronary sinus nomenclature. According to this 
classi fi cation system, the sinuses of the aorta ( Ao ) are de fi ned by an 
observer who is positioned in the nonadjacent coronary sinus with the 
feet toward the heart and the face toward the main pulmonary artery 
( MPA ). The facing sinus on the  right-hand side  is de fi ned as sinus #1, 
while the sinus facing toward the left hand is termed sinus #2. In cor-
rected transposition, sinus #1 ( right-handed sinus ), which is anatomi-
cally to the left and posteriorly, gives rise to the right coronary artery, 
and sinus #2 ( left-handed sinus ) which is to the right and anterior gives 
origin to the main stem of the left coronary artery       
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 positioned right atrium, crosses the mitral valve, and enters the 
morphologic left ventricle which then leads to the pulmonary 
artery. Pulmonary venous return enters a normally positioned 
left atrium, crosses a tricuspid valve, and enters the morpho-
logic right ventricle and exits to the aorta. The circulatory pat-
tern is in series and therefore L-TGA is said to be congenitally 
corrected. That is, situs inversus with great artery transposition 
leads to a normal circuit (two wrongs make it right).    

 Associated cardiac anomalies are present in the vast 
majority of patients with L-TGA. Common lesions include 
ventricular septal defect (usually perimembranous and outlet 
types, incidence of approximately 70 %) of patients, pulmo-
nary artery stenosis (valvular, subvalvular, 40 % incidence), 
ventricular septal aneurysm, Ebstein-like tricuspid valve 
abnormalities (displacement of the valve toward the apex, 
32 % incidence), and conduction abnormalities. 
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  Fig. 18.6    Corrected transposition of the great arteries with dextrocar-
dia. Panel ( a ) is a sagittal view demonstrating double discordance. The 
left atrium ( LA ) connects to the systemic ventricle ( SV , morphological 
right ventricle) and then to the aorta ( Ao ). Panel ( b ) a sagittal plane 
demonstrating double discordance, right atrium ( RA ) connecting to pul-
monic ventricle ( PV , morphological left ventricle) and subsequently to 

the pulmonary artery ( PA ). Note the endocardial pacemaker leads ( black 
arrows ). Panels ( c ) and ( d ) are coronal and axial images, respectively, 
again showing the endocavitary pacemaker lead ( black arrow ) in the 
pulmonic ventricle ( PV , morphologically left ventricle). An epicardial 
lead (no longer functioning) is noted as well ( white arrow ).  SV  systemic 
ventricle, morphological right ventricle.  Ao  aorta       
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 See Table  18.2  for a list of coexisting anomalies.  
 Normal coronary anatomy is observed in the majority of 

patients, but coronary anomalies have been reported  [  15  ] . 
Coronary artery anomalies may affect the surgical approach 
and the presence of coronary anomalies not detected prior to 
surgical intervention is associated with poorer outcomes. 
Abnormal course of the AV node and bundle of His results in 
anomalies of the conduction system, which not uncommonly 
lead to complete heart block (incidence of 2 % per year)  [  16  ] . 
Dextrocardia is present in approximately one-fourth of patients 
with L-TGA. There is male predominance in patients with 
hemodynamically signi fi cant associated congenital defects. 

    18.2.1   Clinical Features 

 Since the pulmonary and systemic circulations in L-TGA 
are in series, affected patients are usually asymptomatic 
in infancy unless other cardiac anomalies are present. In 

the exceptional patient who has no associated anomalies, 
L-TGA can be asymptomatic until adulthood and thus 
escape early detection. Presenting  fi ndings in patients 
who do not undergo surgical correction include complete 
heart block, hemodynamically signi fi cant tricuspid regur-
gitation, and heart failure since the morphologic right 
ventricle (systemic ventricle) eventually fails since it was 
required to pump against the systemic vascular resistance. 
Approximately 25 % of uncorrected patients will develop 
congestive heart failure by age 45 years  [  16  ] .  

    18.2.2   Interventions 

 Historically, surgical correction was directed at repair of 
the associated anomalies, not the underlying L-TGA anom-
aly. Because complications of uncorrected L-TGA have 
become more widely recognized (tricuspid regurgitation 
and heart failure), early surgical correction is now com-
monly recommended. Surgical treatment includes tricuspid 
valve replacement (before the systemic ventricle ejection 
fraction drops  £ 40 % and pulmonary artery pressure 
exceeds 50 mmHg) and the double-switch procedure 
(Mustard or Senning operation, followed by either a 
Rastelli-type procedure or Jatene switch). The early opera-
tive morbidity is low, but the double-switch procedure is 
predisposed to the complications of its component surgeries 
(see Chaps.   23     and   24    ).  
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  Fig. 18.7    Corrected transposition of the great arteries in a 34-year-old 
man status post closure of atrial and septal defects. Panel ( a ) is an axial 
view illustrating the aorta ( Ao ) lying anterior and to the  left  of the main 
pulmonary artery ( PA ). The aorta gives rise to the coronary arteries 

( arrow ). Panel ( b ) is a coronal view depicting the aorta ( Ao ) in continu-
ity with the systemic, morphologic right ventricle ( SV ). Note the mus-
cular conus ( C ), which is a morphologic feature of the right ventricle. 
 PV  pulmonic ventricle       

   Table 18.2    Coexisting anomalies in congenitally corrected 
 transposition of great arteries   

 Ventricular septal defect 
 Tricuspid (systemic) valve regurgitation 
 Pulmonary atresia 
 Ebstein-like tricuspid valve anomalies 
 Atrial septal defect 
 Coronary anomalies 
 Conduction anomalies 
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    18.2.3   Cardiac Computed Tomography (CT) in 
the Assessment of Congenitally Corrected 
Transposition of the Great Arteries 

 CT allows direct visualization of the anomalous great vessel 
anatomy  [  12,   17–  20  ] . Gated cine CT can additionally assess 
ventricular function. CT examination should include a com-
prehensive assessment of the major anatomic abnormalities: 
(a) ventricular morphology (left or right), size, and systolic 
function; (b) atrial size and morphology; (c) aorta and pul-
monary artery size, morphology, and relationship to each 
other; (d) coronary artery anatomy and associated coronary 
artery disease; (e) cardiac valvular anatomy; and (f) associ-
ated anomalies. In TGA, the trabeculated morphologic 
“right” ventricle lies on the left side and the smoother mor-
phologic left ventricle is on the right side. The aorta arises 
from the morphologic right ventricle and lies anterior and to 
the left of the pulmonary artery. Sagittal reconstruction can 
clearly show the anterior lying aorta. See Table  18.3 .        
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    19.1   Tetralogy of Fallot    

 Tetralogy of Fallot (TOF) is characterized by four  constant 
features: right ventricular out fl ow tract (RVOT) obstruction, 
malalignment (perimembranous) ventricular septal defect 
(VSD), biventricular origin of the aorta (overriding aorta), 
and right ventricular hypertrophy  [  1  ] . 

 TOF is the most common cyanotic congenital heart defect, 
accounting for approximately 10 % of all congenital heart 
disease  [  2  ] . 

 TOF is a conotruncal abnormality in which there is ante-
rior deviation and underdevelopment of the outlet (infundib-
ular) portion of the septum, resulting in narrowing and 
obstruction of the right ventricular out fl ow tract, an aortic 
root that overlies the right and left ventricles, and a large 
perimembranous VSD with the secondary development of 
right ventricular hypertrophy (Figs.  19.1  and  19.2 )  [  3  ] . The 
RVOT obstruction is typically subvalvular (pulmonic 
infundibulum) stenosis, but it can be valvular or supravalvu-
lar and can occur at multiple levels (Figs.  19.1  and  19.3 ).    

 Infundibular pulmonic stenosis is mostly caused by 
overgrowth or hypertrophy of the septoparietal trabeculae. 
Hypoplasia of the pulmonary valve annulus, main pulmo-
nary artery, and branch pulmonary arteries is common, and 
there may be branch pulmonary artery stenosis and periph-
eral pulmonary artery stenosis  [  1,   2  ] . Absence of the main 
pulmonary artery (left more often than right) may also 

 coexist (Fig.  19.4 ). Other obstructions include a hypertro-
phied  moderator band and apical trabeculation resulting in 
a two-chambered right ventricle  [  4  ]  and infundibular or pul-
monary valve atresia  [  5  ] . In the latter setting, the pulmonary 
arteries distal to the atresia are perfused via major aortopul-
monary collateral vessels (MAPCAs) and/or the ductus arte-
riosus. In rare instances, the pulmonary arteries are supplied 
by a persistent  fi fth arch, an aortopulmonary window, or 
coronary artery  fi stulas  [  6–  9  ] . Pulmonary atresia with VSD 
is discussed in Chap.   14    ; it is believed to result from right 
heart hypoplasia rather than maldevelopment of the outlet 
septum.  

 The overriding aorta, which lies above the ventricular 
septal defect, connects to both the right and the left ventricle. 
The aortic root can be displaced anteriorly or directly above 
the septal defect, but it is almost always abnormally located 
to the right of the pulmonary artery root. The aortic valve 
may originate predominantly from the left or right ventricle. 
The latter represents the coexistence of TOF with double-
outlet right ventricle  [  3  ] . Aortic dilatation may occur due to 
aortic insuf fi ciency (Fig.  19.5 ).  

 The malalignment VSD (also termed conal septal mala-
lignment defect) is usually single, large, and nonrestrictive 
 [  3,   10  ] . Typically, it is located in the membranous septum in 
a subaortic position and is overridden by the aorta superi-
orly. Its superior margin is made up of the outlet septum, 
while its anterior margin is created by the fusion of the outlet 
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  Fig. 19.1    Tetralogy of Fallot. A 34-year-old woman who underwent 
repair at age 6 years with a right ventricular out fl ow tract patch (patch 
across the pulmonary valve annulus) and VSD closure. Panel ( a ) is a 
coronal image showing residual subvalvular stenosis ( arrow ). Notice 
the dilated aortic root ( Ao ). Panel ( b ) is an axial scan showing right 
ventricular ( RV ) hypertrophy ( arrow  in panel  b ) secondary to the right 

ventricular out fl ow tract (RVOT) obstruction. Note the hypertrophied 
moderator band ( asterisk ). The VSD defect is closed. Panel ( c ) an 
oblique multiplanar reformatted image showing malalignment of the 
perimembranous septum ( arrow ), which has been repaired, and an 
overriding aorta ( Ao ). Again note the RV hypertrophy.  LV  left ventricle, 
 PA  pulmonary artery       
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septum with the anterior limb of septomarginal trabecula-
tion. The posteroinferior part is formed by  fi brous continuity 
between the lea fl ets of aortic, mitral, and tricuspid valves 
(80 % of cases) or by a muscular rim (20 % of cases) created 
by fusion of ventriculo-infundibular fold and the posterior 
limb of septomarginal trabeculation  [  11  ] . Rarely and most 
 frequently in Asian and South American populations, the 
 muscular outlet septum is completely absent and the inter-
ventricular communication represents a doubly committed, 
juxta-arterial VSD, which is also termed conal septal mala-
lignment defect. The conal septal malalignment defect is 
also associated with conal septal hypertrophy  [  3,   12  ] . 

 In 40 % of cases, TOF is associated with other associated 
abnormalities including right-sided aortic arch (Fig.  19.5 ), atrial 
septal defect (ASD), atrioventricular septal defect, anomalous 
coronary arteries (most frequently left anterior descending artery 
originating from right coronary artery) (Fig.  19.6 ), and persistent 
ductus arteriosus  [  1  ] . MAPCAs are also common and correlate 
with the degree of pulmonary stenosis or atresia.  

 The predominant clinical feature of most patients with TOF 
is cyanosis, and thus, most are diagnosed in infancy. Central 
cyanosis results from right-to-left shunting through a nonrestric-
tive VSD. The magnitude of shunting depends on the severity of 
obstruction at the RVOT, pulmonary valve, and/or pulmonary 
artery  [  10  ] . Surgical interventions are now performed in almost 
all neonates/infants with TOF, and the majority (>85 %) of 
adults have undergone primary repairs  [  13  ] . 
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  Fig. 19.2    Tetralogy of Fallot. A 45-year-old man who has an unre-
paired tetralogy of Fallot. Panel ( a ) is an axial image showing a large, 
nonrestrictive VSD ( arrow ) and right ventricular ( RV ) hypertrophy. 
Panel ( b ) is an oblique multiplanar reformat showing the malalignment 

of the unrepaired perimembranous VSD ( arrow ) and an overriding 
aorta ( Ao ). RV hypertrophy is again prominent.  LV  left ventricle,  RA  
right atrium,  LA  left atrium       

Ao

  Fig. 19.3    Tetralogy of Fallot. A 32-year-old man who had a VSD clo-
sure and patch enlargement of the RVOT at age 5 years and returned 
with residual pulmonary valve stenosis. This image is a volume- 
rendered reformat and shows the severe narrowing at the level of the 
pulmonary valve ( black arrow ).  White arrow : left superior vena cava       
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  Fig. 19.4    Tetralogy of Fallot with absence of the pulmonary artery. A 
32-year-old woman who had resection of infundibular muscle bundles, 
VSD closure, and augmentation of the right ventricular out fl ow tract 
and pulmonary artery with a transannular patch at age 7 years. Panel ( a ) 
is an axial scan showing the absence of the left pulmonary artery. The 

main ( MPA ) and right pulmonary arteries ( RPA ) are mildly dilated. Also 
note the dilated ascending aorta ( Ao ) caused by aortic insuf fi ciency. 
Panel ( b ) is a coronal image using a lung window and shows that the left 
lung is smaller than the right lung and has less vascularity as well. Flow 
to the left lung was via multiple aortopulmonary collateral vessels       
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  Fig. 19.5    Tetralogy of Fallot with right aortic arch and aortic root dila-
tation. A 44-year-old woman who underwent placement of a Waterston 
shunt at age 7 years and no additional surgical procedures. Panel ( a ) is 
an axial image showing the right aortic arch ( Ao ). The aorta is dilated 

due to aortic insuf fi ciency. Panel ( b ) is a sagittal image showing dilata-
tion of the aortic root ( Ao ) which overrides an unrepaired perimembra-
nous VSD ( asterisk ). Also noted a calci fi ed aortic valve ( arrow ), related 
to atherosclerotic disease       
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 When the RVOT obstruction is mild, the degree of right-
to-left shunting through the VSD will be less severe and 
physiology will be more similar to an isolated VSD. In this 
setting, patients may be acyanotic (so-called pink tetralogy) 
and the diagnosis will be made later in life. The clinical pre-
sentation in unrepaired adults may include cardiac murmur, 
right heart failure, or decreased exercise tolerance  [  2  ] . If the 
overriding aorta dilates, aortic regurgitation may develop 
and be a presenting symptom (Fig.  19.6 ). 

 Before advances in open heart surgery, palliative surgery 
in the form of a systemic-to-pulmonary artery shunt 
(Blalock–Taussig, Waterston, or Potts shunts) was performed 
prior to de fi nitive repair (Chap.   22    )  [  2  ] . With advances in 
surgical techniques, the current treatment is de fi nitive repair 
in the  fi rst year of life. Most adults with TOF have undergone 
de fi nitive repair, but occasionally patients reach adulthood 
having had only a palliative procedure. De fi nitive repair 
requires closure of the VSD and enlargement of the RVOT, 
relieving the outlet stenosis (Chap.   29    )  [  2  ] . 

 Postoperative complications (Chap.   29    ) of palliation 
include pulmonary artery distortion, pulmonary hyperten-
sion, left and right ventricular dysfunction, and congestive 
heart failure. Complications of de fi nitive repair include 

 aneurysmal dilatation of the RVOT and subsequent pulmo-
nary regurgitation; stenosis at the anastomotic site of the pul-
monary homograft, pulmonary valve, and/or main/branch 
pulmonary arteries; progressive aortic root dilatation and 
subsequent aortic regurgitation; biventricular failure; and 
residual VSD. 

    19.1.1   Cardiac Computed Tomography (CT) 
in the Assessment of Tetralogy of Fallot 

 In patients with unoperated TOF, CT can demonstrate the 
following morphologic  fi ndings needed to plan patient man-
agement: (a) the ventricular (right and left ) morphology 
including the wall thickness, size, and systolic function (con-
traction, volume); (b) the morphology and size of both atria; 
(c) the anatomy, size, and presence/magnitude of 
obstruction(s) of the RVOT, pulmonary valve, main pulmo-
nary artery, and branch arteries; (d) morphology of the over-
riding aorta (size and degree); (e) the size and location of 
VSD(s); (f) the anatomy of the cardiac valves; (g) aortic arch 
sidedness; and (h) the presence of coexisting anomalies 
including ASD, patent ductus arteriosus, aortopulmonary 
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  Fig. 19.6    Tetralogy of Fallot with a coronary artery anomaly. 
A 33-year-old man who had homograft repair of RVOT obstruction and 
a conduit placed from the homograft to the main pulmonary artery at 
age 2 years. Resection of the infundibular muscle was limited by a coro-
nary artery coursing over the upper part of the right ventricular out fl ow 
tract just beneath the pulmonary valve annulus. Panel ( a ) is a depiction 

of the aneurysmal, partially calci fi ed right ventricular out fl ow repair 
( white arrow ). Panel ( b ) a sagittal oblique view demonstrating the right 
coronary artery ( arrowhead ) giving rise to the left anterior descending 
coronary artery ( arrow ), which courses between the homograft ( H ) and 
conduit ( C ) with no evidence of compression       
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collaterals, and coronary artery anomalies  [  14–  17  ] . Of high 
importance is the presence of a coronary artery branches 
crossing the RVOT, which can have an impact on the surgical 
strategy (Fig.  19.6 ). In addition, the presence of coexisting 
atherosclerotic coronary artery disease should be evaluated. 
See Table  19.1 .  

 Of note, cardiac CT provides only limited information 
regarding valvular function. The assessment of pulmonary 
valve stenosis/regurgitation and aortic and tricuspid valve 
regurgitation is especially important and requires perfor-
mance of echocardiography and cardiac magnetic resonance 
imaging. 

 The postsurgical assessment of these patients is discussed 
in Chap.   29    .   

    19.2   Double-Outlet Ventricles 

 When both great arteries arise from one ventricular cham-
ber, the ventriculoarterial connection is termed “double out-
let.” In double-outlet ventricles, the aorta and pulmonary 
artery may arise from the right ventricle (double-outlet right 
ventricle) or from the left ventricle (double-outlet left ven-
tricle). Rarely, both arterial trunks arise from both ventri-
cles. This arrangement is termed double-outlet both 
ventricles. 

    19.2.1   Double-Outlet Right Ventricle 

 Double-outlet right ventricle (DORV) is a heterogeneous 
group of congenital heart defects in which both the aorta and 
main pulmonary artery arise entirely or predominately from 
the morphologic right ventricle  [  18  ] . DORV is present when  
more than 50 % of the both arterial trunks arise from the 
morphologic right ventricle. 

 DORV accounts for 1–5 % of all congenital heart diseases 
with incidence of 1 per 10,000 births  [  19  ] . 

 The basic morphology of DORV is malposition of the 
great arteries with a ventricular septal defect (VSD) 

(Fig.  19.7 ). There is great variability in the anatomy of the 
DORV. DORV represents the part of arterial override conti-
nua, when 
   (a)    Overriding aorta transits from tetralogy of Fallot (ToF) 

or simple ventricular septal defect with overriding aorta 
to DORV confi guration    

  (b)    Overriding pulmonary artery transits from discordant 
ventriculo-arterial connection with ventricular septal 
defect to DORV confi guration with subpulmonary inter-
ventricular communication    

  (c)    Overriding aorta and pulmonary artery transit from  double 
outfl ow left ventricle to DORV confi guration      [  3,   20,   21  ]   

 The pathophysiologic classi fi cation of DORV is based on 
de fi ning the position of the VSD relative to the arrangement 
of the great arteries. The VSD can be subaortic, subpulmonic, 
doubly committed (immediately beneath the semilunar 
valves), or noncommitted (remote from both semilunar 
valves) (Fig.  19.8 ). Most commonly, the VSD is single and 
nonrestrictive, but restrictive and multiple connections may 
occur  [  18  ] . Pulmonary and systemic blood  fl ow and satura-
tions are determined by the ratio of pulmonary to systemic 
resistance, which is related to the relative positions of the 
VSD and great arteries, the presence of pulmonary stenosis, 
and the amount of right ventricular mixing.  

 Subaortic VSD-type (tetralogy of Fallot-type) DORV 
accounts for more than 50 % of DORV cases (Fig.  19.9 ). The 
great arteries are normally related with the aortic origin pos-
terior and to the right of the pulmonary origin  [  22,   23  ] . 
Because the normal spatial relationship is maintained, left 
ventricular out fl ow is directed toward the aorta, resulting in 
aortic oxygen saturations that are greater than those of the 

   Table 19.1    CT assessment in unrepaired tetralogy of Fallot   

 Morphology, wall thickness, size, and systolic dysfunction of both 
ventricles 
 Morphology and size of atria 
 Anatomy, size, and presence/magnitude of obstruction(s) of RVOT, 
pulmonary valve, main pulmonary artery, and branches 
 Anatomy and size of ascending aorta, including assessment of aortic 
root dilatation 
 Presence, size, and morphology of VSD 
 Anatomy of the cardiac valves 
 Side of the aortic arch 
 Coexisting anomalies, including atrial septal defect, patent ductus 
arteriosus, aortopulmonary collaterals, and coronary artery 
anomalies 

VIF VIF
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LV

Ao MPA

Muscular
outlet septum

Interventricular
communication

  Fig. 19.7    Diagram shows both the aorta ( Ao ) and main pulmonary 
artery ( MPA ) arising from the right ventricle ( RV ).  LV  left ventricle,  VIF   
ventriculo-infundibular fold       
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  Fig. 19.8    The variants of interventricular communication in double-
outlet right ventricle. See text for a detailed description. ( a ) subaortic, 
( b ) subpulmonary, ( c ) doubly committed, and ( d ) noncommitted 

(remote).  Ao  aorta,  MPA  main pulmonary artery. See text for descrip-
tion.  White arrows  point to the ventricular septal defect       
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pulmonary artery. Pulmonary stenosis is present in up to 
50 % of patients. In these patients, the physiology resembles 
that of tetralogy of Fallot, where the aorta completely over-
rides the right ventricle. In the absence of pulmonary steno-
sis, the physiology resembles that of a large isolated VSD 
 [  20  ] . This anatomy may result in congestive heart failure. 
Subaortic VSD is associated with L-transposition of the great 
arteries and an anomalous course of the right coronary artery, 
which crosses the pulmonary out fl ow tract  [  18  ] .  

 Subpulmonary VSD-type DORV (so-called Taussig–Bing 
anomaly) is encountered in 30 % of patients with DORV  [  22–
  25  ] . The left ventricular out fl ow is directed toward the  pulmonary 

artery, resulting in pulmonary artery saturations greater than 
aortic saturations. The great artery relationship is transposed 
 [  18  ] . The aortic and pulmonary origins have either a parallel 
arrangement (positioned side by side) or the aorta is to the right 
and slightly anterior to the pulmonary artery (Figs.  19.10  and 
 19.11 ). In the absence of pulmonary stenosis, the physiology is 
similar to that of transposition of the great arteries. If there is 
associated pulmonary stenosis, the physiology is similar to that 
of tetralogy of Fallot. The subpulmonary form of DORV is 
associated with subaortic stenosis and aortic arch obstruction 
(aortic coarctation and interrupted aortic arch). It is also associ-
ated with straddling and cleft mitral valves  [  18,   22,   23,   26,   27  ] .   
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  Fig. 19.9    Subaortic VSD-type double-outlet right ventricle. The great 
arteries are normally related. Panel ( a ) is an axial scan showing the 
aorta posterior and to the  right  of the pulmonary artery. Panel ( b ) is an 
image showing the large ventricular septal defect ( arrow ). Panel ( c ) is a 

coronal view showing the aorta and the pulmonary artery arising from 
the right ventricle ( RV ). Most of the ventricular out fl ow is directed 
toward the aorta, which is larger than the pulmonary artery.  Ao  aorta,  PA  
pulmonary artery,  LV  left ventricle,  RV  right ventricle       
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 Doubly committed VSD-type DORV occurs in 10 % of 
cases of DORV  [  25  ] . The left ventricular out fl ow is equally 
directed to the aorta and pulmonary artery. The great arteries 
are normally related  [  18  ] . Since the left ventricular out fl ow is 
equally shared by the aorta and pulmonary artery, the 
pathophysiology resembles that of a VSD. 

 Noncommitted or remote VSD-type DORV occurs in 10 % 
of DORV cases. The anatomy and physiology is  similar to that 
of an isolated VSD or atrioventricular canal defect. Most com-
monly, the great arteries are normally related  [  24,   25  ] . 

 Rarely, the interventricular connection will be absent, and 
DORV is then accompanied by a small atrial septal defect and 
hypoplasia of the mitral valve and left ventricle  [  28  ] . Due to 
commitment of both arteries to the right ventricle outlet (i.e., 
infundibular), the septum becomes a right ventricular structure. 

 Associated anomalies include situs abnormalities (dextro-
cardia, situs inversus, atrial isomerism), atrioventricular 
valve abnormalities (mitral stenosis, cleft mitral valve, strad-
dling mitral and/or tricuspid valve, common atrioventricular 
valve), ventriculoarterial connection and out fl ow tract abnor-
malities (subaortic stenosis, atrioventricular discordance, 
atrioventricular valve atresia), atrial septal defects, and single 
ventricle  [  29–  31  ] . Extracardiac anomalies include anoma-
lous venous return, aortic coarctation, interrupted aortic arch, 
and persistent ductus arteriosus  [  18  ] . Coronary artery abnor-
malities are also common, including anomalous origin of the 

right coronary artery (RCA) from the left main coronary 
artery (LMCA), duplication of left anterior descending coro-
nary artery (LAD), anomalous origin of LAD or left 
circum fl ex artery from the RCA, and single right or left coro-
nary artery. The presence of pulmonary and aortic out fl ow 
tract obstructions can in fl uence the pathophysiology of the 
heart malformation. 

 The clinical  fi ndings vary with the anatomy and include 
cyanosis, heart failure, and pulmonary hypertension. Most 
patients with DORV are diagnosed in the  fi rst month of 
life and undergo palliative repair (pulmonary artery band-
ing or Blalock–Taussig shunt) or surgical repair. The sur-
gical interventions depend on the location of the VSD, the 
size of the left ventricle, the type of ventriculoarterial 
connection, and the type of pulmonary blood  fl ow 
(restricted on unrestricted)  [  18  ] . 

 De fi nitive repairs vary and include intraventricular repair 
using a tunnel (baf fl e) to direct left ventricular  fl ow to the 
aorta, arterial switch operation to connect the left ventricle to 
the neoaorta in combination with VSD closure, and univen-
tricular-type repair, using a bidirectional Glenn shunt (supe-
rior vena cava to pulmonary artery)  [  32–  36  ] . Rarely, 
unoperated patients survive to adulthood. The subaortic and 
doubly committed VSDs are often suitable for an intraven-
tricular repair. The subpulmonic or “Taussig–Bing” anomaly 
with physiology similar to transposition may be treated with 
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  Fig. 19.10    Subpulmonic VSD-type double-outlet right ventricle. Panel 
( a ) is an axial scan showing the aorta and pulmonary artery in a parallel 
arrangement (positioned side by side). Panel ( b ) is a sagittal scan showing 

the aorta and the pulmonary artery arising from the right ventricle ( RV ). 
Most of the ventricular out fl ow is directed toward the pulmonary artery. 
 Ao  aorta,  PA  pulmonary artery,  RV  right ventricle,  RA  right atrium       
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  Fig. 19.11    Subpulmonic VSD-type double-outlet right ventricle in a 
31-year-old woman with a prior Fontan operation. Panel ( a ) is an axial 
view showing the aorta anterior and to the right of the pulmonary artery 
(D-transposition). Panel ( b ) is an axial scan and panel ( c ) is a coronal 
oblique cut. Both images demonstrate the two great arteries arising 

from the hypertrophied and dilated right ventricle (RV), medial and to 
the right of the interventricular septum ( arrow  in panel c), consistent 
with double-outlet right  ventricle. Panel (c) demonstrates the very large 
VSD ( asterisk )       
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an arterial switch operation. The noncommitted VSD may 
require a Fontan procedure. 

 Potential complications after surgical repair include resid-
ual or recurrent VSD, residual or recurrent out fl ow tract 
obstructions, and atrioventricular valve regurgitation. Com-
plications of univentricular repair include stenosis/narrow-
ing of the Glenn shunt and Fontan procedure.  

    19.2.2   Double-Outlet Left Ventricle 

 Double-outlet left ventricle (DOLV) is a congenital anomaly 
in which both the aorta and main pulmonary artery arise entirely 
or predominately from the morphologic left  ventricle  [  37  ] . 

 DOLV    is a very rare anomaly. It accounts for approximately 
5 % of patients with double-outlet ventricle and its incidence 
is estimated to be less than 1 in 200,000 live births  [  38  ] . 

 Similar to DORV, DOLV is characterized by heteroge-
neous morphology and clinical presentations. The VSD’s 
location may be subaortic, subpulmonary, doubly commit-
ted, or noncommitted (remote)  [  37,   39–  41  ] . Subaortic and 
subpulmonic conal  fi gurations are most common. DOLV 
occurs most often with atrial situs solitus and with atrioven-
tricular concordance. 

 Subaortic VSD-type DOLV is present in 75 % of all 
DOLV patients. Pulmonary out fl ow tract obstruction is com-
mon, occurring in 90 % of cases. The great arteries are usu-
ally abnormally related and the aorta is usually anterior to 
the pulmonary artery  [  39,   41  ] . A right anterior aorta is more 
frequent than a left anterior aorta. DOLV with subaortic VSD 
with normally related great arteries is very rare  [  39  ] . The 
clinical presentation can resemble that of tetralogy of Fallot 
or complete transposition depending on the degree of pulmo-
nary stenosis. 

 Subpulmonary VSD-type DOLV occurs in 15 % of cases 
 [  41  ] . Aortic out fl ow tract obstruction (aortic hypoplasia, aortic 
coarctation, or interrupted aortic arch) is common, occurring 
in about 80 % of cases  [  41  ] . The clinical manifestation is that 
of pulmonary overcirculation, similar to that of a large VSD. 

 Doubly committed VSD-type DOLV is present in 10 % of 
cases  [  41  ] . The VSD is overridden by both the main pulmo-
nary artery and aorta. Of note, due to the varying degree of 
aortic and pulmonary artery override, the distinction between 
DOLV and DORV may be problematic, and thus, this anom-
aly has been referred to as double-outlet both ventricles  [  42  ] . 
In most cases, the great arterial relationship is side by side. 
Aortic or pulmonic out fl ow tract obstruction is rare. 

 Noncommitted (remote) VSD-type DOLV is extremely 
rare  [  43  ] . Paci fi co et al. described one patient with DOLV 
with a posterior inlet VSD and a left-sided, anterior aorta. 

 Most patients with DOLV present in the neonatal period 
with cyanosis due to pulmonary out fl ow obstruction or with 

heart failure due to aortic out fl ow obstruction or a large VSD. 
Palliation or surgical repair is done early in life. Rare 
 unoperated patients survive to adulthood. 

 Surgical repairs include a left ventricle-to-pulmonary 
out fl ow tract closure, rerouting of blood from the right ven-
tricle to pulmonary artery using patch reconstruction, pulmo-
nary root or pulmonary artery translocation onto the right 
ventricle with or without Lecompte maneuver, Rastelli-type 
procedure, or Fontan procedure and VSD closure  [  37  ] . In 
general, DOLV with two relatively well-developed ventricles 
is often repaired by left ventricle-to-pulmonary out fl ow tract 
closure, a Rastelli conduit from the right ventricle to pulmo-
nary artery, or pulmonary root translocation and VSD clo-
sure. DOLV with a functionally single-ventricle or with 
tricuspid valve atresia usually requires a Fontan procedure.  

    19.2.3   Cardiac Computed Tomography (CT) 
in the Assessment of Both 
DORV and DOLV 

 CT allows a comprehensive heart evaluation including (a) 
the morphology, size, geometry, and systolic function of 
both ventricles; (b) location of the interventricular connec-
tions and relationships to the atrioventricular junction; (c) 
morphology and anatomic relationships of the ventriculoar-
terial connections, including the conal con fi guration as well 
as the degree of great vessel override/commitment to the 
ventricles; (d) presence, morphology, size, and extent of 
obstruction of the pulmonary and aortic out fl ow tracts; (e) 
the spatial relationship of the great arteries; (f) atrial size 
and morphology; (g) the anatomy of the cardiac valves; (h) 
evaluation of aortic arch anatomy; and (i) the presence of 
coronary artery and other coexisting abnormalities. See 
Table  19.2 .  

   Table 19.2    Cardiac CT assessment in double-outlet right and left 
ventricles   

 Morphology, size, wall thickness, geometry, and systolic function of 
both ventricles 
 Morphology and anatomic relation of atrioventricular junction 
connections to VSD 
 Morphology and anatomic relation of ventriculoarterial junction 
(conotruncal abnormalities and arterial override/commitment to 
ventricles) 
 Presence, anatomy, size, and magnitude of aortic and/or pulmonary 
out fl ow tract obstructions 
 Anatomy, size, and spatial relationship of aorta and pulmonary 
artery 
 Morphology and size of atria 
 Anatomy and function of cardiac valves 
 Evaluation of coronary artery and aortic arch anatomy 
 Other anomalies 
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 Post-interventional imaging assessment should include 
evaluation of (a) ventricular morphology, size, and systolic 
function; (b) the anatomy, size, and presence/magnitude of 
residual aortic and pulmonary out fl ow tract obstruction(s) 
and extracardiac conduits (obstruction/leak); (c) the pres-
ence of residual interventricular communication; (d) the 
anatomy, size, course, and spatial arrangement of the aorta 
and pulmonary artery, with attention to aortic root dilata-
tion and residual obstructions in the aortic arch; (e) the 
anatomy of the atrioventricular valves; (f) atrial morphol-
ogy and size; (g) coronary artery anatomy with attention to 
compression/stenosis; and (h) coexisting anomalies  [  14, 
  15  ] . See Table  19.3 .    

    19.3   Truncus Arteriosus 

 Truncus arteriosus, also known as common arterial trunk, is 
characterized by a single arterial trunk with a single truncal 
valve that arises from the base of the heart and gives rise to 
the coronary, pulmonary, and systemic circulation  [  44  ] . This 
rare anomaly accounts for 1–4 % of congenital heart defects 
 [  45–  48  ] . 

 Truncus arteriosus results from a developmental error in 
septation of the embryonic truncus arteriosus (i.e., the ven-

tricular outlets and the proximal arterial segment of the heart 
tube). It is associated with a ventricular septal defect (VSD) 
and common truncal (semilunar) valve with biventricular 
origin that overrides the interventricular septal defect. Rarely, 
there is an intact ventricular septum or conjoined aortic and 
pulmonary valve  [  44  ] . A common arterial trunk originating 
almost entirely from the right or left ventricle can also be 
encountered. The VSD is usually large and nonrestrictive 
and is positioned between the anterior and posterior limbs of 
the septomarginal trabeculations. 

 The single truncal valve is typically dysplastic with 
thickened cusps and supernumerary lea fl ets (usually three 
but up to six), resulting in regurgitation and/or stenosis. The 
valve frequently remains in  fi brous continuity with the 
mitral valve, but rarely with the tricuspid valve. The coro-
nary arteries arise from poorly developed sinuses of Valsalva. 
The left and right coronary arteries often originate from the 
left posterolateral and right anterolateral truncal walls, 
respectively  [  49  ] . Coronary artery anomalies, in particular a 
single coronary artery and an intramural course, can be 
present. 

 Truncus arteriosus is generally an isolated  fi nding, but it 
can be associated with hemodynamically signi fi cant anoma-
lies, in particular interrupted aortic arch and aortic coarcta-
tion  [  44,   49  ] . Other associated malformations include right 
aortic arch, atrial septal defect, aberrant subclavian artery, 
persistent superior vena cava, and tricuspid stenosis  [  49  ] . 
A ductus arteriosus, if present, is usually absent or diminu-
tive in patients with normal caliber aortic arches. Because 
the pulmonary arteries and both ventricles arise directly from 
the common trunk, a ductus is not required in most cases to 
support the circulation. 

 There are several classi fi cation systems for truncus arte-
riosus. The earliest classi fi cation by Collet and Edwards sub-
divided truncus arteriosus into four anatomic types based on 
the origin of the pulmonary arteries (Fig.  19.12 )  [  50  ] . Type I 
is a common arterial trunk that divides into an aorta and short 

   Table 19.3    CT assessment of post-interventional complications in 
double-outlet ventricles   

 Left and right ventricular dilatation and dysfunction 
 Aortic and/or pulmonary out fl ow tract obstruction 
 Conduit obstructions/leaks 
 Residual interventricular connections 
 Great artery spatial relationship and evidence of obstruction 
 Atrioventricular regurgitation and atrial size 
 Compression of coronary arteries 
 Other anomalies 
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Type I/A1 Type II/A2

Type III/A3 Type A4

Type III/A2

a b c

d e

  Fig. 19.12    Combination of Collett and Edwards types ( types I ,  II ,  III ) with the Van Praagh classi fi cation scheme ( A1 ,  A2 ,  A3 ,  A4 ). See text for 
more detail       
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  Fig. 19.13    Truncus arteriosus, Collett and Edwards type I or Van 
Praagh type A1 (Van Praagh), in a neonate. Panel ( a ) is an oblique axial 
image showing a solitary arterial trunk ( T ) or truncus overriding a large 
subtruncal ventricular septal defect ( arrow ). Also note the right-sided 
descending aorta ( Ao ). Panel ( b ) is an oblique axial image demonstrat-

ing the solitary trunk branching into a right-sided ascending aorta ( Ao ) 
and short pulmonary trunk ( P ), which then divides into left and right 
pulmonary arteries. Panel ( c ) is a volume-rendered image con fi rming 
the origins of the aorta ( Ao ) and the main pulmonary artery ( P ) from the 
single trunk ( T ).  RV  right ventricle,  LV  left ventricle       

pulmonary trunk, which then divides into left and right pul-
monary arteries (Figs.  19.13 ,  19.14 , and  19.15 ). Type II is 
when each pulmonary artery arises separately from the pos-
terior aspect of the truncus but in close proximity to each 
other (Fig.  19.16 ).      

 Type III is when each pulmonary artery arises separately 
from the posterolateral aspect of the truncus, at a distance 
from each other. Type IV describes the case when neither of 
the pulmonary arteries arises from the common trunk and 
the lungs are supplied by major aortopulmonary collateral 
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 arteries (MAPCAS). This type (also termed “pseudotrun-
cus”) is now considered to represent a form of pulmonary 
atresia with ventricular septal defect (i.e., severe form of 
tetralogy of Fallot) rather than a true truncus arteriosus. 

 A subsequent classi fi cation system by Van Praagh and 
Van Praagh takes into account the presence of a patent duc-
tus arteriosus and interrupted aortic arch, associated anoma-
lies that have important surgical implications (Fig.  19.12 ). In 
this classi fi cation system, type 1 parallels the Collette and 
Edwards’ type I classi fi cation (Figs.  19.13  and  19.14 ). 

 Type 2 is a combination of Collette and Edwards’ types II 
and III cases. Each pulmonary artery arises separately from 
the common trunk and the proximity of the origin of the pul-
monary arteries not speci fi ed (Fig.  19.16 ). Type 3 describes 
cases which have the origin of one branch pulmonary artery 
from the common arterial trunk, with the other pulmonary 
artery arising from the ductus arteriosus or from the aortic 
arch (a variant of Collette and Edwards’ type II cases). Type 
4 is characterized by the presence of a hypoplastic or inter-
rupted aortic arch and a large persistent ductus arteriosus. 

a b
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T
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LV

P

RV LV

  Fig. 19.14    Truncus arteriosus, Collett and Edwards type I or Van 
Praagh type 1, in a neonate. Panel ( a ) is an oblique sagittal view illus-
trating the aorta ( Ao ) and main pulmonary artery trunk ( arrow ) arising 
from a truncus arteriosus ( T ). Panel ( b ) is an oblique axial image dem-

onstrating that the left pulmonary artery ( black arrow ) and right pulmo-
nary artery ( white arrow ) each arising from the short main pulmonary 
artery ( P ).  RV  right ventricle,  LV  left ventricle       
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  Fig. 19.15    Truncus arteriosus (Collett and Edwards type I, Van Praagh 
type A1). Panel ( a ) is a maximum intensity projection demonstrating 
the truncus arteriosus ( T ). The  arrow  points to a large perimembranous 
ventricular septal defect.  LV  left ventricle,  RV  right ventricle. Panel ( b ) 
is an oblique image depicting the origin of both the aorta ( Ao ) and pul-
monary artery ( PA ) from the truncus (not visualized). Panel ( c ) is a 
volume-rendered image also demonstrating the origins of the Ao and 

PA from the truncus (not visualized). Panel ( d ) depicts the coronary 
arteries ( arrows ) originating from the common truncus arteriosus 
(Images kindly provided by Vasco Silva, MD, Radiology Department, 
Clinica Girassol, Luanda, Angola).  LA  left atrium,  RPA  right pulmo-
nary artery,  LPA  left pulmonary artery,  MPA  main pulmonary artery, 
 T  truncus       
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The pulmonary arteries arise as a single branch from the 
common trunk (Collette and Edwards’ type I cases). 

 The Van Praagh classi fi cation also speci fi es the presence of 
a VSD (type A) or the absence of a VSD (type B). Thus, each 
case has a nomenclature that includes a number and a letter. 

 To provide a uniformed classi fi cation, the Society of 
Thoracic Surgeons proposed a nomenclature system that 
takes into account both the origin of the pulmonary arteries 
and the presence of aortic arch anomalies  [  44  ] . Type A is a 
common arterial trunk with con fl uent or near con fl uent 
 pulmonary arteries, type B describes a common arterial trunk 
with absence of one pulmonary artery, and type C is a com-
mon arterial trunk with interrupted aortic arch or severe aor-
tic coarctation. 

 The presentation of patients with truncus arteriosus is 
virtually always cyanosis and cardiac failure in infancy, and 
these patients always undergo prompt operative repair. 
Unrepaired adults with this anomaly are rare. Both pallia-
tive and primary repair procedures have been performed. 
Since palliative pulmonary artery banding often results in 

complications (band migration, failure of pulmonary artery 
growth), surgical repair is preferred  [  49,   51  ] . Surgical man-
agement consists of patch closure of the VSD, connection of 
the truncus arteriosus and valve to the left ventricle, and 
detachment of the pulmonary arteries from the truncus with 
anastomosis to a prosthetic or aortic valved homograft from 
the right  ventricle to the pulmonary artery (Rastelli proce-
dure). In effect, the common trunk becomes the ascending 
aorta and the truncal valve becomes the aortic valve 
(Figs.  19.17  and  19.18 ).   

 Potential surgical complications include (a) right ventri-
cle-to-pulmonary artery homograft anastomosis stenosis 
and/or regurgitation, (b) ventricular–truncal anastomosis and 
truncal/neoaortic valve stenosis and/or regurgitation, (c) 
myocardial ischemia, (d) ventricular dysfunction, (e) resid-
ual VSD, (f) aortic root dilatation, (g) branch pulmonary 
artery stenosis, (h) arrhythmias, (i) progressive pulmonary 
vascular disease, and (j) endocarditis  [  49  ] . Many of these 
require reintervention and can be detected using imaging 
modalities. 

T
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a
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  Fig. 19.16    Truncus arteriosus, Collett and Edwards type II or Van 
Praagh type 2, in a neonate. Panel ( a ) is a volume-rendered coronal 
view showing the aorta ( Ao ) and each pulmonary artery emerging from 
the common truncus ( T ) in close proximity to each other. The  white 
arrow  is the right pulmonary artery and the  black arrow  is the left pul-

monary artery. Panel ( b ) is an axial cut con fi rming the separate origins 
of the right pulmonary artery ( white arrow ) and left pulmonary artery 
( black arrow ) from the truncus ( T ). In panel (a), the  asterisk  marks the 
ostium of the left pulmonary artery       

 



244 19 Abnormal Relationship Between Ventricles and Great Vessels

RA

Ao

LA

a b

RV

LV

  Fig. 19.18    Truncus repair with right ventricle to main pulmonary 
artery conduit in a 23-year-old woman. Panel ( a ) is a sagittal scan show-
ing the truncal semilunar valve ( arrow ) supporting the dilated ascend-
ing aorta ( Ao ). Panel ( b ) is a sagittal view showing the connection of the 

right ventricle ( RV ) to the pulmonary homograft ( arrow ). The distal 
portion of the conduit is narrowed and the proximal portion demon-
strates calci fi cations.  LA  left atrium,  RA  right atrium,  LV  left ventricle       
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  Fig. 19.17    Truncus arteriosus repair. An example of a 42-year-old 
man with a diagnosis of Collett and Edwards type II or Van Praagh type 
2 truncus at birth who underwent multiple-staged corrective procedures. 
At 3 months of age, he underwent pulmonary artery banding with VSD 
closure. At 10 years of age, a truncus-to-left ventricle anastomosis and 

a pulmonary arteries-to-pulmonary homograft connection was then per-
formed. The truncal valve was replaced with a prosthetic valve at age 27 
years for treatment of endocarditis. Panels ( a ) and ( b ) are two axial 
images showing a separate aorta ( Ao ) and pulmonary artery ( PA ). The 
prosthetic valve ( arrow ) is partially visualized in panel (b)       
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    19.3.1   Cardiac Computed Tomography (CT) 
in Patients with Truncus Arteriosus 

    CT can clearly show the truncus arteriosus and its asso-
ciated anomalies in untreated patients and can also be 
used to assess the post operative morphology  [  15,   52–
  54  ] . See Table  19.4 . Important imaging information for 
patient management includes (a) the morphology, wall 
thickness, size, and systolic function of both ventricles; 
(b) the anatomy and size of the ventriculoarterial con-
nections at the subvalvular, valvular, and supravalvular 
levels; (c) morphology and function of the cardiac valves 
including evaluation of truncal/neoaortic valve; (d) anat-
omy and patency of right ventricle-to-pulmonary artery 
conduit, including the presence and magnitude of 
obstruction and dilatation; (e) the presence of a residual 
VSD; (f) the anatomy, size, course, and spatial arrange-
ment of the aorta and pulmonary arteries, with special 
attention to the presence of obstruction; (g) the morphol-
ogy and size of the atria; and (h) the assessment of coex-
isting anomalies. Although CT can reliably show 
anatomic abnormalities, magnetic resonance imaging 
may be required for evaluation of valve/conduit 
insuf fi ciency and the presence of endocarditis. However, 
CT is the imaging procedure of choice for visualizing 
the origin and course of the coronary arteries and can be 
useful for the diagnosis of coronary artery lesions in 
adults with suspected myocardial ischemia.    

    19.4   Hemitruncus Arteriosus 

 Hemitruncus arteriosus is a rare anomaly (about 0.1 % of all 
congenital heart disease) in which one pulmonary artery 
(more commonly the right) arises anomalously from the 
ascending aorta and the opposite pulmonary artery originates 
from the main pulmonary artery or the right ventricle 
(Fig.  19.19 ). Associated anomalies include patent ductus 
arteriosus and ventricular septal defect. Affected patients 
present in the neonatal period or infancy with congestive 
heart failure secondary to a large left-to-right shunt. Most 
patients do not survive infancy without surgical treatment 
which includes either direct implantation of the anomalous 
pulmonary artery into the main pulmonary artery or interpo-
sition of an aortic/pulmonary arterial  fl ap. A combination of 
hemitruncus and tetralogy of Fallot has rarely been seen in 
adults  [  55,   56  ] . In unrepaired patients, CT can clearly show 
the origin and course of the anomalous pulmonary artery, 
and in surgically corrected patients, CT can be used to assess 
the postoperative anatomy and any complications.   

   Table 19.4    CT assessment in subjects postsurgical patients with 
 truncus arteriosus   

 Morphology, size, wall thickness, geometry, and systolic function of 
both ventricles 
 Anatomy and size of ventriculoarterial connections at subvalvular, 
valvular, and supravalvular levels 
 Anatomy and function of cardiac valves including truncal/neoaortic/
prosthetic valves 
 Presence and magnitude of right ventricle-to-pulmonary artery 
conduit obstruction/dilatation 
 Presence of residual VSD 
 Anatomy, size, and spatial relationship of aorta and pulmonary 
artery including the presence and magnitude of obstruction 
 Morphology and size of atria 
 Presence of other anomalies 

RV

a

  Fig. 19.19    Right hemitruncus. Panel ( a ) an axial view showing the 
right pulmonary artery ( arrow ) arising from the right ventricle ( RV ). 
Panel ( b ) an axial view at a higher level demonstrating the left pulmo-
nary artery ( arrow ) arising from the aorta ( Ao ). Panel ( c ) an axial image 
in another patient shows the right pulmonary artery ( white arrow ) aris-
ing from aorta ( Ao ). The left pulmonary artery ( black arrow ) arose from 
the main pulmonary artery (not seen in this image)       
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Fig. 19.19 (continued)

    19.5   Complete Transposition of the Great 
Vessels (Ventriculoarterial Discordance) 

 Transposition of the great arteries (TGA), also termed ven-
triculoarterial discordance, is an abnormality of ventricu-
loarterial connection in which the aorta originates from the 
morphologic right ventricle and the pulmonary artery origi-
nates from the morphologic left ventricle  [  57–  59  ] . The fre-
quently encountered term dextro (D)-TGA has been used 
interchangeably with TGA, but this is imprecise because 
TGA refers only to those hearts in which the aortic valve is 
positioned to the right of the pulmonary valve  [  60  ] . The term 
TGA is broader and includes both physiologically uncor-
rected transposition (D-TGA) and physiologically corrected 
transposition (also termed double discordance of the great 
arteries) and levo- or L-TGA because in both cases the great 
arteries arise from the wrong ventricle and thus are trans-
posed. For the purposes of the discussion in this section, we 
de fi ne TGA as those heart defects which have physiologi-
cally uncorrected transposition of the great arteries. 

 TGA is the second most common cyanotic congenital car-
diac defect, after tetralogy of Fallot, accounting for approxi-
mately 5–7 % of congenital heart diseases. The overall 
annual incidence is 20–30 in 100,000 live births  [  61  ] . 

 The Van Praagh description of TGA includes hearts in 
which there is atrial situs solitus, concordant atrioventricu-
lar alignment, and discordant ventriculoarterial alignment 
and also hearts in which there is situs inversus, levo-looped 

ventricles, and either dextro (D)- or levo (L)-transposition. 
The segmental anatomy is designated {S,D,D}, {S,D,A}, 
and {S,D,L}, as well as {I,L,L} and {I,L,D}. Those with 
situs ambiguous technically cannot be classi fi ed as TGA by 
the Van Praagh nomenclature but may be physiologically 
uncorrected and appropriately treated by existing standard 
therapies for TGA  [  57,   59  ] . 

 The most common variant of TGA (over 80 % of cases) 
reported by Van Praagh was D-TGA (aortic valve to right of 
the pulmonary valve). The remaining variants are usually 
L-TGA (aorta to left of pulmonary artery). Occasionally, the 
aorta is directly anterior to the pulmonary artery (A-TGA). 

 TGA is the result of abnormal conotruncal rotation with 
the aortic root positioned to the right and anterior to the pul-
monary trunk  [  61  ] . It always has discordant ventriculoarte-
rial alignment such that the aorta arises entirely or in large 
part from the right ventricle via a muscular subaortic 
infundibulum and the pulmonary artery arises entirely or in 
large part from the left ventricle without a subpulmonary 
infundibulum (Figs.  19.20  and  19.21 )  [  58  ] . The muscular 
subaortic conus separates the transposed aortic valve from 
both atrioventricular valves, while the absence of a subpul-
monary conus allows direct pulmonary–mitral  fi brous conti-
nuity. Concordant atrioventricular alignment (normal situs) 
is nearly always present  [  58,   59  ] . The pulmonary and sys-
temic circulations function in parallel, rather than in series 
(Fig.  19.22 ). Thus, blood  fl ow is from the cavae to right 
atrium to right ventricle to aorta and pulmonary veins to left 



24719.5 Complete Transposition of the Great Vessels (Ventriculoarterial Discordance)

atrium to left ventricle to pulmonary artery. Mixing of oxy-
genated and deoxygenated blood occurs via an obligatory 
atrial or ventricular septal defect or patent ductus arteriosus.    

 The clinical features and surgical management of patients 
with TGA are dependent on the presence or absence of a 

VSD and/or left ventricular out fl ow tract obstruction  [  59  ] . 
Based on these parameters, there are four anatomic sub-
groups of TGA: (1) transposition of the great arteries with 
intact ventricular septum, (2) transposition of the great arter-
ies with ventricular septal defect, (3) transposition of the 
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  Fig. 19.20    Uncorrected transposition of the great arteries. A 31-year-
old woman with acute chest pain who had a Mustard procedure in 
infancy. A computed tomographic angiogram was performed to evalu-
ate for pulmonary embolus. Panel ( a ) is an axial cut and panel ( b ) is an 
oblique coronal image. Both panels ( a ) and ( b ) illustrate the aorta ( Ao ) 
anterior and to the  right  of the pulmonary artery ( PA ). Panel ( c ) is an 

oblique coronal image demonstrating that the pulmonary artery ( PA ) 
arises from the smooth left ventricle ( LV ) and aorta ( Ao ) arises from the 
trabeculated right ventricle ( RV ), typical of physiologically uncorrected 
transposition. Panel ( d ) is an oblique axial view showing a large ven-
tricular septal defect ( arrow ).  RV  right ventricle,  LV  left ventricle,  A  
aortic valve,  P  pulmonic valve       
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great arteries with ventricular septal defect and left ventricu-
lar out fl ow tract obstruction, and (4) transposition of the 
great arteries with ventricular septal defect and pulmonary 
vascular obstructive disease. 

 The VSDs are usually of perimembranous and mus-
cular type. Left ventricular out fl ow tract obstruction can 
occur at both the valvular and subvalvular levels. The 
causes of obstruction include septal hypertrophy, posterior 
 malalignment of the outlet septum,  fi brous ridges, tissue 

tags, membranous septum aneurysm, and anomalous chordal 
attachment of the mitral valve  [  58  ] . 

 Table  19.5  lists the common associated anomalies with 
uncorrected TGA. 

Coronary artery anomalies in patients with TGA are often 
described on the basis of the Leiden convention  [  59,   63  ] . In 
this classi fi cation, the coronary arteries are termed “right” 
and “left” according to the predominant aortic sinus from 
which they arise and the aortic sinuses are designated as fac-

Ao

PA

a

Ao
PA

b

RV

LV

c

  Fig. 19.21    Uncorrected transposition of the great arteries. A 54-year-
old woman with a right sided Blalock–Taussig and no further surgery. 
A computed tomogram was performed to evaluate for possible 
Eisenmenger physiology. Panel ( a ) is an axial cut and panel ( b ) is an 

oblique sagittal image, and both show the aorta ( Ao ) anterior and to the 
right of the pulmonary artery ( PA ). Panel ( c ) is an axial view illustrating 
a well-formed right ventricle ( RV ) and left ventricle ( LV ) with a large 
ventricular septal defect ( arrow )       
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ing or nonfacing sinuses. This method of description is 
detailed in Chap.   18     and  illustrated in Fig.   18.5    . Brie fl y in 
review, this method of description positions a hypothetical 
observer in the aorta, with his head directed toward the pul-
monary trunk and his feet toward the heart, and the sinuses 
are named sinus 1 (sinus facing toward the right hand), sinus 
2 (sinus facing toward the left hand), and sinus 3 (nonfacing 
sinus). This means that the left coronary artery and the 

circum fl ex artery arise from sinus 1 and the right coronary 
artery arises from the sinus 2. These sinuses have a constant 
identity regardless of the spatial relationships of the great 
arteries. Conversely, if the observer is positioned in the pul-
monary trunk looking toward the aorta, the left-facing sinus 
is called sinus 1, while the right-facing sinus is called sinus 
2  [  64  ] . The Leiden convention has been widely used by the 
surgical community, but it is limited by the inability to de fi ne 
epicardial or intramural course of the coronary arteries, ori-
gin of additional arteries like sinus node arteries, and the rare 
cases of coronary origin from the nonfacing sinus  [  59,   65  ] .  

 Thus, a revised classi fi cation scheme has been suggested 
to capture all possible patterns of coronary anatomy with 
TGA. This includes the sinus from which the coronary artery 
arises (based on standard Leiden classi fi cation) as well as the 
position of the coronary artery within the sinus (central, right 
pericommissural, left pericommissural), the presence or an 
intramural course of the coronary artery, and the relationship 
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  Fig. 19.22    Diagram of the 
normal physiologic circulation 
( in series ) and the abnormal 
parallel circulation in uncor-
rected transposition of the great 
arteries ( TGA ) (Radiological 
Society of North America, Oak 
Brook, IL from Lu et al.  [  62  ]    )       

   Table 19.5    Coexisting anomalies in transposition of great arteries   

 Coronary artery anomalies 
 Patent ductus arteriosus 
 Ventricular septal defect 
 Left ventricular out fl ow tract obstruction 
 Atrial septal defect 
 Coarctation of aorta or interrupted aortic arch 
 Tricuspid valve abnormalities 
 Right aortic arch 

 

http://dx.doi.org/10.1007/978-1-4471-5088-6_18
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of the intramural coronary to the sinus and commissure 
(within sinus, above sinus, across commissure)  [  59  ] . 

 Different coronary artery anatomy arrangements are pres-
ent in subjects with TGA. The most common coronary artery 
pattern is the left coronary artery arising from sinus 1 (right-
hand sinus) and the right coronary artery from sinus 2 (left-
hand sinus) (62.5 %). The second most common type of 
coronary artery pattern is the right coronary artery and cir-
cumfl ex artery arising from (left-hand sinus) and the left 
anterior descending artery from sinus 1 (right-hand sinus) 
the coronary artery branches arise from the nonfacing sinus. 

 The coexisting anomalies include patent ductus arteriosus 
(75 % of cases), ventricular septal defect (VSD) (40–45 %), left 
ventricular out fl ow tract obstruction (25 %), atrial septal defect 
(ASD) (10–20 %), coarctation of the aorta or interrupted aortic 
arch (5 %), tricuspid valve abnormalities (4 %) (often Ebstein 
anomaly), and right aortic arch (4 %)  [  59,   66  ] . 

 The clinical presentation in patients with complete trans-
position of the great vessels (ventriculoarterial discordance) 
depends on the presence or absence and size of the VSD. 
Patients with intact ventricular septum or with VSDs and left 
ventricular out fl ow tract obstruction usually have extreme 
cyanosis at birth. Patients with large VSDs may have mild 
cyanosis at birth and signs of heart failure. Patients with a 
VSD and pulmonary vascular obstructive disease may pres-
ent later in life with right (systemic) ventricular failure due to 
high-pressure afterload. 

 In the neonate, initial treatment consists of maintaining duc-
tal patency with prostaglandin E 

1
  to promote left-to-right mix-

ing at the arterial level. This is particularly important in patients 
with left ventricular out fl ow tract obstruction. A balloon atrial 
septostomy also may be required to allow mixing of systemic 
and pulmonary venous return at the atrial level  [  67,   68  ] . 
De fi nitive repair has been accomplished by atrial switch repair, 
arterial switch operations, and Rastelli operations  [  69–  72  ] . 

 The atrial switch operation (creation of a baf fl e to redirect 
systemic and pulmonary venous return to the contralateral 
ventricle) was the initial operation for repair of TGA  [  66,   70, 
  71  ] . Because of signi fi cant complications, this was replaced 
by the arterial switch (Jatene) operation, which provides ana-
tomical correction by re-anastomosing the great arteries to 
their respective ventricles. The arterial switch procedure is 
the ideal operation in patients with TGA with intact ventricu-
lar septum and in those with small or moderate nonrestrictive 
VSDs. The atrial switch repair, however, is still an option in 
patients with large nonrestrictive VSDs, left ventricular 
out fl ow obstruction, or pulmonary vascular obstruction. The 
Rastelli operation (VSD closure and creation of left ventri-
cle-to-aortic tunnel and right ventricle-to-pulmonary artery 
conduit) also has been performed in patients with VSDs and 
left out fl ow tract obstruction  [  72  ] . 

 See Chaps.   23    ,   24    , and   26     for a further discussion of these 
procedures. 

 The prognosis in surgically uncorrected TGA is poor with 
a 6-month mortality rate of 90 %. Most infants die in the  fi rst 
few months of life. Occasionally, those with balanced circu-
lation may reach adulthood without interventions. Reparative 
surgery has dramatically changed this outcome and operated 
patients survive frequently into adulthood. Nevertheless, 
they may develop a variety of complications, which should 
be thoroughly evaluated during regular follow-up. 

 The surgical complications are brie fl y reviewed herein 
but are discussed in more detail in their respective Chaps. 
(  23    ,   24    , and   26    ). The frequent complications of the atrial 
switch are stenosis or leak of the surgical caval or pulmonary 
venous baf fl e connections, tricuspid valve regurgitation, 
right (systemic) ventricular dysfunction, and heart failure. 
The major complications of the arterial switch (Jatene opera-
tion) are coronary artery stenosis related to reimplantation, 
obstruction of the right or left ventricular out fl ow tracts at the 
anastomotic sites, and aortic regurgitation. Complications of 
the Rastelli operation are residual or recurrent VSD and 
obstruction of the left or right ventricular out fl ow tracts. 

    19.5.1   Cardiac Computed Tomography (CT) 
in Complete Transposition of the Great 
Vessels (Ventriculoarterial Discordance) 

 CT is an important noninvasive imaging modality for detec-
tion and assessment of hemodynamically signi fi cant compli-
cations in patients with corrected TGA  [  14–  17,   53  ] . CT is 
often preferred over magnetic resonance imaging due to the 
frequent presence of pacemakers in patients with 
arrhythmias. 

 CT evaluation of patients with surgically corrected TGA 
should include the following assessments: (a) morphology, 
size, and patency of surgical repairs (most commonly atrial, 
arterial, and Rastelli); (b) morphology, size, and function of 
both ventricles; (c) morphology, size, and function of both 
atria; (d) morphology of systemic and pulmonary veins to 
rule out obstruction; (e) morphology and size of left and right 
ventricular out fl ow tracts (aorta and pulmonary arteries) to 
exclude dilatation or stenosis; (f) morphology and size of 
septal defects; (g) cardiac valves for regurgitation; and (h) 
associated coronary or other anomalies. 

 Refer to the relevant Chaps. (  23    ,   24    , and   26    ) for more 
details on the CT evaluations.       
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 “Heterotaxy” is simply de fi ned as an abnormality of situs 
where the internal thoracic and abdominal organs show an 
arrangement other than situs solitus or inversus  [  1  ] . The term 
is synonymous with “situs ambiguous.” 

 The incidence of heterotaxy is estimated to be 1 in 10,000 
live births  [  2  ] . It is associated with a spectrum of cardiac 
malformations varying from relatively simple anomalies to 
very complex defects  [  3  ] . 

 Heterotaxy is not one speci fi c  fi nding but rather it is a 
constellation of atrial, visceral, and cardiovascular abnor-
malities. The morphologic spectrum of the heterotaxy syn-
drome includes atrial isomerism, abnormal thoracic and 
abdominal visceral situs (in particular the presence or absence 
of the spleen), anomalous systemic or pulmonary venous 
return, and associated cardiac defects  [  4–  6  ] . 

    20.1   Atrial Isomerism 

 The atria maintain their laterality throughout develop-
ment; hence, they de fi ne the cardiac situs. In normal indi-
viduals, the morphologic right atrium is on the same side 
as the morphologic right-sided thoracic and visceral struc-
tures. Likewise, the morphologic left atrium is on the same 
side as the morphologic left-sided thoracic and abdominal 
structures. 

 At imaging, the atria can be recognized by their different 
anatomy (described in detail in Sect.   1.2    ). Brie fl y, the right 
atrium is the more trabeculated atrium with the broad-based 
appendage and receives blood from the vena cava. The left 

atrium has a smaller, narrower appendage and receives blood 
from the pulmonary veins (Fig.  20.1 ).  

 Atrial isomerism refers to hearts with bilaterally right or 
bilaterally left atrial appendages  [  4–  6  ] .  Right atrial isomer-
ism  is characterized by the presence of a morphologic right 
atrium on both the right and left sides of the midline 
(Fig.  20.2 ). Likewise,  left atrial isomerism  is characterized 
by morphologically bilateral left atria (Fig.  20.3 ). Although 
atrial isomerism is often present in heterotaxy syndrome, it is 
not a reliable term to describe the syndrome because it inac-
curately re fl ects the full constellation of abnormalities.   

 If the atria are not distinguishable based on morphology, then 
determination of atrial situs can be made based on localization 
of noncardiac structures, namely, the tracheobronchial tree mor-
phology (i.e., tracheobronchial situs). The right superior branch 
of the right main bronchus is eparterial, meaning that it is located 
above the segmental pulmonary artery that supplies the superior 
lobe of the right lung. The left superior bronchus is hyparterial 
and passes below the pulmonary arteries. The right, middle, and 
inferior lobar bronchi and left inferior lobar bronchus are also 
hyparterial, passing below the arteries. In right isomerism both 
bronchi are eparterial (Fig.  20.4 ), and in left isomerism, both 
bronchi are hyparterial (Fig.  20.5 ).   

 Of note, neither atrial nor tracheobronchial tree morphol-
ogy is a reliable marker of the position of the ventricles, the 
cardiac apex, or the great arteries which must be identi fi ed 
and reported separately. A systematic approach to the diag-
nosis of visceroatrial situs, which is helpful in predicting the 
likelihood of associated heart disease, is discussed in more 
detail in Chap.   5    .  
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  Fig. 20.1    Atrial appendage morphology. Panels ( a ) and ( b ) are two 
axial computed tomography images. The right atrial appendage ( RAA ) 
is a blunt, broad-based structure lined with pectinate muscles that form 

a trabeculated surface. The left atrial appendage ( LAA ) is smaller and 
narrower and has a more restricted junction with the left atrium ( LA ). 
 Ao  aorta       
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  Fig. 20.2    Right atrial isomerism. The atrial appendages ( AA ) bilater-
ally are broad-based structures, consistent with right atrial morphology. 
 RV  right ventricle,  LV  left ventricle       
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  Fig. 20.3    Left atrial isomerism. The atrial appendages ( AA ) bilaterally 
are elongated and  fi ngerlike, consistent with left atrial morphology. 
 RVOT  right ventricular out fl ow tract       
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    20.2   Thoracic and Abdominal Situs 

 There are three types of situs: situs solitus (S), inversus (I), 
and ambiguous (A). As noted above, heterotaxy is synony-
mous with situs ambiguous. 

 Situs solitus is the usual arrangement of the atria and vis-
cera. Situs solitus is characterized by a morphologic right 
atrium on the right side of the spine, a trilobed right lung 
with eparterial bronchus, and bilobed left lung with hyparte-
rial bronchus, right-sided liver, left-sided spleen, and right-
sided inferior vena cava. The normal ventricular relationship 
is a D-ventricular loop, with the anatomic right ventricle 
positioned to the right of the left ventricle. The cardiac apex 
and stomach are on the left side of the spine (Fig.  20.6 ).  

 Situs inversus (also called situs inversus totalis) is the 
“mirror image” of situs solitus. Situs inversus is charac-
terized by a two-lobed right lung with a hyparterial bron-
chus and three-lobed left lung with eparterial bronchus 
(i.e., the morphologic left lung is right sided and the mor-
phologic right lung is left sided), left-sided liver, and 

PA

PA

  Fig. 20.4    Right isomerism. Both bronchi ( arrows ) are eparterial and 
course above the pulmonary arteries ( PA )       

PA

PA

  Fig. 20.5    Left isomerism. Both bronchi ( arrows ) are hyparterial and 
course below the pulmonary arteries ( PA )       
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  Fig. 20.6    Situs solitus. This is the usual arrangement of organs and 
vessels. The morphologic right atrium ( RA ), superior vena cava ( SVC ) 
and inferior vena cava ( IVC ), and liver ( L ) are on the right side of the 
thorax. The left atrial appendage ( LAA ), cardiac apex, and stomach ( ST ) 
are on the left       
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right-sided spleen. There is usually an L-ventricular loop 
with the anatomic right ventricle positioned to the left of 
the left ventricle. The cardiac apex and stomach are right 
sided (Figs.  20.7  and  20.8 ).   

 Situs ambiguous refers to the abnormal arrangement of 
organs different from the arrangement in either situs solitus 
or situs inversus. There is abnormal bilateral symmetry of 
normally asymmetric viscera and duplication of either 
right- or left-sided structures. There is not one speci fi c 
 fi nding that is pathognomonic for situs ambiguous (hetero-
taxy) but rather there is a combination of  fi ndings seen in 
situs solitus and situs inversus. Heterotaxy syndromes are 
usually associated with congenital heart disease and splenic 
abnormalities and have been grouped into two major forms: 
(1) asplenia or Ivemark syndrome and (2) polysplenia 
syndrome. 

 Asplenia (Ivemark syndrome) (see Table  20.1 ) is charac-
terized by duplication of right-sided structures (bilateral right 
sidedness) which includes bilateral trilobed lungs with bilat-
eral eparterial bronchi (in other words bilateral morphologic 
right lungs) and bilateral right atria. Cardiac anomalies usu-
ally result in pulmonary undercirculation and cyanosis and 
include pulmonic stenosis or atresia (most common), discor-
dant ventriculoarterial connection with transposition of the 

a b
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  Fig. 20.7    Situs inversus. The anatomic arrangement is the mirror 
image of situs solitus. Panel ( a ) illustrates that the cardiac apex and 
aorta ( Ao ) are on the right. The more trabeculated right ventricle ( RV ) is 
positioned to the left of the morphologic smoother left ventricle ( LV ). 

Panel ( b ) is an axial scan at a lower level showing a right-sided spleen 
( SP ) and a right-sided stomach ( ST ) with a left-sided liver ( L ). Note also 
the left-sided inferior vena cava ( asterisk )       
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  Fig. 20.8    Situs inversus in a 30-year-old man who underwent cavopul-
monary shunt for pulmonary atresia. This coronal image shows the car-
diac apex, spleen ( SP ), and stomach ( ST ) on the right side of the body 
and the liver ( L ) on the left.  Arrow : left-sided cavopulmonary shunt.  LV  
left ventricle       

   Table 20.1    Cardiac and extracardiac anomalies in asplenia (Ivemark 
syndrome)   

 Bilateral right sidedness 
 Cardiac anomalies: pulmonic stenosis and atresia, transposition of 
the great arteries or double-outlet ventricle, atrioventricular septal 
defect, and absent coronary sinus 
 Vascular anomalies including total anomalous venous return 
(frequently supracardiac type) and bilateral superior venae cavae 
 Airway morphology: trilobed lungs/eparterial bronchi 
 Abdominal  fi ndings: asplenia, horizontal liver, midline stomach, and 
malrotation 
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great arteries or double-outlet ventricle with transposed great 
vessels, atrioventricular septal defect with a common atrio-
ventricular valve, and absent coronary sinus  [  1,   7  ] . Associated 
vascular anomalies include total anomalous venous return 
(frequently supracardiac type) and bilateral superior venae 
cavae. Abdominal  fi ndings include an absent spleen, hori-
zontal liver, small midline stomach, small bowel malrotation, 
and gallbladder agenesis (Figs.  20.9  and  20.10 ).   

 Polysplenia syndrome (see Table  20.2 ) is characterized by 
duplication of left-sided structures (bilateral left sidedness), 
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  Fig. 20.9    Polysplenia syndrome (situs ambiguous). This 27-year-old 
man had a history of repair of partial anomalous pulmonary venous 
return. Panel ( a ) demonstrates that both pulmonary arteries ( P ) are 
above the bronchi ( arrows ) in keeping with bilateral left sidedness. The 
vessels below the bronchi are pulmonary veins. Also note the dilated 
azygous vein ( Az ) associated with an interrupted inferior vena cava. 

Panel ( b ) is an image at a lower plane showing mesocardia and the 
dilated azygous vein ( Az ). Panel ( c ) is an axial scan through the upper 
abdomen showing several small, left-sided spleens ( S ) and absence of 
the intrahepatic segment of the inferior vena cava associated with caval 
interruption. Note that the liver ( L ) and stomach ( St ) are in their expected 
positions       

   Table 20.2    Cardiac and extracardiac anomalies in polysplenia   

 Bilateral left sidedness 
 Cardiac anomalies: atrial defect (primum or secundum), ventricular 
septal defect, common atrium, cor triatriatum, and double-outlet 
right ventricle 
 Vascular anomalies: interrupted inferior vena cava, partial anoma-
lous pulmonary venous return, and duplicated superior vena cava 
 Airway morphology: bilobed lungs/hyparterial bronchi 
 Abdominal  fi ndings: multiple spleens, horizontal liver, intestinal 
malrotation, and biliary atresia 
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with bilateral bilobed lungs with bilateral hyparterial bronchi 
(i.e., bilateral morphologic left lungs) and bilateral left atria. 
Cardiac lesions associated with polysplenia are often acyan-
otic and include atrial septal defect (primum or secundum), 
ventricular septal defect, common atrium, cor triatriatum, 
and double-outlet right ventricle  [  8  ] . Associated vascular 
anomalies include interrupted inferior vena cava with azy-
gous continuation, partial anomalous pulmonary venous 
return, and duplicated superior vena cava. Common concur-
rent abdominal anomalies are multiple small spleens, hori-
zontal liver, small bowel malrotation, and biliary atresia.   

 Situs solitus, the normal pattern of organ arrangement, has 
less than a 1 % incidence of associated congenital heart dis-
ease. In situs inversus totalis, the incidence of associated con-
genital heart disease is 3 –5 %. In heterotaxy, the incidence of 
associated congenital heart disease is also markedly increased. 

 Asplenia and polysplenia are clues to the presence of con-
genital heart disease. Asplenia is associated with congenital 
heart disease in 99–100 % of cases and polysplenia is associ-
ated with congenital heart malformations in approximately 
75 % of cases. 

 Of note, about 20 % of patients with situs inversus totalis 
have Kartagener syndrome characterized by ciliary dyskine-
sia and the triad of situs inversus, chronic sinusitis, and bron-
chiectasis and a low incidence of associated congenital heart 
disease (Fig.  20.11 )  [  8  ] .  

 Palliative surgery for heterotaxy syndromes may be per-
formed in neonates and includes systemic-to- pulmonary 
shunts used in the setting of decreased pulmonary blood 
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  Fig. 20.10    Asplenia syndrome (situs ambiguous) in a 31-year-old 
woman who has not undergone any surgical interventions. Panel ( a ) 
a coronal tomogram demonstrating the hyparterial right bronchus above 
the pulmonary artery ( P ) and a large ostium primum atrial septal defect 

with a common atrium ( At ) and common atrioventricular valve ( arrows ) 
between the common atrium and left ventricle ( LV ). Panel ( b ) an axial 
image showing a transverse liver ( L ), right-sided stomach ( St ), and 
absent spleen.  K  kidney       

L

ST

S

Ao

  Fig. 20.11    Kartagener syndrome in a 32-year-old man. This coronal 
view shows an inverted arrangement of the viscera with dextrocardia 
(cardiac apex to the right), right-sided aorta ( Ao ) and stomach ( St ), and 
left-sided superior vena cava ( S ) and liver ( L ). Note bronchiectasis 
( arrow ) in the left-sided middle lobe       
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 fl ow or pulmonary trunk banding in the presence of 
increased  pulmonary blood  fl ow. Biventricular repair is 
usually performed in patients with atrioventricular or 
ventricular septal defects with anomalies of systemic and 
pulmonary venous return, but with concordant ventricu-
loarterial connections (usually those with left atrial isomer-
ism). Univentricular repairs are more often associated with 
complex malformations (usually right atrial isomerism) 
and include a Fontan-type procedure (bidirectional Glenn 
or total cavopulmonary shunt) and Kawashima operation 
(inferior caval vein, bidirectional cavopulmonary anasto-
mosis in the setting of interrupted inferior caval vein with 
azygous continuation). 

 The prognosis for infants with heterotaxy and surgi-
cally uncorrected congenital heart disease is poor. Patients 
with left atrial isomerism tend to have a better prognosis 
than those with right atrial isomerism, attributed to the fact 
that left isomerism has less severe cardiac malformations 
and, hence, patients are more likely to undergo successful 
biventricular repairs. Patients with defects not suitable for 
biventricular repairs are likely to undergo univentricular 
procedures associated with poorer long-term prognosis 
 [  4  ] . Despite surgery, the percent of subjects with hetero-
taxy syndrome who reach adulthood is low. In right arte-
rial isomerism, Hashimi et al.  [  7  ]  reported a survival rate 
of 25 % at the age of 20 years and survival was associated 
with a high incidence of pulmonary venous obstruction. In 
left atrial isomerism, the survival rate at the age of 20 was 
45 %; this better outcome was attributed to biventricular 
repairs  [  9,   10  ] .  

    20.3   Cardiac Computed Tomography 
(CT) in Heterotaxy Syndromes 

 In heterotaxy syndrome, CT can provide comprehensive 
assessment of pre- and postoperative cardiac anatomy 
(Table  20.3 ). CT assessments should include evaluation of 
(a) the atriovisceral situs including atrial, airway, vascular, 
and abdominal organ arrangements; (b) the systemic and 
pulmonary venous connections with attention to the pres-
ence of obstruction; (c) the atrioventricular junction includ-
ing the size, function, and morphology of the atrioventricular 
valve(s); (d) the atria and ventricle(s) in terms of their 
number, size, function, and morphology (left, right, inde-
terminate); (e) the ventriculoarterial connection (concor-
dance, double outlet, obstruction); (g) the aorta and 
pulmonary artery with regard to their size, spatial relation, 
and abnormalities; and (h) the presence of other cardiac 
defects. In addition, the presence, absence, and number of 
spleens and the position of the liver and small bowel should 
be assessed  [  11–  13  ] .       
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   Table 20.3    CT assessment in the heterotaxy syndromes   

 Atriovisceral situs including atrial appendages, lungs and bronchi, 
and splenic status 
 Size, morphology, and potential obstructions of systemic and 
pulmonary venous return 
 Morphology and size of atria 
 Morphology, size, hypertrophy, geometry, and systolic function of ventricle(s) 
 Morphology and anatomy of atrioventricular junction (atrial 
commitment to ventricle(s)) 
 Anatomy, size, and presence/magnitude of aortic and/or pulmonary 
out fl ow track obstructions 
 Size, function, and morphology of valves 
 Anatomy, size, and spatial relationship of aorta and pulmonary artery 
 Presence of coexisting anomalies 
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 The most common indications for percutaneous closure of 
intracardiac communications in adults include atrial septal 
defect (ASD) and patent foramen ovale (PFO). Other indi-
cations for percutaneous closure include ventricular septal 
defects (VSD), patent ductus arteriosus (PDA), and surgi-
cal intracardiac connections, such as shunts (Blalock–
Taussig, Glenn, and Fontan) and atrial switch baf fl es. 
Transcatheter closures are less invasive than surgical proce-
dures, subject the patient to decreased risk of myocardial 
ischemia, provide increase patient comfort, and shorten 
hospitalization. 

 The various percutaneous closure methods discussed in 
this section include coils, AMPLATZER occlusion devices 
(including the duct occluder, septal occluder, muscular VSD 
occluder, and vascular plug occluder, AGA Medical Corp., 
Golden Valley, MN), and the CardioSEAL STARFlex septal 
occluder. The AMPLATZER devices are the most com-
monly used. 

    21.1   Percutaneous Closures of Atrial Septal 
Defect and Patent Foramen Ovale 

 Transcatheter closure of secundum ASD with an 
AMPLATZER septal occluder is a common alternative to 
surgical closure  [  1–  3  ] . This AMPLATZER device is a self-
expanding, self-centering, and recapturable. It has a central 
waist for defect closure and two disks for device  fi xation. 
One disk is positioned in each atrium and the disks are joined 
by the waist that is positioned across the defect. The size of 
the device is determined by the diameter of the waist and 
ranges from 4 to 40 mm (38 mm upper limit in the USA) in 
diameter (Fig.  21.1 ). To optimize success, AMPLATZER 
closure of secundum ASDs requires a suf fi cient rim of tissue 
around the septal defect (>4 mm) so that the closure device 
does not impinge upon the venae cavae or the atrioventricu-
lar valves. The CardioSEAL STARFlex septal occluder 

device (a double umbrella-shaped implant made of a metal 
framework along with polyester fabric) can be used for 
smaller defects (Fig.  21.2 ).   

 Contraindications to device closure include sinus venosus 
and atrioventricular septal defects, secundum ASDs with rim 
de fi ciency  [  4  ] , hypermobile ( fl oppy) interatrial septum (may 
cause prolapse of the occluder), and a balloon-stretched ASD 

      Percutaneous Closures                  21

  Fig. 21.1    An image of a 38 mm diameter St. Jude Medical TM  
AMPLATZER TM  septal occluder. The two disks are linked together by 
a short connecting waist. In order to increase its closing ability, the 
disks are covered with thin layer of polyester fabric. AMPLATZER and 
ST. Jude Medical are trademarks of St. Jude Medical, Inc (Photograph 
reprinted with the kind permission St. Jude Medical TM . Copyright: 
2012. All rights reserved)       
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with a diameter >40 mm (higher risk of device dislodgment) 
 [  5  ] . Since the likelihood of device dislodgment increases if 
the size of the defect greatly exceeds the waist diameter of the 
device, the device diameter should be selected according to the 
balloon-stretched diameter of the ASD to ensure tight stenting 
of the defect with the prosthesis waist. Computed tomographic 
(CT) examples of percutaneous closure of secundum ASDs are 
presented in Figs.  21.3 ,  21.4 ,  21.5 ,  21.6 , and  21.7 .      

 Patent foramen ovale have been implicated in cryptogenic 
strokes and transient ischemia attacks presumably due to 
paradoxical embolization of clot that has developed either in 
the systemic veins or in the patent foramen itself. In the usual 
situation, left atrial pressure usually exceeds that of the right 
atrium, thereby closing the  fl ap of the foramen ovale. If the 
pressure in the right atrium exceeds that in the left atrium, 
such as during Valsalva maneuvers or pulmonary hyperten-
sion with right ventricular failure, the foramen can open and 
allow  fl ow from the right atrium to the left atrium with sub-
sequent risk of embolic stroke. Both AMPLATZER and 
CardioSEAL septal occluder devices have been used for pat-
ent foramen ovale closure.  

  Fig. 21.2    A picture of a CardioSEAL device (Nitinol Medical 
Technologies, Inc., Boston, MA). This device is constructed of a metal 
framework to which polyester fabric is attached       
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  Fig. 21.3    Panels ( a ) and ( b ) are axial and sagittal views respectively of 
an AMPLATZER atrial septal occluder ( arrow ) demonstrating proper 
positioning of the device.  PA  pulmonary artery,  RA  right atrium,  RV  
right ventricle,  LV  left ventricle       
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Ao

LV

  Fig. 21.4    A CardioSEAL occluder. An oblique, sagittal scan showing 
the septal occluder device ( arrow ) in its expected position.  Ao  aorta,  LV  
left ventricle (Reproduced from Johri et al   .  [  6  ]  with permission from 
BMJ Publishing Group Ltd.)       
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  Fig. 21.5    Malpositioned occluder. Minimal device protrusion is noted 
due to rim de fi ciency but no residual shunt is present. This oblique, 
sagittal image shows the upper portion of the AMPLATZER septal 
occluder device protruding into the right atrium ( RA ). Both left and 
right atrial disks ( arrow ) are in the right atrium.  IVC  inferior vena cava, 
 LA  left atrium,  SVC  superior vena cava (Reproduced with kind permis-
sion of the American Roentgen Ray Society, Leesburg, VA from Lee 
et al.  [  7  ] )       
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  Fig. 21.6    Malpositioned septal occluder. Panels ( a ) and ( b ) demon-
strate marked protrusion of the AMPLATZER septal occluder. These 
oblique sagittal images show marked protrusion of the upper portion of 
both the left and right atrial disks ( arrowheads ) in the right atrium. 
A residual septal defect ( arrow ) also is evident.  LA  left atrium,  RA  right 
atrium (Reproduced with kind permission of the American Roentgen 
Ray Society, Leesburg, VA from Lee et al.  [  7  ] )       
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RV

RA

a

RVRA

b

RVRA

c d

  Fig. 21.7    Three AMPLATZER closure devices in a patient who 
refused surgical intervention. Panels ( a ), ( b ), and ( c ) are three axial 
scans showing the three devices ( arrows ) at different cardiac planes. 

Note marked dilatation of the right atrium ( RA ). The right ventricle 
( RV ) is mildly dilated. Panel ( d ) is an oblique coronal reconstruction 
showing the three occluder devices ( arrows ) once again       
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    21.2   Percutaneous Closure of Ventricular 
Septal Defect 

 Percutaneous closure of a VSD is technically much more 
challenging than ASD closure. Early results with the 
AMPLATZER septal device closure of muscular VSDs, 
although encouraging, lack long-term outcome data  [  8  ] . 
Percutaneous closure of perimembranous VSD is even more 
technically challenging due to the proximity of the defect to 
the conduction system, aortic valve and tricuspic valve. 
Complications associated with percutaneous VSD closure 
include valve dysfunction and complete heart block. Newer 
design modi fi cations have the potential to improve safety 
and ef fi cacy  [  9  ] .  

    21.3   Percutaneous Closure of Patent 
Ductus Arteriosus 

 Traditionally, transcatheter occlusion was the treatment of 
choice for most PDAs in adults. In patients with a calci fi ed 
PDA and increased pulmonary vascular resistance, tran-
scatheter closure offers advantages over more invasive sur-
gical closure procedures. Currently, the AMPLATZER 
ductal occluder device is the most commonly used device 
for PDA closure in adults  [  10  ] . It is especially suitable for 
large PDAs >3 mm in diameter. Coil embolization or a vas-
cular plug occluder device is usually used for smaller PDAs 
and for occluded PDAs with small residual leaks. Complete 
closure has been reported in more than 95 % of patients at 
6-month follow-up with both occluder devices and embo-
lization techniques  [  11  ] . Device embolization is rarely 
encountered  [  11  ] .  

    21.4   Percutaneous Closure 
of Blalock–Taussig and Glenn Shunts 

 Palliative Blalock–Taussig and Glenn shunts are usually 
clamped during corrective surgical procedures carried out to 
treat underlying congenital heart disease. However, a bidi-
rectional Glenn shunt may be left intact in patients with very 
small caliber pulmonary arteries since it has been shown that 
this type of shunt can induce pulmonary artery growth by 
introducing an element of pulsatile blood  fl ow to the pulmo-
nary arteries  [  12  ] . Subsequently, if closure is indicated, the 
method of choice is percutaneous embolization using embo-
lization coils or devices such as the AMPLATZER duct 
occluder or AMPLATZER vascular plug devices  [  13  ] . 

 The AMPLATZER vascular plug occluder is a device 
designed to close abnormal extracardiac vascular structures. 
This is a self-expandable cylindrical device made from 144 

braided nitinol wires. The wire mesh is so closely knit that 
occlusive fabric is unnecessary, allowing the device to be deliv-
ered through smaller delivery catheters. Typically, the other 
occlusion devices have polyester fabric layers that provide a 
nidus for clot formation. The plugs range in diameter from 4 to 
16 mm. Vascular plug devices are also applicable to other vas-
cular communications, such as pulmonary arteriovenous mal-
formations or collateral vessel formation associated with severe 
cyanotic heart diseases or surgical shunt operations. 

 Figure  21.8  is a picture of the AMPLATZER vascular 
plug occluder.   

    21.5   Fontan Fenestrations and Atrial 
Switch Baf fl e Leaks Closure 

 After a Fontan operation, patients may have spontaneous or sur-
gically created fenestrations that can lead to right-to-left shunt-
ing and consequently to systemic oxygen desaturation, systemic 
emboli, and exercise incapacity. These  fenestrations can be 
closed with the use of the CardioSEAL occluder device. 

 Many patients undergoing Mustard or Senning operations 
will demonstrate late baf fl e leaks due to suture dehiscence. 
Most of these shunts are of no hemodynamic signi fi cance 

  Fig. 21.8    An image of a St. Jude Medical TM  AMPLATZER TM  Vascular 
Plug II. This device is designed to occlude blood vessels in the periph-
eral vasculature. It is made of self-expanding nitinol wire mesh. Like 
the other occluder devices, vascular plugs have the ability to be recap-
tured and repositioned, if necessary. Note the absence of a polyester 
covering. AMPLATZER and St. Jude Medical are trademarks of St. 
Jude Medical, Inc (Photograph reprinted with the kind permission St. 
Jude Medical TM . Copyright: 2012. All rights reserved)       
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and do not require treatment. However, closure is indicated 
for large defects resulting in hemodynamically signi fi cant 
intracardiac shunting. Closure can be accomplished with 
either the AMPLATZER or CardioSEAL devices.  

    21.6   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of Percutaneous Closure Procedures 

 After percutaneous closure of septal defects, CT is helpful 
after deployment of the closure device to determine device 
position, residual shunting, and compression of the venae 
cavae and tricuspid and mitral valves. In the evaluation of 
surgical shunts, CT is especially valuable for delineating the 
position of the valve, integrity of the shunt (patent, stenotic, 
closed), baf fl e leaks in atrial switch operations, and the size 
of central and branch pulmonary arteries.      
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    22.1   Indications 

 Systemic artery-to-pulmonary artery shunts are palliative 
surgical procedures performed to increase the blood  fl ow to 
the lungs for the relief of cyanosis and to enlarge the pulmo-
nary arteries. Palliative procedures improve oxygen satura-
tion, but they also can result in volume loading of the systemic 
ventricle and possible pulmonary hypertension.  

    22.2   Blalock–Taussig Shunts 

 The original (classic) Blalock–Taussig (BT) shunt (described 
in 1945) involved ligation and division of the left subclavian 
artery and an end-to-side anastomosis of the proximal left sub-
clavian artery to the pulmonary artery. Restitution of  fl ow in the 
ipsilateral upper limb was dependent on collateral vessel for-
mation. Disadvantages of the classic BT shunt included possi-
ble distortion or kinking of the subclavian or pulmonary arteries 
at the anastomotic sites and the potential for abnormal growth 
of the arm ipsilateral to the shunt (due to a steal phenomenon). 
The classic BT shunt is now rarely used for palliative surgery. 

 The subsequent, modi fi ed Blalock–Taussig (MBT) shunt 
uses a synthetic graft of polytetra fl uoroethylene to create a 
side-to-side shunt between the subclavian artery and ipsi-
lateral right or left pulmonary artery (Figs.  22.1  and  22.2 ). 
Advantages of the MBT include less distortion of the pul-
monary arteries (although it can still occur), better growth 
of the pulmonary tree, and preserved blood  fl ow to the ipsi-
lateral arm. Distortion of the ipsilateral pulmonary artery 
has been reported in 24–33 % of patients, hemodynami-
cally signi fi cant pulmonary artery stenosis in 14 % of 
patients, and shunt narrowing at the anastomosis in 50 % of 
patients  [  1,   2  ] . Rarely, there is complete occlusion of the 
pulmonary artery or the shunt  [  1,   2  ] . Another not uncom-
mon complication of the MBT shunt is shunt thrombosis 

(Fig.  22.3 ). This is usually a late complication but can occur 
in the early postoperative period.    

 Pulmonary hypertension is a rare complication in both the 
BT and MBT shunts. The MBT shunt is currently used for 
palliation prior to complete surgical repair of a cyanotic con-
genital lesions, as an adjunct to repair of single-ventricle pro-
cedures, and in patients with diminished pulmonary blood 
 fl ow who are not candidates for complete primary repairs 
(i.e., tricuspid atresia and pulmonary atresia).  

      Aortopulmonary Shunts: 
Blalock–Taussig, Potts, Waterston                  22

RSA

RPA

MPA

Ao

  Fig. 22.1    Modi fi ed Blalock–Taussig shunt. This procedure involves 
interposition of a prosthetic graft of polytetra fl uoroethylene between 
the subclavian artery and ipsilateral right or left pulmonary artery.  Ao  
aorta,  MPA  main pulmonary artery,  RPA  right pulmonary artery,  RSA  
right subclavian artery       
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  Fig. 22.2    Modi fi ed Blalock–Taussig shunt. Panel ( a ) is a 3D recon-
struction illustrating the shunt between the right subclavian artery and 
right pulmonary artery. Panels ( b ) and ( c ) are 3D views in two separate 

patients showing a shunt between the left subclavian artery and the left 
pulmonary artery.  Arrow  Blalock–Taussig shunt,  RPA  right pulmonary 
artery,  LPA  left pulmonary artery,  SCA  right subclavian artery       
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  Fig. 22.3    Shunt thrombosis in a patient with single-ventricle physiol-
ogy. Panel ( a ) is an axial view showing no  fl ow in the Blalock–Taussig 
shunt ( arrow ). Panel ( b ) is a coronal cut and panel ( c ) is an oblique 
sagittal view. In panels (b) and (c), the Blalock–Taussig shunt ( arrow ) 

extends from the right subclavian artery to the right pulmonary artery 
( RPA ) with a metallic clip ( arrowhead ) noted near its entrance to the 
right pulmonary artery. Flow is absent in the shunt consistent with 
thrombosis.  MPA  main pulmonary artery,  SCA  subclavian artery       
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    22.3   Waterston–Cooley and Potts Shunts 

 The Waterston–Cooley shunt is a side-to-side anastomosis 
between the ascending aorta and right pulmonary artery 
(Fig.  22.4 ). This procedure was often complicated by exces-
sive pulmonary blood  fl ow leading to pulmonary hyperten-
sion and distortion of the right pulmonary artery at the 
anastomotic site resulting in an acquired stenosis. For these 
reasons, it is no longer used for the treatment of congenital 
heart disease.  

 The Potts shunt is a side-to-side anastomosis between the 
left pulmonary artery and the descending aorta (Fig.  22.5 ). 
Like the Waterston shunt, this procedure is obsolete because 
of the high incidence of pulmonary hypertension and distor-
tion of the pulmonary arteries.   

Ao

RPA

  Fig. 22.4    A Waterston–Cooley shunt. This example is an axial image 
in a 24-year-old man with a history of tetralogy of Fallot and pulmonary 
atresia and demonstrates a Waterston–Cooley shunt ( black arrow ) 
extending from the posterior wall of the ascending aorta ( Ao ) to the 
anterior wall of the right pulmonary artery ( RPA ). Note the calci fi cation 
( white arrow ) in the repaired pulmonary out fl ow tract       

a

MPA Ao

b
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  Fig. 22.5    An    example of a Potts shunt in a 23-year-old woman with a 
hypoplastic right ventricle. Panels ( a ) and ( b ) are two sequential axial 
views showing the anastomosis of the aorta ( Ao ) with the main pulmonary 
artery ( MPA ). The  arrow  indicates the anastomotic site (Potts shunt). 
 LA   left atrium       

 

 



27322.5 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Aortopulmonary Shunts 

    22.4   Pulmonary Artery Banding 

 Currently, pulmonary artery (PA) banding is performed by 
wrapping a ring of prosthetic material around the main pulmo-
nary artery (Fig.  22.6 ) which diminishes pulmonary blood 
 fl ow, thus protecting the pulmonary arterial bed from the 
potential changes of pulmonary hypertension. PA banding is 
usually a palliative procedure until de fi nitive repair or pallia-
tion of the underlying heart defect can be performed. It is also 
used to “prepare” the left ventricle when a corrective proce-
dure for transposition of the great arteries (TGA) (arterial 
switch) is planned (not undertaken until the second or third 
week of life). In unrepaired TGA, the left ventricle pumps 
only against the normally very low pulmonary vascular resis-
tance. If TGA repair is delayed, the left ventricle will not be 
prepared to pump against the high systemic pressure that it 
will encounter after the procedure leading to left ventricular 
failure. PA banding prior to the arterial switch operation forces 
the left ventricle to pump against higher resistance leading to 
compensatory increases in left ventricular wall thickness and 
contractile ability thus preparing the ventricle to handle the 
higher systemic vascular resistance it will experience after the 

arterial switch procedure  [  3  ] . The major complication of PA 
banding is dilatation of the PA proximal to the banding site 
with possible resulting pulmonary valve insuf fi ciency.   

    22.5   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of Aortopulmonary Shunts 

 Echocardiography is the initial imaging technique used to 
evaluate the branch aortic arch arteries. However, the central 
and branch pulmonary arteries are not well imaged by ultra-
sound. Moreover, echocardiography is limited by acoustic 
window parameters such as thoracic deformities, air- fi lled 
lungs, sternal wires, and obesity. MRI is an alternative imag-
ing modality but often in the postoperative patient, surgical 
clips or percutaneously placed coils create imaging artifacts 
impairing visualization of the branch pulmonary arteries. 
Computed tomography (CT) is not hampered by postopera-
tive metal artifacts, and it is an ideal technique for evaluating 
postsurgical morphology. It is especially valuable for delin-
eating the integrity of the surgical shunt (patency, stenosis, 

a b

Ao

Ao

DPA

DPA
PPA

PPA

LPA

  Fig. 22.6    Pulmonary artery banding. A 27-year-old man with 
D-transposition of the great arteries, multiple ventricular septal defects, 
and a functional univentricular heart who is status post an atrial septos-
tomy, a modi fi ed left Blalock–Taussig shunt, and pulmonary artery ( PA ) 
banding (performed to decrease excessive blood  fl ow). Panel ( a ), an 

axial cut and panel ( b ), a sagittal view show the PA band ( arrows ). The 
banding divides the main pulmonary artery into a distal pulmonary 
artery ( DPA ) and a proximal pulmonary artery ( PPA ).  LPA  left pulmo-
nary artery,  Ao  aorta       
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and occlusion), distortion or kinking of the pulmonary artery 
at the anastomotic sites, and for assessing perfusion of the 
central and branch pulmonary arteries  [  4–  9  ] .      
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 The  fi rst attempt to repair a patient with transposition of the 
great arteries (TGA) was performed by Senning who suc-
cessfully constructed an atrial baf fl e in 1958  [  1  ] . The proce-
dure employed an atrial baf fl e created from autologous tissue 
to redirect caval blood to the left atrium which emptied into 
the left ventricle which then pumped the deoxygenated blood 
to the lungs. Pulmonary venous blood was redirected to the 
morphologic right atrium and through the tricuspid valve 
into the right ventricle which then  fi lled the aorta with oxy-
genated blood. Subsequently, in 1964, Mustard introduced 
an atrial switch procedure utilizing prosthetic patch material 
to create an intra-atrial baf fl e (Figs.  23.1  and  23.2 )  [  2,   3  ] . See 
Fig.   19.22     for a diagram of the uncorrected circulation and 

the circulation after the atrial switch procedure which nor-
malizes the blood  fl ow circuit.   

 Both the Senning and Mustard procedures involve the 
redirection of blood  fl ow at the atrial level. The morpho-
logic left ventricle is the pulmonary ventricle and the 
morphologic right ventricle is the systemic ventricle 
which is subject to systemic loading pressures and subse-
quent compensatory hypertrophy. Although the atrial 
switch provides physiologic correction of the circulation, 
normal anatomic relationships of the aorta and pulmonary 
artery are not restored (Fig.  23.3 ). Examples of CT images 
of patients after the Mustard procedure are presented in 
Figs.  23.4  and  23.5 .    

      Atrial Baf fl es for the Treatment 
of Transposition of the Great Arteries 
(Mustard, Senning)                

  23
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  Fig. 23.1    An artist’s rendition of the Mustard operation. Panel ( a ) the 
right atrium is opened and the atrial septum is excised ( dashed line ). 
Panels ( b ) and ( c ) the interatrial baf fl e is sutured along the right atrium 
( dashed line ) to redirect the systemic venous return to the left atrium, 

while the pulmonary venous return enters the right atrium.  CS  coronary 
sinus,  IVC , inferior vena cava,  PVs  pulmonary veins,  RAA  right atrial 
appendage,  SVC  superior vena cava,  TV  tricuspid valve       
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  Fig. 23.2    An artist’s diagram of the atrial baffl e surgery in the 
D-transposition of the great arteries. Note the presence of ventriculo-
arterial discordance with the origin of the main pulmonary artery from 
the left ventricle and the aorta from the right ventricle. To restore physi-
ologic circulation, systemic blood return is redirected by a baffl e to the 
left atrium, and pulmonary venous return enters the right atrium.  Ao  
aorta,  MPA  main pulmonary artery,  RA  right atrium,  RV  right ventricle, 
 LA  left atrium,  LV  left ventricle       

RV
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PAAo

  Fig. 23.3    Adult with D-transposition of great arteries and acute chest 
pain who had a Mustard procedure in infancy. A computed tomography 
scan was performed to evaluate for pulmonary embolus. This coronal 
3D image demonstrates the pulmonary artery ( PA ) arising from the 
morphologic left ventricle ( LV ) and aorta ( Ao ) arising from the morpho-
logic right ventricle ( RV ), typical of D-transposition. In the atrial switch, 
the correction is at the atrial level       
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a
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  Fig. 23.4    A Mustard procedure in an adult who subsequently devel-
oped stenosis of the superior vena cava, requiring percutaneous stenting. 
Panel ( a ) is an axial view shows the systemic vein limb ( SVL ) (superior 
vena cava to left atrium) and pulmonary vein limb ( PVL ) (pulmonary 
veins to the right atrium) of the baf fl e. Panel    ( b ) is an axial cut in a dif-
ferent plane clearly showing the emptying of deoxygenated blood from 
the SVL to the left ventricle. Panel ( c ) is a sagittal cut also demonstrating 
the ultimate connection of the SVL to the morphologic left ventricle. 

Pacemaker wires (best noted in panel  c ,  arrows ) are present in the baf fl e 
extending into the morphologic left ventricle (pulmonic ventricle). 
Complete atrioventricular block is common in transpositions due to 
marked elongation of the AV node. Also note the stent patency with 
in fl ow of contrast-enhanced blood from the superior vena cava above 
and noncontrast-enhanced blood from the inferior vena cava below to 
the systemic baf fl e limb panel ( a  and  c ).  Ao  aorta,  PA  pulmonary artery, 
 LV  left ventricle.  Black arrows  in panels  a  and  c : SVL stent       
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  Fig. 23.5    Mustard procedure. Panel ( a ) an axial view shows the aorta 
( Ao ) anterior to the pulmonary artery ( PA ). Panel ( b ) is a sagittal refor-
mation showing the aorta arising from the morphologic right ventricle 

and the pulmonary artery from the morphologic left ventricle. Panel ( c ) 
is a two-chamber reformation shows the pulmonary vein limb ( PVL ) 
entering the right atrium ( RA ).  RV  right ventricle       
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    23.1   Cardiovascular Complications 
of the Atrial Baf fl ing Procedure 

 Surgical complications of the Mustard and Senning proce-
dures are related to the intra-atrial baf fl e and include baf fl e 
stenosis (Fig.  23.6 ), baf fl e leaks (Fig.  23.7 ), and vena cava 
obstruction  [  4  ] . Baf fl e leaks are more common than baf fl e 
stenosis or obstruction. Leaks usually have no signi fi cant 
hemodynamic impact but may result in paradoxical embo-
lism. Large baf fl e leaks and signi fi cant baf fl e obstruction 
need to be repaired either percutaneously with placement of 
stents (Fig.  23.8 ) or via surgical procedures.    

 Obstruction of the systemic venous limb of the atrial 
baf fl e is substantially more common than obstruction of the 
pulmonary venous limb. Patients may develop superior vena 
cava syndrome, hepatic congestion, cirrhosis, and ascites. 

Hemodynamically signi fi cant stenosis can often be treated 
with percutaneous stenting. Pulmonary vein stenosis is much 
less common and it can result in pulmonary hypertension 
and pulmonary edema. 

 Other late cardiovascular complications include morpho-
logic right ventricular (systemic ventricle) failure with sec-
ondary tricuspid valve regurgitation, occasionally requiring 
valve replacement (Fig.  23.9 ), arrhythmias (sinus node dys-
function, atrial  fl utter), and sudden death. These patients 
often develop end-stage heart failure and ultimately may 
require cardiac transplantation. Many patients now survive 
into the third and fourth decades of life and an 80 % survival 
at age 20 years has been reported  [  5,   6  ] . Because of the high 
incidence of cardiovascular complications, the atrial switch 
procedure was replaced by the arterial switch operation (see 
Chap.   24    ).   

PVL

RA

  Fig. 23.6    Baf fl e    stenosis. Axial view shows a narrowed systemic 
venous limb ( arrow ).  RA  right atrium,  PVL  pulmonary venous limb       

SVL

LV

  Fig. 23.7    Baf fl e leak and stenosis. A reformatted view in a separate 
patient showing a small leak ( white arrows ) arising from the superior sys-
temic venous limb ( SVL ) of the baf fl e. There is a small degree of stenosis 
( black arrow ) in the superior limb.  LV  morphologic left ventricle       
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a b

  Fig. 23.8    Baf fl e stent. Panel ( a ) axial and panel ( b ) coronal views show a stent ( black arrow ) in the systemic venous limb (caval, deoxygenated 
blood to the morphologic left heart)       

PVL
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LV

PVL
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  Fig. 23.9    Mechanical tricuspid valve replacement in a patient status 
post a Mustard procedure in childhood complicated by severe morpho-
logic tricuspid valve regurgitation (atrioventricular valve of the  systemic 
ventricle). Panels ( a ) and ( b ) are axial views showing the prosthetic 

tricuspid valve ( arrow ) and the pulmonary venous limb ( PVL ) of the 
baf fl e. Note the pacemaker leads ( arrowheads ).  RV  morphologic right 
ventricle,  LV  morphologic left ventricle       
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    23.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of Atrial Switch Procedures 

 CT is an important noninvasive imaging modality for the 
detection and assessment of hemodynamically signi fi cant 
postoperative complications in patients with TGA  [  7–  13  ] . 
CT is often preferred over magnetic resonance (MR) imag-
ing due to the frequent presence of pacemakers in patients 
with arrhythmias (Fig.  23.10 ).  

 In patients who have undergone an atrial switch procedure, 
CT can be performed without gating. A noncontrast sequence 

can be performed to identify high density or calci fi ed baf fl es 
and patches, followed by an arterial phase timed to the  fl ow in 
the systemic ventricle (Fig.  23.11 ). Contrast (though less dense 
but diagnostic) will be seen in the pulmonary venous baf fl e dur-
ing the arterial phase. However, a delayed phase may be acquired 
to assess the pulmonary venous baf fl e limb if this information is 
clinically important. Postoperative anatomy and surgical com-
plications related to baf fl e obstruction and leaks and venae cavae 
obstruction can be effectively evaluated using CT.  

 In addition, CT may also be used to assess changes in 
ventricular size, wall thickness, and ventricular dysfunction 
caused by the systemic loading conditions.      

a

LV

b

LV

  Fig. 23.10    Senning baf fl e with pacemaker leads. The scout radiograph 
demonstrated an epicardial pacemaker. Panel    ( a ) is a coronal view and 
panel ( b ) is an axial cut showing the pacemaker leads ( arrows ) extend-

ing from the superior vena cava through the systemic venous limb of the 
baf fl e to the morphologic left ventricle ( LV ) which is the pulmonary 
ventricle       
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  Fig. 23.11    Atrial baf fl e enhancement. Panels ( a ), ( b ), and ( c ) demon-
strate arterial phase images which illustrate a dense contrast-enhanced 
systemic venous baf fl e ( arrows ). The pulmonary venous baf fl e ( PVL ) is 

less dense but still adequately visualized.  RV  morphologic right ventricle, 
 LV  morphologic left ventricle       
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 Arterial switch (Jatene) procedure, which was developed in 
the late 1970s, is currently the method of choice for treat-
ment of transposition of the great arteries (TGA). It reestab-
lishes the left ventricle as a systemic pump, avoiding systemic 
ventricular failure associated with the atrial switch opera-
tion. This procedure is indicated for patients with TGA with 
an intact ventricular septum or with a small ventricular septal 
defect (VSD). Patients with large nonrestrictive VSDs, left 
ventricular out fl ow obstruction, or increased pulmonary vas-
cular resistance may not be candidates for the arterial switch 
procedure. 

 The Jatene procedure is typically performed in the  fi rst 
2 weeks of life. Following aortic cross-clamping, the left and 
right coronary artery ostia and a cuff of the adjacent aortic 
wall attached as “buttons” are excised from the aorta, and the 
proximal sections of the coronary arteries are separated from 
the surface of the heart. This technique prevents distortion 
after anastomosis to the neoaorta. Usually, the coronary 
implantation sites are located at the left and right anterior 
positions at the base of the neoaorta. Next the aorta is 
transected above the coronary artery ostia and the pulmonary 
artery is transected above the pulmonic valve. 

 Subsequently, a Lecompte maneuver (added in the 1980s) 
is performed and involves positioning the distal pulmonary 
artery and its branches anterior to the aortic root. This maneu-
ver maximizes the length of the aorta, thus further reducing 
the risk of coronary artery kinking and stenosis. The distal 
ascending aorta is now anastomosed to the “new” aortic root 
(neoaorta) and the pulmonary artery is anastomosed to the 
new pulmonic root (neo-pulmonary artery). The coronary 
arteries are then shifted posteriorly and reimplanted into the 
facing sinuses of the neoaorta just above its origin from the 
morphologic left ventricle (Figs.  24.1  and  24.2 ). Because of 
the potential complication of stenosis at the anastomotic site 
of the pulmonary artery to the morphologic right ventricle, 
reconstruction of the pulmonary artery is often undertaken 
utilizing a pericardial patch or cryopreserved pulmonary 
artery homograft patch. Any VSD is also repaired at the time 
of surgery.   

 In settings where patients present later in life (after the 
 fi rst or second week), it may be necessary to recondition the 
left ventricle to handle systemic pressures before the Jatene 
switch. This is accomplished by placing a band around the 
main pulmonary artery to increase ventricular afterload. 

      Arterial Switch Operation 
for Transposition of the Great Arteries                  24
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  Fig. 24.1    Arterial switch operation. Reattachment of the great arteries 
to the contralateral ventricles with reimplantation of the coronary artery 
ostia into the neoaorta. Panel ( a ) shows the unrepaired transposition 
morphology prior to surgery. The aorta is anterior and to the right of the 
pulmonary artery. Panel ( b ) depicts the Jatene procedure where the 
coronary ostia and a “button” of surrounding aortic wall are excised from 

the aorta and the proximal sections of the coronary arteries are separated 
from the heart, which prevents distortion after anastomosis to the 
neoaorta. Panel ( c ) shows the aorta transplanted onto the pulmonary 
root. The great arteries are arranged using the Lecompte maneuver, 
with the pulmonary artery positioned anterior to the ascending aorta.  Ao  
aorta,  MPA  main pulmonary artery       

  Fig. 24.2    Jatene arterial switch. A 22-year-old woman with transposition 
of the great arteries status post surgical repair and reimplantation of a single 
right coronary artery. Panel ( a ) axial and ( b ) sagittal images show the main 
pulmonary artery ( MPA ) anterior to the aorta ( Ao ). The right and left pul-
monary arteries drape over the ascending aorta. There is no stenosis of the 
right or the left pulmonary artery. Note the parallel orientation of the aorta 
and pulmonary artery. Panel ( c ) is an axial view in a more caudal plane 

showing the pulmonic valve ( P ) anterior to the aortic valve ( A ). Panels ( d ) 
and ( e ) are reformatted scans showing a single, reimplanted coronary artery 
( arrows ) originating above the sinotubular junction from the right coronary 
cusp of the aortic valve. The origin of the single coronary artery is immedi-
ately posterior to the main pulmonary artery ( MPA ) and anterior to the aorta 
( Ao ). No de fi nite stenosis is seen although the artery is  fl attened as it courses 
between the aorta and the pulmonary artery       
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    24.1   Complications of the Jatene Procedure 

 The arterial switch procedure has a more favorable outcome 
than the atrial switch operation because the morphologic 
ventricles are connected with their respective workloads. 
The most common complication of the arterial switch opera-
tion is stenosis at the anastomotic site of the pulmonary 
artery to the new pulmonic root, which usually occurs within 
the  fi rst postoperative year and is often correctable by bal-
loon angioplasty. This complication, however, has been 
reduced with improvement in surgical techniques  [  1  ] . 
Narrowing of the pulmonary artery as it crosses the aorta 
also can occur (Fig.  24.3 ).  

 Later complications include left ventricular out fl ow 
obstruction and left ventricular dysfunction (rare), dilatation 
of the neoaortic root (50 % of cases) (Fig.  24.4 ) and neoaor-
tic valve regurgitation, likely related to neoaortic dilatation 
 [  2–  7  ] . Coronary artery complications (either kinking or 
stenosis at the reimplantation site) are also relatively com-
mon and may require percutaneous or surgical revasculariza-
tion  [  2–  7  ] . 

 An additional important bene fi t of the arterial switch over 
the atrial switch procedure is a much lower incidence of 
arrhythmias.   

MPA

Ao

  Fig. 24.3    Jatene    procedure with a narrowed left pulmonary artery. 
This axial image shows a mild narrowing of the left pulmonary artery 
( white arrow ) as it crosses over the aorta which was of no hemody-
namic signi fi cance.  MPA  main pulmonary artery,  Ao  aorta       
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  Fig. 24.4    Jatene procedure with dilated aortic root in a 19-year-old 
male. Panel ( a ) is a axial image showing the main pulmonary artery 
( MPA ) draping over the aorta ( Ao ). Panel ( b ) is a coronal slice showing 
dilatation of the root of the neoaorta ( Ao ). It measured 4.5 cm at the 
level of the sinus of Valsalva, 4.2 cm in diameter at the sinotubular junc-
tion, and 2.4 cm at the level of the pulmonary artery. Panels ( c ), ( d ), and 

( e ) are reformatted views showing the reimplanted left main and right 
coronary arteries ( arrows ) arising from the anterior cusp of the neoaorta 
( Ao ). In most cases, the coronary implantation sites will be at left and 
right anterior positions at the base of the neoaorta.  MPA  main pulmo-
nary artery         
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    24.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of Arterial Switch Procedure 

 Imaging of the arterial switch operation can be reliably per-
formed with computed tomography (CT)  [  8–  14  ] . The arterial 
phase CT should be timed to  fl ow in the aorta. Delayed phase 
imaging is not required. Coronary artery origins and course are 
usually seen without ECG gating, but if detailed coronary artery 
delineation is needed, CT with ECG gating should be per-
formed. Morphology of the great vessels, pulmonic out fl ow 
tract stenosis, and neoaortic dilatation are well demonstrated on 
CT. Coronary artery kinking and stenosis can also be detected.      
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 In a normal biventricular heart, the systemic and pulmo-
nary circulations are in series and each circulation is 
supported by its respective ventricle. In patients with 
single ventricular chamber morphology, the two circula-
tions are in parallel and patients only survive by mixing 
of the systemic and pulmonary venous blood, usually via 
a septal defect. Systemic venous to pulmonary artery 
surgical connections have been created to provide venous 
 fl ow to the pulmonary circulation to allow oxygenation 
of the blood. 

    25.1   Glenn Shunt 

 The original (classic) Glenn shunt is an end-to-end anasto-
mosis of the superior vena cava to the right pulmonary artery, 
which is divided from the main pulmonary artery. All proxi-
mal superior vena cava blood  fl ow is directed to the right 

pulmonary artery (Figs.  25.1  and  25.2 ). The azygous vein is 
also ligated. This shunt was used to palliate congenital heart 
defects with right-sided hypoplasia or atresia such as tricus-
pid atresia, Epstein anomaly, and pulmonary atresia with 
intact ventricular septum.   

 The modi fi ed Glenn shunt, also known as the bidirec-
tional Glenn shunt, consists of an end-to-side anastomosis 
of the superior vena cava to the right pulmonary artery, 
which is not divided from the main pulmonary artery 
(Figs.  25.3  and  25.4 ). Because the right pulmonary artery 
maintains continuity with the main pulmonary artery, blood 
 fl ows from the superior vena cava into both the right and 
left pulmonary arteries. The complication of both the origi-
nal and modi fi ed Glenn shunts is the development of pul-
monary arteriovenous malformations. Currently, the 
modi fi ed Glenn shunt is used as a staging procedure in chil-
dren with single-ventricle physiology who will later 
undergo a Fontan procedure.    

      Systemic Vein to Pulmonary 
Artery Shunts: Glenn, Fontan, 
and Kawashima Procedures                

  25
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  Fig. 25.1    Glenn    shunt. This shunt is an end-to-end anastomosis of the 
right pulmonary artery ( RPA ), which is divided from the main pulmo-
nary artery to the superior vena cava ( SVC ), directing all proximal SVC 
blood  fl ow to the RPA. The SVC is ligated at its entrance to the right 
atrium ( RA ).  Ao  aorta,  MPA  main pulmonary artery,  RAA  right atrial 
appendage,  RPA  right pulmonary artery       

  Fig. 25.2    Glenn shunt for tricuspid atresia. This coronal image shows 
the shunt ( white arrows ), which extends from the superior vena cava to 
right pulmonary artery       
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    25.2   Fontan Operation 

 In 1971, Francis Fontan and Eugene Baudet described a pro-
cedure that diverted all systemic venous blood into the pulmo-
nary arteries without the interposition of a ventricle as surgical 
palliation for tricuspid atresia. The Fontan procedure revolu-
tionized the treatment of complex congenital heart defects 
and remains the palliative treatment of choice for patients 
born with one functional ventricle. The primary aim of the 
Fontan procedure is to establish a circulation in which the sys-
temic venous return enters the pulmonary arteries directly. 

 Creation of the Fontan circulation is considered in all 
patients with complex congenital heart disease when a biven-
tricular repair is not possible. These include patients with 
tricuspid atresia, pulmonary atresia with intact ventricular 
septum, double-inlet left ventricle, hypoplastic left heart 
syndrome, double-outlet right ventricle, and complete unbal-
anced atrioventricular septal defects. Candidates for Fontan 
procedure should be in sinus rhythm and have adequately 
developed central pulmonary arteries and good ventricular 
function. The absence of any one of these criteria is a strong 
predictor of an early poor outcome. 

 The classic Fontan operation consists of a valved conduit 
between the right atrium or right atrial appendage and main 
pulmonary artery (Figs.  25.5  panel a and  25.6 ). However, 
this procedure virtually always resulted in severe enlarge-
ment and dilatation of the atria which eventually loses con-
tractility and then fails which ultimately further diminishes 
pulmonary blood  fl ow. Subsequently, there have been many 
variations of the Fontan procedure, most recently the extrac-
ardiac conduit Fontan and lateral tunnel Fontan (Figs.  25.5  
panels b, c,  25.7 , and  25.8 ).     

 The Fontan is usually done early in life as a two-staged 
repair. Initially a bidirectional Glenn shunt is done to direct 
superior vena caval blood  fl ow to the lungs, and a tunnel or 
conduit Fontan is performed with the aim of directing infe-
rior vena cava blood  fl ow to the lungs. In some neonates, a 
classic or modi fi ed Blalock–Taussig shunt may be performed 
prior to the Fontan procedure in order to establish pulmonary 
blood  fl ow. 

 Stage 1 Fontan consists of a bidirectional Glenn shunt 
or a hemi-Fontan procedure and is usually undertaken as 
soon as the pulmonary arteries have grown suf fi ciently to 
allow a low pulmonary vascular resistance, usually between 
2 and 6 months of age. The hemi-Fontan procedure involves 
formation an atriopulmonary anastomosis between the 
dome of the right atrium and the underside of the right pul-
monary artery with patch in the superior portion of the 
right atrium to direct blood fl ow from the superior vena 
cava atriocaval junction into the atriopulmonary anasto-
mosis (Fig.  25.9 ). The stage 1 operation provides low-
pressure pulmonary blood  fl ow to the lungs and decreases 
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RPA

  Fig. 25.3    Modi fi ed or bidirectional Glenn shunt. This shunt is an end-
to-side anastomosis between the superior vena cava ( SVC ) and the right 
pulmonary artery. The SVC is divided from the right atrium. The right 
pulmonary artery is not separated from the main pulmonary artery 
( MPA ) so venous blood  fl ows into both the right and left pulmonary 
arteries.  RAA  right atrial appendage,  RPA  right pulmonary artery,  Ao  
aorta. This procedure is used in patients with single-ventricle physiol-
ogy who eventually will undergo a Fontan procedure       

SVC

RPA

  Fig. 25.4    Bidirectional Glenn shunt. This coronal view shows the end-
to-side anastomosis between the superior vena cava ( SVC ) and the right 
pulmonary artery ( RPA ) at the junction with the main pulmonary artery 
( arrow ). Note that contrast-enhanced blood  fl ows to both the right and 
left pulmonary arteries. The non-opaci fi ed blood from the superior vena 
cava is a  fl ow artifact (not thrombus). Artifact can be differentiated 
from thrombus by reimaging at 2 min which allows enough time for 
optimal venous opaci fi cation       
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the volume load on the single ventricle. The atria continue 
to receive venous blood directly from the inferior vena 
cava and oxygenated blood returning via the pulmonary 
veins. There is mixing of oxygenated and deoxygenated 
blood via an atrial septal defect, resulting in peripheral 
oxygen saturation in the range of 80–85 %. Because 
patients have residual mixing of oxygenated and deoxy-
genated blood and hypoxia, a second-stage operation 
(described below) is required after the pulmonary arteries 
grow adequately and are less fragile.  

 Stage 2 Fontan, also called Fontan completion, is usu-
ally performed at 2–5 years of age when pulmonary arter-
ies are of suf fi cient size to allow high pulmonary  fl ow. It 
involves redirecting blood from the inferior vena cava or 
hepatic veins into the pulmonary circuit either via a lateral 
tunnel (Figs.  25.5  panel b and  25.7 ) or an extracardiac con-
duit Fontan (Figs.  25.5  panel c and  25.8 ). With the lateral 

tunnel Fontan, a tunnel is created in the right atrium using 
prosthetic material. The tunnel is anastomosed inferiorly to 
the inferior vena cava and superiorly to the right or main 
pulmonary artery. With an extracardiac conduit Fontan, the 
inferior vena cava is separated from the right atrium and a 
synthetic (polytetra fl uoroethylene) tube graft is created 
adjacent to the right atrium (rather than within it) to con-
nect the inferior vena cava with the right or main pulmo-
nary arteries. A small fenestration or opening may be 
created between the venous conduit or tunnel and the 
atrium to prevent volume overload to the pulmonary circu-
lation. The fenestration limits caval pressure and venous 
congestion. It also results in increased systemic ventricular 
preload and cardiac output at the expense of mild desatura-
tion. The stage 2 Fontan corrects the hypoxia and leaves 
the single ventricle responsible only for supplying blood to 
the body.  
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  Fig. 25.5    Fontan procedures. Panel ( a ) demonstrates the classic Fontan 
procedure. The right atrial appendage ( RAA ) is connected to the pulmo-
nary artery. The asterisk (*) marks the closed atrial septal defect. The 
three  arrows  point to the over sewn tricuspid valve. Panel ( b ) shows the 
lateral tunnel procedure. Systemic blood from the inferior vena cava 
( IVC ) is redirected via an intra-atrial tunnel to the pulmonary arteries. 
The main pulmonary artery is ligated. The superior vena cava ( SVC ) is 
connected to the right pulmonary artery as a bidirectional cavopulmo-
nary anastomosis (bidirectional Glenn shunt). Note the presence of 

fenestration ( arrow ) in the interatrial tunnel. Panel ( c ) illustrates an 
extracardiac conduit procedure. Systemic blood  fl ow from the IVC is 
redirected via an extracardiac conduit to the pulmonary arteries. Similar 
to the intra-atrial tunnel, the SVC is connected to the right pulmonary 
artery as a bidirectional cavopulmonary anastomosis. Currently, the 
Fontan circulation is achieved by using a bidirectional Glenn shunt and 
a lateral tunnel or extracardiac conduit Fontan.  Ao  aorta,  MPA  main 
pulmonary artery,  LPA  left pulmonary artery,  RPA  right pulmonary 
artery       
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  Fig. 25.6    Classic Fontan shunt for tricuspid atresia. Panels ( a ) and ( b ) 
are transaxial views. Panel ( c ) is a 3D image. The classic Fontan 
( arrows ) from the right atrial appendage ( RAA ) to the main pulmonary 

artery ( MPA ) is depicted. In panel (c), note the superior vena cava ( SVC ) 
which is surgically connected to the right pulmonary artery (the anasto-
mosis is posterior and thus not visualized in this image)       
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IVC
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  Fig. 25.7    Lateral tunnel Fontan for tricuspid atresia. A coronal 3D 
image shows the opaci fi ed superior vena cava ( SVC ) and unopaci fi ed 
inferior vena cava ( IVC ), both of which are connected to the main pul-
monary artery ( MPA ). The tunnel is created within the right atrium 
using prosthetic material.  RA  right atrium       
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  Fig. 25.8    Extracardiac    conduit Fontan. Panel ( a ) is an axial image and 
panel ( b ) is a coronal reformatted image, showing a synthetic tube graft 
( arrows ) adjacent to the enlarged right atrium ( RA ). The shunt connects 

the inferior vena cava with the main pulmonary artery ( MPA ).  Ao  aorta, 
 IVC  inferior vena cava       
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    25.3   Cardiovascular Complications of Fontan 
Circulation 

 Despite the advances in surgical procedures, there are several 
complications associated with the Fontan procedure. A well-
known complication of both the Glenn and original Fontan 
circulation (right atrial appendage to pulmonary artery) is 
the development of pulmonary arteriovenous malformations 
(Fig.  25.10 ). It is thought that lack of admixture with hepatic 
venous blood and the absence of pulsatile  fl ow in the pulmo-
nary bed resulting from the absence of a pumping ventricle 
between the systemic venous return and the pulmonary bed 
play a role the development of arteriovenous malformations. 
These have been reported to resolve with reestablishment of 
exposure to inferior vena cava blood  fl ow. Arteriovenous 

malformations can result in ventricular volume overload and 
may lead to irreversible pulmonary hypertension and ulti-
mately failure of the Fontan circulation.  

 Venovenous connections may also develop between the 
deoxygenated venous drainage of the upper extremities and the 
oxygenated pulmonary veins or left atrium. They likely develop 
secondary to elevated central venous pressures and can result 
in right-to-left shunting and exacerbation of cyanosis. 

 Thrombus can develop within conduits or cardiac cham-
bers due to low-velocity pulmonary  fl ow, atrial  fi brillation, 
hypercoagulability, or exposure to thrombogenic suture mate-
rial (Fig.  25.11 ) and can result in systemic or pulmonary 
thromboembolic events. Thromboembolic complications have 
been reported rarely of in patients within 10 years of the pro-
cedure. These include cerebrovascular accidents, pulmonary 
embolism, and systemic venous clots. Varma et al. reported 
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  Fig. 25.9    The hemi-Fontan procedure. This is an alternative fi rst stage 
procedure to the Glenn shunt in the Fontan operation. Panel  a . The pro-
cedure involves an atriopulmonary anastomosis between the dome of 
the right atrium ( RA ) and the underside of the right pulmonary artery 
( RPA ). A patch is placed in the superior aspect of the  RA  (shown in 

Panel  b ,  arrows ) to direct blood fl ow from the superior vena cava ( SVC ) 
atriocaval junction into the atriopulmonary anastomosis. The patch 
typically extends into the left pulmonary artery ( LPA ) augmenting the 
pulmonary artery area       
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a
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  Fig. 25.10    Arteriovenous malformation (AVM) with a Glenn shunt. 
Panel ( a ) is an axial image showing a pulmonary AVM ( arrow ) in the 
lingula. Panel ( b ) is an axial slice and panel ( c ) is a maximum intensity 
projection (MIP). Both panels ( b ) and ( c ) show an AVM in the right 

lower lobe ( white arrows ) as well as the extracardiac Fontan ( black 
arrow ). Note that the use of thick-slab MIPs improves delineation of the 
feeding arteries and draining veins of the AVM       
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clinically silent pulmonary emboli in 17 % of patients with 
Fontan circulation  [  1  ] . The univentricular heart after the 
Fontan operation occasionally exhibits a blind pouch formed 
by the pulmonary stump or rudimentary ventricle. Almost 
2 % of patents have thrombosis in the blind pouch  [  2  ] .  

 Systemic ventricular dysfunction can develop as a result 
of complications mentioned above. Systolic dysfunction of 
the single ventricle is seen frequently in patients 10 years 
after the procedure. Ventricular dilatation, global hypokine-
sis, hypertrophy, and atrioventricular valve regurgitation can 
occur. Mild desaturation is common secondary to right-to-
left shunting via surgical fenestrations and pulmonary arte-
riovenous malformations. Additionally, anastomotic stenosis 
can occur resulting in increased venous pressure and 
decreased cardiac output. Long-term extracardiac complica-
tions include hepatic dysfunction (congestion,  fi brosis, and 
cirrhosis) (Fig.  25.12 ) and protein-losing enteropathy which 
often lead to the patient’s demise  [  3  ] .   

    25.4   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of Glenn Shunts and Fontan Circulation 

 Computed tomography (CT) has a role in evaluating the pat-
ency of Glenn shunts and the Fontan circulation as well as 
the potential complications of these procedures. A noncon-
trast sequence should be performed in order to identify 
calci fi ed conduits followed by an arterial phase timed to the 
aorta. Care must be taken in imaging patients with Fontan 
anatomy so as not to confuse an unenhanced conduit with 
thrombus. Hence, a delayed venous-phase CT scan may be 
useful to allow for contrast enhancement of the conduit or 
inferior vena cava since more time is required for contrast to 
opacify these structures (Fig.  25.13 )  [  4  ] . CT is also helpful in 
de fi ning complications of shunting at the atrial-conduit level, 
arteriovenous malformations (Fig.  25.10 ), and pulmonary 
embolus/thrombus  [  5–  11  ] . Arteriovenous malformations are 
best seen on thick-slab (4–20 mm) maximum intensity pro-
jections. CT can also be used to evaluate the percutaneous 
coil embolizations performed to treat these malformations.   

RA

LV

  Fig. 25.11    Fontan shunt with thrombus. Axial image showing throm-
bus formation ( arrow ) in the enlarged right atrium ( RA ) in a patient with 
tricuspid atresia.  LV  morphologic left ventricle       

*

  Fig. 25.12    Hepatic congestion secondary to Fontan circulation. This 
axial computed tomogram shows a heterogeneous enhancement pattern 
of the liver ( asterisk ), most prominent in the periphery       
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    25.5   Kawashima Procedure 

 The Kawashima procedure is performed in patients with 
heterotaxy syndrome and refers to creation of a bidirec-
tional Glenn shunt in the setting of interruption of the infe-
rior vena cava with azygous continuation to the superior 
vena cava. The azygous continuation of the inferior vena is 
then anastomosed to the pulmonary artery (Fig   .  25.14 ). 
This results in redirection of systemic venous blood to the 
lungs with the exception of the hepatic and coronary venous 
return. Mild cyanosis is present postoperatively because 

desaturated hepatic venous blood mixes with pulmonary 
venous blood. Hepatic venous blood  fl ow is often not redi-
rected because of the complexity of the surgery. However, 
the complication of not redirecting hepatic venous  fl ow is a 
high prevalence of the development of pulmonary arterio-
venous malformations  [  12  ] . If arteriovenous malformations 
develop, a conduit may be created between the hepatic 
veins and the innominate vein to redirect hepatic blood  fl ow 
into the pulmonary circuit, reducing the hemodynamic 
impact of the malformations  [  13  ] . Complications of hepatic 
conduits include thrombosis or stenosis which also may be 
evaluated reliably with CT.       

A

a b

  Fig. 25.13    Fontan shunt enhancement techniques. Panel ( a ) an arterial 
phase image 15 s after injection of contrast medium. The Fontan con-
duit ( arrow ) is not opaci fi ed, while the aorta ( A ) shows intense enhance-

ment. Panel ( b ) a delayed image at 30 s shows enhancement of the 
conduit ( arrow )       
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  Fig. 25.14    A Kawashima procedure in a patient with interrupted  inferior 
vena cava with azygous continuation, atrioventricular canal defect, and 
hypoplastic left heart. Panels ( a ) (sagittal image) and ( b ) (3D reconstructions) 

show the interruption of the inferior vena cava ( I  and  black arrow ) with 
azygous ( A ) continuation to the pulmonary artery ( PA ) (Images provided 
kindly by Frandics Chan, MD. Stanford University)       
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 In 1969, Rastelli and colleagues introduced a procedure 
that bypasses left ventricular out fl ow tract obstructions 
(LVOT) in complex congenital heart disease patients  [  1,   2  ] . 
In the  fi rst step of the Rastelli procedure, the pulmonary 
artery is separated from the morphologic left ventricle just 
above the valve, and the cardiac end of the left ventricular 
out fl ow tract is closed. Next, an intraventricular tunnel is 
created using a patch to redirect blood from the left ventri-
cle across the ventricular septal defect (VSD) into the right 
ventricle and out into the ascending aorta. Then, the right 
ventricle is anastomosed to the pulmonary artery with an 
extracardiac conduit, usually using a pulmonary allograft. 
In the setting of transposition of the great vessels, this pro-
cedure corrects the abnormal blood  fl ow pattern at the 

 ventricular level and allows the left ventricle to function as 
the systemic ventricle  [  3  ] . 

 Figures  26.1  and  26.2  illustrate the Rastelli procedure.   
 The most frequent indication for the Rastelli procedure is 

transposition of the great vessels associated with VSD and 
left ventricular out fl ow tract (LVOT) obstruction. Because of 
the LVOT obstruction, the Jatene arterial switch is not a fea-
sible procedure. The atrial switch procedure along with clo-
sure of the VSD and repair of the LVOT obstruction also has 
limitations and it is often associated with recurrent LVOT 
obstruction. In addition to management of transposition of 
the great arteries, the Rastelli procedure is also used for man-
agement of pulmonary atresia with a VSD and double-outlet 
right ventricle with pulmonary atresia or stenosis. 

      Rastelli Procedure       

         

  26
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  Fig. 26.1    An artist’s rendition of the Rastelli procedure. In panel ( a ) 
the right ventricle free wall and main pulmonary artery ( MPA ) are 
incised ( dashed lines ). In panel ( b ) the left ventricle to MPA connection 
is transected and sutured. Panel ( c ) shows the creation of an intraven-
tricular tunnel or baf fl e ( arrows ) is created to establish a communica-
tion between left ventricle and aorta. The VSD and aortic annulus are 

incorporated within the right ventricle. This step redirects blood from 
the left ventricle into the right ventricle and out the ascending aorta. 
Finally, in panel ( d ), the right ventricle is connected to MPA via a 
valved conduit.  Ao  aorta,  AV  aortic valve,  LPA  left pulmonary artery, 
 IVC  inferior vena cava,  RA  right atrium,  RAA  right atrial appendage,  TV  
tricuspid valve       
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    26.1   Complications of the Rastelli Procedure 

 Long-term survival after the Rastelli operation is disappoint-
ing, and approximately 50 % of patients either die or need 
cardiac transplantation 20 years after the procedure. 
Complications include stenosis (with or without regurgita-
tion), calci fi cation, kinking and aneurysm of the extracardiac 
conduit, as well as recurrent LVOT obstruction. These com-
plications may require percutaneous intervention with stent 
placement or surgical repairs, including aortic root trans-
location with right ventricular out fl ow tract (RVOT) recon-
struction (Nikaidoh procedure), pulmonary translocation 
(Lecompte), or Réparation à l’Etage Ventriculaire (the REV 
procedure)  [  4  ] . For further information about these complex 
repairs, see ref.  [  4  ] . The tunnel patch from the left  ventricle 
to the aortic valve can be  complicated by  leakage, obstruc-

tion, stenosis, or aneurysm. Other complications are biven-
tricular dysfunction, branch pulmonary artery stenosis, and 
arrhythmias  [  4  ] .  

    26.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of the Rastelli Procedure 

 Arterial phase CT timed to the aortic blood  fl ow can be used 
to show postoperative anatomy and any complications  [  5–  9  ] . 
CT can show right ventricle-to-pulmonary artery conduit 
patency, stenosis, calci fi cation and aneurysm formation, and 
LVOT obstruction. Ventricular dysfunction and branch pul-
monary artery stenosis can also be detected.      
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  Fig. 26.2    Rastelli procedure. Sagittal image demonstrates the connection 
of the pulmonary artery ( PA ) to the right ventricle ( RV ) with an extracardiac, 
peripherally calci fi ed conduit ( arrows )       
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 The Damus–Kaye–Stansel (DKS) operation is a palliative 
procedure for patients with a single functioning ventricle 
with an obstructed rudimentary out fl ow chamber. It is not 
used for treatment of hypoplastic left heart syndrome which 
is treated using the Norwood procedure. This operation is 
used for in double-inlet left ventricle, tricuspid atresia with 
transposition of the great arteries (TGA), and a common 
atrioventricular canal with small left ventricular cavity. 

 In the DKS operation, the proximal pulmonary artery is 
divided near its bifurcation and anastomosed to the side of 
the ascending aorta, thus bypassing any systemic out fl ow 
obstruction. Blood  fl ow to the distal pulmonary arteries is 
reestablished by a modi fi ed Blalock–Taussig (preferred in 
neonates), bidirectional Glenn shunt, or an extracardiac 
cavopulmonary Fontan procedure (preferred in adults)  [  1,   2  ] . 
Later modi fi cations of the DKS procedure include surgical 
closure of the aortic valve to prevent development of aortic 
valve insuf fi ciency  [  2,   3  ]  and patch augmentation of the aor-
tic arch if the arch is hypoplastic. 

 Figures  27.1 ,  27.2 ,  27.3 , and  27.4  demonstrate the DKS 
procedure.     

      Damus–Kaye–Stansel Procedure       
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  Fig. 27.1    Damus   –Kaye–Stansel operation. This diagram shows a 
surgical connection between the ascending aorta ( Ao ) and pulmonary 
artery (PA). The pulmonary artery is ligated just below the anastomotic 
site. The right and left pulmonary arteries attach to an extracardiac 
Fontan (FC) conduit (preferred connection in adults, not shown here). 
The Blalock–Taussig shunt ( arrows ) is also shown and preferred in 
infants. The aorta arises from a rudimentary right ventricle.  RPA  right 
pulmonary artery,  SVC  superior vena cava,  DKS  damus-kaye-stansel 
anastomosis,  LPA  left pulmonary artery,  LA  left atrium,  RA  right atrium, 
 RV  right ventricle,  LV  left ventricle,  VSD  ventricular septal defect, 
 IVC  inferior vena cava       
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  Fig. 27.2    Damus–Kaye–Stansel operation in a 21-year-old female 
with complicated congenital heart disease consisting of an atrioven-
tricular canal with predominance of the right ventricle and hypoplastic 
left ventricle (functionally single ventricular heart), severe subaortic 
stenosis, and bilateral superior venae cavae. Her initial surgery at birth 
was a Damus–Kaye–Stansel procedure and Blalock–Taussig shunt. 
A Fontan operation was performed at age 3 years. Computed tomography 
(CT) was performed to assess anatomy prior to possible transplant. 
Panels ( a ) (axial), ( b ) (coronal) CT scans show the aorta ( Ao ) connected 
to the side of the main pulmonary artery ( PA ). The aorta and the 

 anastomosed pulmonary artery arise from the left ventricle ( LV ). Note 
bilateral superior venae cavae (panel a  arrows ). Panel ( c ) an axial view 
below the level of the out fl ow tracts shows the con fl uence of the right 
( R ) and left ( L ) pulmonary arteries which are separated from the main 
pulmonary artery. Panel ( d ) a coronal CT scan shows the superior ( S ) 
and inferior vena cava ( I ) connected to the tunneled Fontan ( arrows ) 
created in the right atrium which in turn connects to the con fl uence of 
the right and left pulmonary arteries ( PA ). The left superior vena cava 
was also connected to the Fontan.  LS  persistent left superior vena cava, 
 Ao  aorta       
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    27.1   Complications of the DKS Procedure 

 Early mortality in the Damus–Kaye–Stansel operation proce-
dure is approximately 20 %  [  2,   3  ] . Complications include 
pulmonary valvular regurgitation, usually mild  [  4  ] , and steno-
sis at the site of aorta to pulmonary artery anastomosis  [  5  ] .  

    27.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of the DKS Procedure 

 Arterial phase CT timed to  fl ow in the aorta can be used to 
show the postoperative anatomy and complications, such as 
stenosis at the anastomotic site and valvular regurgitation 
 [  6–  8  ] .      

PA
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  Fig. 27.3    Damus–Kaye–Stansel operation. An oblique sagittal CT 
image in a patient with tricuspid atresia and L-transposition of the great 
vessels. The aorta ( Ao ) which arises from the hypoplastic right ventricle 
( RV ) has been connected to the pulmonary artery ( PA ) arising from the 
left ventricle ( LV ). A septal defect ( arrow ) provides communication 
between the two ventricles       
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  Fig. 27.4    Damus–Kaye–Stansel operation in a patient with univen-
tricular heart, double-inlet left ventricle with mitral atresia, and 
D-transposition of the great arteries. Panel ( a ), an axial image, shows 
the Damus–Kaye–Stansel end-to-side anastomosis of the pulmonary 
artery ( PA ) and aorta ( Ao ). Panel ( b ) is also an axial image and shows 

the lateral tunnel Fontan ( arrow ) and the single ventricle with a domi-
nant left ventricular con fi guration ( LV ). As noted previously, a delayed 
scan would be necessary to adequately enhance the Fontan circulation. 
There is a hypoplastic right ventricle ( RV ) which gives rise to the aorta       
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 Until the mid-1990s, the standard surgical approach to repair 
congenitally corrected transposition of the great arteries was 
repair of the associated lesions (ventricular septal defect and 
pulmonary stenosis or atresia), allowing the right ventricle to 
remain as the systemic pump. Since this approach has a high 
prevalence of complications, surgical correction is now 
advocated in early childhood (several months to a few years 
of age). Correction is achieved with the double-switch proce-
dure which uses a combination of the atrial switch and arte-
rial switch surgeries previously described in Chaps.   23     and 
  24      [  1–  3  ] . Either a Mustard or Senning procedure is per-
formed followed by either a Jatene switch or Rastelli-type 
procedure. The result of this operation is anatomically cor-
rect anatomy and removal of the systemic pressure load from 
the right ventricle. See Figs.  28.1  and  28.2 .   

      Double-Switch Procedure       
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  Fig. 28.1    Double   -switch operation for corrected transposition of the 
great arteries using the Mustard atrial baf fl e technique combined with 
the arterial switch procedure. The ventricular septal defect is closed 
with a patch. Venous blood from the superior and inferior vena cava 
( SVC ,  IVC ) is directed to the right ventricle ( RV ) and then to the 
pulmonary trunk, and pulmonary venous blood is directed to the left 
ventricle ( LV ) and then to the aorta.  Ao  aorta,  MPA  main pulmonary 
artery,  LA  left atrium,  RA  right atrium       
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  Fig. 28.2    Double-switch operation for corrected transposition of the 
great arteries using the Mustard atrial baf fl e technique and the arterial 
switch procedure. Panel ( a ) is an axial scan showing the Jatene correc-
tion with the pulmonary artery ( PA ) draping over the aorta ( Ao ). Panel 
( b ) is a coronal cut showing the aorta ( Ao ) connecting to the left 

 ventricle ( LV ) and the pulmonary artery ( PA ) connecting to the right 
ventricle ( RV ). Note the parallel orientation of the great vessels which 
is characteristic of transposition of the great arteries. Panel ( c ) is an 
axial slice showing the changes of a Mustard procedure with the right 
atrium ( RA ) connected via a baf fl e ( arrow ) to the left ventricle       
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    28.1   Complications of the Double-Switch 
Procedure 

 The double-switch operation is associated with a low risk of 
early- and intermediate-term outcome complications but 
long-term follow-up is lacking  [  4  ] . Left ventricular dysfunc-
tion is a rare complication  [  3  ] . Other complications are those 
associated with the individual atrial and arterial switch pro-
cedures, which have been described in prior sections.  

    28.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of the Double Switch Procedure 

 Arterial phase CT is used to demonstrate postoperative anatomy 
and complications which are described in prior sections  [  5  ] .      
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 The classic lesions of tetralogy of Fallot (TOF) include pul-
monary stenosis, ventricular septal defect (VSD), overriding 
aorta, and right ventricular hypertrophy. The hemodynami-
cally signi fi cant lesions are the VSD and pulmonary stenosis 
that results in right ventricular out fl ow tract (RVOT) obstruc-
tion. Originally, a two-stage repair was performed for repair 
of TOF. First pulmonary blood  fl ow was increased with sys-
temic-to-pulmonary artery shunts (classic and modi fi ed 
Blalock–Taussig shunt, Waterston shunt, or Potts shunt) fol-
lowed by a complete repair when the child was older. 
Complications associated with this strategy include pulmo-
nary hypertension and congestive heart failure from the aug-
mented pulmonary blood  fl ow and stenosis of the pulmonary 
artery at the anastomotic site. 

 The current treatment for TOF with pulmonary stenosis is 
a primary single-stage repair in the  fi rst year of life, usually 
at 3–6 months of age. This obviates the need for multiple 
surgeries and prevents the associated complications. 
De fi nitive repair consists of closing the VSD and relieving 
the RVOT obstruction. The older surgical technique relieved 
the RVOT obstruction using a right ventricular free-wall 

incision with insertion of an infundibular patch graft or 
homograft to enlarge the out fl ow tract and also included a 
repair of the VSD with a GORE-TEX patch (Figs.  29.1  and 
 29.2 ). The pulmonary homograft replaced the pulmonary 
valve and proximal pulmonary artery. This repair is no lon-
ger performed due to the frequent complication of dilatation 
of the RVOT homograft leading to progressive pulmonary 
valve regurgitation requiring valve replacement and the 
development of right ventricular failure (Fig.  29.3 ).    

 Currently, surgical techniques are aimed at avoiding a 
ventriculotomy and sparing the pulmonary valve. The pre-
ferred surgical technique is closure of the VSD via the right 
atrium and repair of the RVOT obstruction using a simple 
pulmonary valvotomy with minimal or no transannular inci-
sion. This surgical strategy is referred to as a transatrial repair 
(Fig.  29.4 ).  

 In patients with TOF and pulmonary valvular atresia, sur-
gical repair is performed in the neonatal period. The VSD is 
closed through a right ventriculotomy and a right ventricle-
to-pulmonary artery conduit is placed using a valved aortic 
or pulmonary homograft (Fig.  29.5 ).  
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  Fig. 29.1    Repaired    tetralogy of Fallot, using a patch to close the ven-
tricular septal defect and a homograft to enlarge the right ventricular 
out fl ow tract. Panel ( a ) is an axial scan showing a right ventricular 
out fl ow tract ( RVOT ) homograft. Notice mild dilatation of the graft. 

Panel ( b ) is an axial cut showing a high-density ventricular septal defect 
patch ( arrow ). Panel ( c ) is a coronal image showing the mildly dilated 
RVOT and proximal pulmonary artery ( PA ).  SVC  superior vena cava, 
 PA  pulmonary artery,  Ao  aorta       
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  Fig. 29.2    Repaired tetralogy of Fallot in a 54-year-old woman who 
has mild pulmonic regurgitation and normal right ventricular function. 
Panel ( a ) is an axial scan showing enlargement of the right ventricular 
out fl ow tract ( RVOT ) homograft. Also note the narrowing at the junc-

tion of the right pulmonary artery ( RPA ) with the homograft ( white 
arrow ). Panel ( b ) an axial image showing calci fi cation in the ventricular 
septal defect patch ( arrow )       
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  Fig. 29.3    Repaired    tetralogy of Fallot complication by dilatation of 
the right ventricular out fl ow tract patch graft leading to wide open pul-
monary valve regurgitation and mechanical valve replacement. Panel 
( a ) is an axial image showing a calci fi ed, dilated right ventricular 
out fl ow tract ( arrow ). Also note the right-sided aortic arch and dilata-

tion of the ascending aorta ( Ao ) leading to aortic regurgitation. Panel 
( b ), an axial reformat, and panel ( c ), an oblique sagittal view, showing 
a mechanical St. Jude pulmonic valve ( arrows ). Note the right ventricu-
lar ( RV ) dilatation and hypertrophy (panel c).  RV  right ventricle,
 PA  pulmonary artery       
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SVC
SVC

RA

RA

IVC IVC

RAA

RAA

Ao
Ao

MPA

Conduit

a b

  Fig. 29.4    Panel    ( a ) shows a tetralogy of fallot (TOF) transannular ven-
tricular septal defect (VSD) patch repair in which the ventricular septal 
defect has been repaired through a right ventricular incision. Panel ( b ) 
shows the TOF repair after a transatrial repair in which the VSD has 

been repaired through a right atrial incision. In both examples, the right 
ventricular out fl ow tract has also been enhanced.  SVC  superior vena 
cava,  Ao  aorta,  RAA  right atrial appendage,  RA  right atrium,  IVC  infe-
rior vena cava,  MPA  main pulmonary artery       
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  Fig. 29.5    Tetralogy    of Fallot in a patient with pulmonary valve atresia 
who underwent surgical repair in childhood with a valved pulmonary 
homograft from the right ventricle to the pulmonary artery. The patient 
now presented with worsening dyspnea and occasional angina. Panel 
( a ) is a sagittal view and panels ( b ) and ( c ), are two axial images, all 
showing a calci fi ed external conduit ( black arrows ) between the right 

ventricle ( RV ) and pulmonary artery ( PA ). Note an anomalous left ante-
rior descending coronary artery ( white arrow ) originating from right 
coronary cusp with a malignant course between the aortic root and the 
conduit. There is obliteration of the native right ventricular out fl ow tract 
( RVOT ).  Ao  aorta,  LVOT  left ventricular out fl ow tract,  LV  left ventricle, 
 LA  left atrium       
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    29.1   Complications of TOF 
Repair Procedures 

 Long-term survival of TOF repair is excellent and approaches 
90 % at 20 years following a complete repair  [  1  ] . The most 
common long-term complication of surgical repair is pro-
gressive pulmonary regurgitation which leads to right ven-
tricular dilatation, right ventricular failure, and tricuspid 
regurgitation. In such cases, pulmonary valve replacement is 
often needed (see Fig.  29.3 )  [  2  ] . Other postoperative 

 complications are stenosis at the anastomotic site of the pul-
monary homograft (see Fig.  29.2 ) and progressive aortic root 
dilatation with aortic regurgitation, which may lead to biven-
tricular failure and arrhythmias. New techniques such as per-
cutaneous valve replacement (Fig.  29.6 ), arrhythmia ablation 
surgery, and strategies that preserve the pulmonary valve 
even at the cost of leaving some degree of residual stenosis 
have been reported and are likely to change long-term out-
comes in treated TOF patients  [  3  ] .   

a b

AO PA

RVOT

RVOT

LV

PA

  Fig. 29.6    Melody valve in a 43 year-old man with marked pulmonary 
regurgitation following homograft placement as a child. A Melody 
valve is a transcatheter pulmonary valve used as replacement for a pul-
monary heart valve that has already been previously repaired. The valve 
( arrows ) is in the expected position between the right ventricular 

out fl ow tract ( RVOT ) and pulmonary artery. Panel ( a ) sagittal view, 
Panel ( b ) 3D reconstruction.  PA  pulmonary artery,  Ao  aorta,  LV  left 
ventricle       
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    29.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of TOF Repair 

 Phase contrast and cine magnetic resonance (MR) imaging is 
preferred over CT to quantify pulmonary regurgitation and 
right ventricular ejection fraction in order to determine the 
optimal timing for pulmonary valve replacement in order to 
prevent irreversible damage to the ventricle. CT, however, 
can be used for evaluation of the postoperative anatomy, 
including the pulmonary artery and pulmonary valve (steno-
sis and/or regurgitation), RVOT (aneurysmal dilatation), 
 aortic root, and ascending aorta (dilatation and aortic regur-
gitation). In addition, ventricular scarring and  fi brosis at the 
right ventricular surgical site can be diagnosed based on 
delayed contrast enhancement. Although residual VSDs are 
rare, they can be assessed by CT  [  4–  10  ] . The central pulmo-
nary arteries should be evaluated for peripheral stenoses 
which are not technically postoperative complications but 
are associated with TOF.      
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 In the Ross procedure, the normal pulmonary valve with part 
of the pulmonary artery is moved to the aortic position to 
replace a diseased aortic valve and the native pulmonary 
artery and valve are replaced with a pulmonary homograft. 
The coronary arteries are transplanted into the neoaorta 
(native pulmonary artery). This procedure is the operation of 

choice in infants and children, since it allows the valve 
replacement to grow as the patient matures thus eliminating 
the need for anticoagulation to prevent thromboembolism. 
Its use in adults remains controversial. 

 See Figs.  30.1  and  30.2  for an illustration of the Ross 
procedure.   
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  Fig. 30.1    A    diagram of the Ross procedure. Panel ( a ) shows aorta ( Ao ) 
and main pulmonary artery ( MPA ) roots with their respective valves are 
transected. In panel ( b ) the pulmonic root is anastomosed to the 
residual native aorta ( Ao ) and the coronary arteries are reanastomosed. 

In panel ( c ), the native pulmonary artery and valve are replaced with a 
pulmonary homograft ( H ).  LPA  left pulmonary artery,  SVC  superior 
vena cava,  PA  pulmonary artery,  RA  right atrium       
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    30.1   Complications of the Ross Procedure 

 The cryopreserved homograft is an excellent means to recon-
struct the right ventricular out fl ow tract, with a good long-
term outcome. In recent series, overall patient survival was 
97 % at 18 years following the Ross procedure  [  1  ] . Homograft 
stenosis occurred in 54 % of patients and regurgitation in 
18 %  [  1  ] . Almost 85 % of patients did not require reopera-
tion or percutaneous intervention 10 years after implantation 
 [  1  ] . The homograft long-term durability depends on both 
homograft-related and patient-related factors, such as 
homograft diameter, donor age, and cold ischemia time  [  1  ] .  

    30.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of the Ross Procedure 

 CT is an excellent procedure to assess the size of the aortic 
root, ascending aorta, and the pulmonic root and its branch 
vessels in order to diagnose stenosis or dilatation (associated 
with valvular regurgitation)  [  2  ] .      
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  Fig. 30.2    Ross procedure. A 25-year-old female who underwent a 
Ross procedure for subaortic stenosis and coarctation of the aorta. Panel 
( a ) is a noncontrast scan showing calci fi cation ( arrow ) in the pulmo-

nary homograft ( H ).  Ao  neoaorta (relocated native pulmonary artery). 
Panel ( b ) is a 3D scan showing the mildly dilated neoaorta ( Ao ) and the 
pulmonary homograft ( H )       
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    31.1   Palliative Treatment of Hypoplastic 
Left Heart Syndrome 

 Hypoplastic left heart syndrome (HLHS) is characterized by 
hypoplasia of the left heart and varying degrees of hypopla-
sia or atresia of the aortic valve and ascending aorta. It is 
included in the spectrum of conditions that can result in a 
cardiac circulation with a functionally single ventricle. Left 
untreated, HLHS is invariably lethal. Advances in palliative 
surgical procedures (Norwood procedure, bidirectional 
cavopulmonary shunt, modi fi ed Fontan procedure) have 
increased the survival rate in children with HLHS. 

 In the 1980s, Norwood et al. described a two-stage palliative 
surgical procedure for the treatment of HLHS  [  1  ] . Later, this 
approach was modi fi ed to the currently used three-stage recon-
struction  [  2  ] . The surgery is done in stages to protect the pulmo-
nary circulation and to avoid right ventricular volume overload. 

 Stage I of the modi fi ed Norwood procedure is performed 
within the  fi rst few days of life. It isolates the hypoplastic left 
ventricle from the circulation and converts the right ventricle 
into the main ventricle pumping blood to the lungs and the 
body (univentricular physiology). The main pulmonary 
artery and the aorta with its associated coronary arteries are 
connected using a side-to-side anastomosis, creating a 
neoaorta (Figs.  31.1  and  31.2 ). The atrial septum is excised, 
creating a nonrestrictive ASD or common atrium to facilitate 
systemic circulation. Pulmonary  fl ow is established via a 
modi fi ed Blalock–Taussig shunt or more recently a right 
ventricle-to-pulmonary artery conduit (Sano procedure) 
(Figs.  31.3  and  31.4 )  [  3  ] . The disadvantage of the Blalock–
Taussig shunt is that coronary artery blood  fl ow which occurs 
during both diastole and systole causes a coronary “steal 
phenomenon” (coronary blood  fl ow is diverted to the low-
pressure pulmonary circulation) leading to myocardial isch-
emia and ventricular dysfunction  [  4–  7  ] . The Sano procedure 
eliminated the diastolic runoff of coronary blood  fl ow thus 
avoiding the coronary steal phenomenon  [  8–  10  ] . The com-
plications of the Sano procedure, however, are conduit steno-
sis and right ventricular aneurysm formation  [  11,   12  ] .     

 Occasionally, a hybrid procedure may be performed 
before the Norwood operation is undertaken. This operation 
consists of bilateral pulmonary artery banding to limit pul-
monary blood  fl ow and stent implantation into the ductus 
arteriosus to maintain unrestrictive  fl ow from the right ven-
tricle to the systemic circulation (Figs.  31.5  and  31.6 ). This 
hybrid procedure is performed in neonates who are poor 
 candidates for the Norwood procedure (severe heart failure, 
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  Fig. 31.1    Stage 1 of the modi fi ed Norwood procedure comprises an 
aortic arch reconstruction via a side-to-side anastomosis of the main 
pulmonary artery (PA) to the ascending aorta (Ao), an atrial septec-
tomy, and a modi fi ed Blalock–Taussig shunt ( arrow ).  Ao  aorta,  RV  right 
ventricle,  RA  right atrium       
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poor end-organ perfusion). The banding is used as a short-
term alternative to increase systemic blood  fl ow and end-
organ perfusion before the Norwood procedure.   

 Stage II of the modi fi ed Norwood procedure (cavopulmo-
nary shunt) is usually performed at 4–6 months of age when 
pulmonary arterial resistance has decreased to normal levels. 
A bidirectional Glenn shunt is performed to establish  fl ow 
from the superior vena cava to the pulmonary arteries 
(Fig.  31.7 ). The previously placed Blalock–Taussig and Sano 
shunts are disconnected. This allows deoxygenated blood to 

 fl ow directly to the lungs without going through the ventricle 
and decreases the volume load on the right ventricle.  

 Stage III of the modi fi ed Norwood procedure (a modi fi ed 
Fontan-like procedure) is performed between 18 and 
48 months of age. The inferior vena cava is connected to the 
undersurface of the main pulmonary artery using an intracar-
diac lateral tunnel Fontan or an extracardiac conduit 
(Fig.  31.8 ). This stage completes the isolation of the pulmo-
nary and systemic circulations such that all deoxygenated 
blood  fl ows passively through the lungs.   

a

*

c

*

b

*

  Fig. 31.2    Modi fi ed Norwood procedure, stage I. Axial ( a ), sagittal ( b ), and coronal volume-rendered ( c ) images. Each panel shows the neoaorta 
( asterisk ) created by the side-to-side anastomosis of the main pulmonary artery to the ascending aorta       
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RA
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  Fig. 31.3    Sano modi fi cation in the modi fi ed Norwood procedure, 
stage I. This approach creates a right ventricle-to-pulmonary artery 
conduit ( arrow ). The Sano shunt modi fi cation avoids the problem of 
competitive  fl ow between the lungs and coronary arteries.  RA  right 
atrium,  RV  right ventricle       
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  Fig. 31.4    Sano modi fi cation in the modi fi ed Norwood procedure, 
stage I. Panel ( a ), an oblique axial, and panel ( b ), a volume-rendered 
scan showing the right ventricle ( RV )-to-pulmonary artery ( PA ) conduit 
( arrows ).  Asterisk  neoaorta       
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RA

RV

  Fig. 31.5    Hybrid procedure. Here, bilateral pulmonary artery banding 
( arrowheads ) and ductus arteriosus stent implantation ( arrow ) is per-
formed prior to the modi fi ed Norwood procedure.  RA  right atrium, 
 RV  right ventricle       
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  Fig. 31.6    Hybrid procedure consisting of bilateral pulmonary artery 
banding and ductus arteriosus stenting. Panel ( a ) is a 3D image showing 
the narrowed pulmonary arteries ( arrows ) resulting from the surgical 
banding procedure. Panel ( b ) is an oblique sagittal reconstruction show-
ing the ductal stent ( arrow ) (Images provided courtesy of Anthony M. 
Hlavacek, M.D., Medical University South Carolina)       
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RA
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  Fig. 31.7    Stage II of the modi fi ed Norwood procedure. A bidirectional 
Glenn shunt (superior vena cava to pulmonary artery,  arrow ) is per-
formed along with interruption of the Blalock–Taussig shunt or right 
ventricle-to-the pulmonary artery conduit.  RA  right atrium,  RV  right 
ventricle       
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  Fig. 31.8    Stage III of the modi fi ed Norwood procedure. This example 
is from a 20-year-old man with mitral and aortic atresia who underwent 
a three-stage Norwood operation prior to age 3 years and was asymp-
tomatic at the time. In stage III, a Fontan procedure is performed. This 
computed tomography (CT) was performed to evaluate right ventricular 
systolic function and to assess the Fontan pathway. Panels ( a ) and ( b ) 
are oblique coronal CT scans showing a severely hypoplastic ascending 
aorta ( Ao ), neoaorta ( arrowhead ), patent Glenn (superior vena cava to 
right pulmonary artery anastomosis,  arrow ), and inferior vena cava to 
right pulmonary artery Fontan ( Fo ) connection (Images courtesy of 
Kelly Han, M.D., Minneapolis Heart Institute, Minneapolis, MN)       
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    31.2   Complications of the Norwood 
Procedure 

 The major complication of the Norwood operation is pulmo-
nary overcirculation and pulmonary edema because the vol-
ume of blood  fl owing to the pulmonary arteries is increased. 
Other complications of the Fontan circulation as part of the 
completion of the Norwood operation are pleural and peri-
cardial effusions and hepatomegaly, hepatic congestion, or 
superior vena cava syndrome caused by the increased right 
atrial pressure. Additionally, stenosis can occur at the anas-
tomotic sites.  

    31.3   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of the Norwood Procedure 

 After a Norwood procedure, CT is performed to visualize the 
ventricular or aortopulmonary artery anastomoses and to 
assess the presence and extent of complications  [  13,   14  ] . A 
noncontrast scan should be performed in order to identify 
calci fi ed conduits followed by an arterial phase timed to the 
aorta to allow for contrast enhancement of the pulmonary 
and systemic arterial circulations. In patients with Fontan 
anatomy, a delayed venous-phase CT scan will often be 
required to allow contrast enhancement of the conduit and 
the inferior vena cava to occur. This is important lest an 
unenhanced conduit be mistaken for thrombus. 

 Aortic arch narrowing is an important complication to 
identify in order to avoid pressure overload on the systemic 
right ventricle. CT can also identify pleural and pericardial 
effusions and superior vena cava syndrome.      
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    32.1   Repair Techniques of Coarctation 
of the Aorta and Interrupted 
Aortic Arch 

    32.1.1   Surgical Repairs    

 The  fi rst surgical repair of aortic coarctation was performed 
in 1944  [  1  ] . Since then three basic surgical methods have 
evolved for repair of classic short-segment aortic coarctation 
(CoAo): resection of the coarcted segment with end-to-end 
anastomosis (Fig.  32.1 ), subclavian  fl ap aortoplasty (distal 
left subclavian artery used to augment aortic lumen at the 
coarctation site), and prosthetic patch aortoplasty (prosthetic 
patch inserted to widen the aortic lumen)  [  2  ] . The choice of 
procedure depends on the age of the patient, the type of asso-
ciated malformations, and the morphology of the coarctation 
itself. Surgical treatment is preferred in neonates and infants. 
The other procedure types have been used in adults. Subclavian 
 fl ap aortoplasty is no longer commonly performed because it 
requires sacri fi ce of the left subclavian artery which leads to 
arm claudication with exercise and diminished growth of the 
left arm  [  3  ] .  

 Less frequently used techniques include insertion of a 
graft in situ or in an extra-anatomic location (Fig.  32.2 ). 
Interposition grafts using aortic homografts have been used 
when the resected segment of coarctation is too long to allow 
an end-to-end anastomosis. Interposition graft insertion 
 creates proximal and distal anastomoses.   

    32.1.2   Endovascular Repairs 

    32.1.2.1   Balloon Angioplasty 
 Percutaneous balloon angioplasty is often used in the 
 treatment of residual stenosis or recoarctation. Its use for 
treatment of native coarctation is more controversial, 
although it has been recommended as an alternative to sur-
gery in adolescents and adults  [  4,   5  ] . Its use is limited in 
younger patients because restenosis is common  [  6  ] .  

    32.1.2.2   Stent Placement 
 Aortic stent placement has been used in patients with  primary 
coarctation as well as in those with recurrent coarctation 
after surgical repair or balloon angioplasty (Fig.  32.3 )  [  7  ] . 
Recurrence is a frequent problem after balloon dilatation, 
and endovascular stents have become an integral component 
for the treatment of recurrent lesions following balloon 
angioplasty.     

      Aortic Coarctation Repairs       
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  Fig. 32.1    A 25-year-old man after surgical repair in early childhood 
of aortic coarctation using the end-to-end anastomosis technique. 
This oblique sagittal scan shows the normal postoperative appear-
ance of a repaired coarctation. The  arrow  points to the site of the 
anastomosis. The  arrowhead  points to the origin of left subclavian 
artery above the site of repair. There was no signi fi cant gradient at 
the anastomotic site       
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ba

  Fig. 32.2    Graft interposition. A 38-year-old woman who had a patch 
repair of an aortic coarctation as a child and subsequent ascending to 
descending aortic bypass graft placed when she had a recurrent coarcta-
tion. Panel ( a ) is an axial scan and panel ( b ) is a volume-rendered reformat 

showing the normal appearance of a bypass graft from the ascending to 
descending aorta. This procedure is used in patients with long-segment 
aortic coarctation. The  arrows  point to the proximal and distal anasto-
moses of the graft       
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  Fig. 32.3    Stent placement. Two patients with history of coarctation 
who had a patch repair of the coarctation at young ages and developed 
recurrent aortic coarctation. Panels ( a ), ( b ) and ( c ) are oblique sagittal 

views showing complete resolution of stenosis after balloon dilatation 
and stent placement ( arrows ) in the region of coarctation. No pressure 
gradient was seen at the end of procedure in either patient         

a

b

c 
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    32.2   Post-Treatment Complications 

 Following the use of surgical or endovascular repairs, sur-
vival has improved dramatically, although life expectancy is 
not that of unaffected peers. Post-intervention, morbidity and 
mortality are often determined by associated major cardio-
vascular anomalies, degree of systemic hypertension, and 
complications of the repair  [  8,   9  ] . The most common compli-
cations associated with surgical and endovascular techniques 
are recurrent coarctation and aneurysm formation. 

    32.2.1   Recurrent Coarctation or Restenosis 

 Recurrent coarctation is considered to be present whenever 
the pressure gradient across the anastomotic stenosis is 
higher than 20 mmHg at rest and occurs after both surgical 
and endovascular treatment (Fig.  32.4 ). Residual coarctation 

is de fi ned as the presence of a gradient in the early postop-
erative period.  

 The risk of recurrent coarctation increases if surgical 
repair is performed before 1 year of age, while the risk of 
hypertension increases when repair is performed after 1 year 
of age  [  8,   10,   11  ] . In subjects who have undergone patch 
aortoplasty, hemodynamically signi fi cant recurrent coarcta-
tion was reported in up to 50 % of survivors who had repair 
in the  neonatal period with an overall recurrence rate of about 
5 %  [  12  ] .  

    32.2.2   Aneurysm Formation 

 Aneurysm formation is de fi ned as an area of focal dilatation 
with a diameter that is 1.5 times that of the aorta at the level 
of the diaphragm (Figs.  32.5  and  32.6 ). Aneurysm formation 
occurs after both surgical and endovascular treatment, with 

a b

  Fig. 32.4    Recurrent coarctation. A 24-year-old female with a history of 
coarctation of the aorta status post-balloon angioplasty 6 months previously 
who presented again with increasing hypertension and a  recurrent gradient 

of 25 mmHg. Panels ( a ) and ( b ) are two sagittal computed  tomographic 
views showing a focal tortuosity and mild narrowing of the proximal 
descending aorta ( arrows ). She subsequently underwent stenting       
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an incidence of about 5 %  [  13  ] . Its occurrence is most com-
mon after patch aortoplasty  [  12  ] . Approximately 7 % of 
deaths after coarctation repair have been attributed to 

 aneurysm formation  [  8  ] . Delayed aneurysm formation in the 
ascending aorta, proximal to the surgical repair site, has also 
been reported as a late complication (Fig.  32.7 )  [  14,   15  ] .     

    32.2.3   Other Post-intervention Complications 

 Aneurysm rupture, albeit rare, has been described after all 
types of repair  [  16,   17  ] . This condition is usually fatal. 
Both percutaneous angioplasty and stent placement can 
lead to aortic rupture. Dissection of the aorta is primarily a 
complication of percutaneous angioplasty (Fig.  32.8 ), and 
its treatment often entails stent placement to exclude the 
false lumen and provide patency of the true lumen. Aortic 
thrombosis has also been described after surgical and 
endovascular treatment and often requires additional 
surgery.  

 Other complications associated with stent placement 
include stent fracture (Fig.  32.9 ), stent malposition or migration 
(Fig.  32.10 ), and thromboembolic events  [  18,   19  ] . Malposi-
tioning or stent migration may result in inadvertent coverage 
of an aortic branch vessel (often the left subclavian artery) 
(Fig.  32.10 ). Occlusion of the left subclavian artery origin by 
the stent can result in upper extremity ischemia or cerebral 
symptoms from vertebrobasilar insuf fi ciency.     

  Fig. 32.5    Pseudoaneurysm formation at site of a previous patch aorto-
plasty coarctation repair. This scan shows a focal dilatation of the aorta 
( arrows ) in the region of the aortic isthmus which was site of initial 
coarctation repair       

c

s

a b

  Fig. 32.6    Pseudoaneurysm formation at site of a previous repair of a 
coarctation using balloon angioplasty. Panel ( a ), axial, and panel ( b ), 
volume-rendered images show a pseudoaneurysm ( arrow ) at the proximal 

descending aorta between the origins of the left subclavian ( S ) and left 
carotid ( C ) arteries       
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Ao
asc

  Fig. 32.7    Delayed aneurysm formation in the ascending aorta. 
A 15-year-old male with a history of surgical repair of a coarctation as 
a child who presents with increasing hypertension. A computed tomo-
gram shows recurrent coarctation ( arrow ) of the proximal descending 
aorta at the site of the surgical repair and marked dilatation of the proximal 
ascending aorta ( Ao  

 asc 
 )       

  Fig. 32.8    Aortic dissection after percutaneous angioplasty repair of a 
coarctation. This axial image shows an aortic dissection ( arrow ) just 
below the site of the aortoplasty. A dissection  fl ap separates the true and 
false lumen       

  Fig. 32.9    Stent fracture and restenosis. This oblique scan depicts a 
recurrent stenosis ( white arrow ) at the site of a fractured stent ( black 
arrow ) (Image courtesy of Catherine Owens, M.D. Great Ormond 
Street Hospital. London, England)       

s

  Fig. 32.10    Stent malposition after endovascular repair of a coarcta-
tion. A sagittal image shows a stent in the proximal descending thoracic 
aorta. The malpositioned stent ( arrow ) occludes the origin of the left 
subclavian artery ( S )       
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    32.3   Complications Unrelated 
to Interventions 

 Complications unrelated to intervention procedures include 
early-onset coronary artery disease and myocardial infarction, 
renal failure, and cerebrovascular accidents, such as stroke 
and aneurysms of the circle of Willis from hypertension. 
Myocardial infarction accounts for one-third of late deaths  [  14, 
  15  ]  and cerebrovascular accidents are responsible for approxi-
mately 7 % of late deaths, the latter related to long-standing 
hypertension or ruptured aneurysm of the circle of Willis  [  9  ] .  

    32.4   Cardiac Computed Tomography (CT) 
in the Evaluation of Coarctation 
of the Aorta 

 CT is suited for the assessment of postoperative anatomy and 
posttreatment complications (recurrent coarctation, aneu-
rysm, dissection) as well as for detection of coronary artery 
disease. It has an advantage over magnetic resonance (MR) 
imaging since it is not affected by the frequently present 
metallic artifacts related to stent placement. Reconstructed 
images in sagittal and parasagittal planes are best to show the 
location and extent of recurrent coarctation and of aneurysm 
formation  [  20 – 22  ] .      
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 Congenital absence of the pericardium is an abnormality 
characterized by a spectrum of  fi ndings ranging from a small 
defect to complete absence of the pericardium. 

 Congenital absence of the pericardium is rare with an 
estimated incidence of 0.0001–0.044 % based on surgical/
pathologic series  [  1,   2  ] . 

 Associated abnormalities occur in 30–50 % of patients 
and include atrial septal defect, patent ductus arteriosus, 
mitral valve stenosis, and tetralogy of Fallot  [  1,   2  ] . Pericardial 
defects are typically discovered incidentally during surgery, 
imaging, or postmortem examinations, but patients can pres-
ent with non-exertional stabbing chest pain, which often is 
induced or relieved by postural changes  [  3,   4  ] . 

 In healthy individuals, the aortopulmonary window con-
tains fat and is covered by pericardium. Most pericardial 
defects are partial and occur on the left and less frequently on 
the right side or diaphragmatic surface (Figs.  33.1 ,  33.2 , and 
 33.3 ). Left-sided absence of the pericardium allows exten-
sion of the main pulmonary artery beyond the con fi nes of the 

mediastinum and interposition of lung tissue between the 
pulmonary artery and aorta, which is a characteristic diag-
nostic feature  [  1,   5,   6  ] . Occasionally, the left atrial append-
age or other chambers bulge through the defect. The heart 
rotates to the left, resulting in levocardia.    

 The complications associated with congenital pericardial 
absence depend on the extent of the pericardial defect. 
Complete absence of either the entire left or right pericar-
dium or the whole pericardium usually has an excellent 
prognosis with no complications. Rarely, there may be ven-
tricular dilatation due to increases in preload. Partial peri-
cardial absence is associated with hemodynamically 
signi fi cant events, including herniation and entrapment of 
cardiac chambers, leading to strangulation of the atria, 
appendages, and parts of the ventricles and tricuspid 
insuf fi ciency due to traction on the chordal structures  [  3,   4  ] . 
Pericardiectomy or pericardioplasty may be needed in 
patients with cardiac chamber entrapment. Complete 
absence usually requires no intervention. 

      Congenital Absence of the Pericardium       
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a
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b
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PA

  Fig. 33.1    Partial absence of the pericardium. An example of a 54-year-
old man with known tricuspid insuf fi ciency and who underwent a com-
puted tomography (CT) angiogram for evaluation of an abnormal chest 
radiograph. Panels ( a ) and ( b ) are axial CT images showing the main 
pulmonary artery ( PA ) extending far beyond the mediastinal margins 

into the left hemithorax. Panel ( c ) is an axial scan, while panel ( d ) is a 
coronal image. Both panels (c) and (d) demonstrate a leftward shift of 
the heart and cardiac axis, which is nearly horizontal. At this level, the 
pericardium is only partially visualized around the heart (panel c, 
 arrows ).  Ao  aorta       
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a b

  Fig. 33.2    Partial absence of the pericardium. Panel ( a ) is an axial scan 
in a patient with a history of a mitral valve replacement shows a focal 
pericardial defect resulting in herniation of a relatively small segment 

of the left ventricular free wall ( arrows ). Panel ( b ) is a 3D volume-
rendered image showing calci fi cation at the edges of the pericardial 
 tissue through which the herniation occurs ( arrows )       

RV

LV

  Fig. 33.3    Complete absence of the pericardium. This is an axial con-
trast-enhanced computed tomogram demonstrating complete absence 
of the pericardium and marked displacement of the heart into the left 
hemithorax with the cardiac apex directed posteriorly.  RV  right ventri-
cle,  LV  left ventricle       
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    33.1   Congenital Pericardial Cysts 
and Diverticula 

 A pericardial cyst is an intrathoracic cyst that is typically 
found at the cardiophrenic angle in asymptomatic individu-
als. When there is a connection with the pericardial cavity, it 
is referred to as a pericardial diverticulum, but usually it is 
clinically indistinguishable from a general cyst. For this dis-
cussion, diverticula will be considered to be cysts. 

 The incidence of pericardial cysts is estimated to be 1 per-
son per 100,000  [  8  ] . 

 Pericardial cysts are usually asymptomatic and discovered 
as an incidental  fi nding on a chest radiography or echocardiog-
raphy. When symptoms occur, they are due to compression of 
adjacent organs and include atypical chest pain, dyspnea, and 
cough. Albeit extremely rare, life- threatening complications, 

such as cardiac tamponade due to intrapericardial rupture of 
the cyst or spontaneous hemorrhage into the cyst and obstruc-
tion of the right main stem bronchus, have been reported  [  7  ] . 
Treatment is usually not indicated, except in symptomatic 
patients. Occasionally, pericardial cysts resolve spontaneously. 

 Congenital pericardial cysts are formed when a portion of 
the pericardium is sequestered from the parent pericardium 
during early embryonic development. Histologically they are 
lined with a single layer of mesothelial cells and surrounded 
by a smooth wall composed of connective tissue. They con-
tain clear water-like  fl uid without internal septa. Approximately 
75 % are located at the right cardiophrenic angle, with the 
remainder on the left side (Figs.  33.4  and  33.5 ). Rarely, they 
are located in the posterior or anterior superior mediastinum 
remote from the diaphragm. The size has been reported to 
vary from 2 to 28 cm 2   [  7  ] .    

a b

cc

c

  Fig. 33.4    Pericardial cyst in a 32-year-old woman who underwent com-
puted tomography (CT) for an abnormal cardiac contour on a chest radio-
graph. Panel ( a ) an axial noncontrast CT shows a right cardiophrenic 

angle cystic mass with a CT density consistent with  fl uid contents ( C ). 
Panel ( b ) an axial CT after contrast administration showing no enhance-
ment of the contents of the mass which is pathognomonic of a cyst       
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    33.2   Cardiac Computed Tomographic 
Angiography (CT) in the Evaluation 
of Congenital Pericardial Anomalies 

 Although chest radiographs can suggest the diagnosis of 
pericardial absence or cyst, a de fi nitive diagnosis can be 
made easily with CT  [  6,   8  ] . CT  fi ndings of absence of the 
pericardium include lack of visualization of the pericardium 
and secondary signs, including posterior and leftward shift 
of the cardiac axis, extension of the main pulmonary artery 
and left atrial appendage or left ventricle beyond the medi-
astinal borders, and the presence of lung between the main 
pulmonary artery and the aorta (Figs.  33.1 ,  33.2 , and  33.3 ). 
Thickening of soft tissues and calci fi cation can occur around 
the site of the pericardial defect. Decubitus imaging may be 
of use in differentiation between partial and complete absence 
of pericardium  [  9  ] . 

 At CT, pericardial cysts appear as thin-walled, unilocu-
lar, non-enhancing masses with  fl uid attenuation slightly 
higher than water density – 30 to 40 HU (Figs.  33.4  and 
 33.5 ). Occasionally, the attenuation is higher due to the 
presence of highly proteinaceous material. Cysts can also 
change their size and shape according to body position and 
respiration.      
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  Fig. 33.5    Pericardial cyst in a 56-year-old man with incidental discov-
ery of a cardiophrenic mass on a chest radiograph. Panel ( a ), an axial 
scan, and panel ( b ), a coronal view, show a well-de fi ned, right cardiophrenic 

angle cystic mass ( c ). The position, water attenuation of the  fl uid, thin 
wall, and unilocular, non-enhancing contents allow the diagnosis of a 
pericardial cyst to be established with con fi dence       
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  Ambiguous malposition of the great arteries (A-MGA) , 48, 51, 55   
  Ambiguous transposition of the great arteries (A-TGA) , 48   
  AMPLATZER 

 devices , 150, 263, 264  
 occlusion devices , 263  
 septal occluder device , 96   

  Aneurysm , 171  
 formation , 157, 332–334  
 rupture , 333   

  Aneurysmal dilatation , 141  
 MAPCA , 141  
 RVOT , 231   

  Annuloaortic ectasia , 170, 171, 174  
 Ehlers–Danlos syndrome , 174  
 Marfan syndrome , 171   

  Annulus  fi brosus, aortic valve , 167   
  Anomalous coronary arteries , 229  

 aortic sinuses 
 cardiac arrhythmia , 190  
 heart failure , 190  
 intrapulmonary baf fl e , 191  
 left ventricular dysfunction , 188  
 mitral regurgitation , 188  
 myocardial infarction , 190  
 non-pulmonary origin , 187  
 ntercoronary collaterals , 188  

 prognosis , 188  
 pulmonary origin , 187  
 pulmonary sinus , 190  
 recurrent ischemia , 188  
 reimplantation , 191  
 sudden cardiac death , 190  
 surgical intervention , 188  
 surgical reconstruction , 191  
 valsalva , 187  
 valvular commissure , 190  

 left coronary sinus, RCA arising from , 185, 187  
 noncoronary sinus, valsalva/opposite 

 acute angle take off , 186, 187  
 anatomical courses/distributions , 185  
 anatomic patterns , 185  
 anomalous LM , 187  
 aortic dilatation , 187  
 arrhythmia , 185  
 association , 185–187  
 characterization , 186  
 coronary arterial compression , 187  
 diagnosis , 185  
 diagonal course , 187  
 ectopic coronary artery , 187  
 high risk anatomy , 186  
 interarterial LM , 185, 187  
 intramural course , 186  
 ischemia , 187  
 left ventricular dysfunction , 185  
 low-risk anomalies , 186  
 malignant course , 186  
 myocardial infarction , 185, 187  
 prepulmonic , 186, 187  
 retroaortic , 185–187  
 septal courses , 186, 187  
 subpulmonic , 186, 187  
 sudden cardiac death , 185–187  
 surgical coronary revascularization , 187  
 syncope/exercise-induced presyncope , 185  

 post-repair complications , 193  
 proper sinus of valsalva, near 

 anomalous LCX artery , 187  
 aortic valve lea fl et, intimal proliferation , 185  
 association , 185, 187  
 commissural ostium , 185  
 double outlet right ventricle , 187  
 fallot, tetralogy , 187  
 high ostium/high takeoff , 185  
 LAD artery , 187  
 LCX artery , 187  
 prognosis , 187  
 RCA , 185  

 Index
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 Anomalous coronary arteries  (cont.)  
 retroaortic course , 187  
 sinotubular junction , 185  
 slit-like coronary ostium , 185  
 sudden cardiac death , 185, 187  

 pulmonary origin 
 LAD artery , 187  
 LCX artery , 187  
 RCA, LCA , 187   

  Anomalous drainage , 203  
 pulmonary artery hypoplasia , 203  
 right lung , 203   

  Anomalous great vessel anatomy , 225   
  Anomalous left upper lobe venous return , 206   
  Anomalous LMCA , 187   
  Anomalous pulmonary vein , 211   
  Anomalous pulmonary venous return , 93   
  Anomalous right lower lobe pulmonary vein , 205   
  Anomalous right lower lobe venous return , 205   
  Anomalous right upper lobe , 204   
  Anomalous right upper lobe venous return , 204   
  Anomalous septoparietal band , 133   
  Anomalous superior right pulmonary vein , 207   
  Anomalous venous return , 235   
  Anterior cardiac vein(s) , 19, 20   
  Anterior interventricular groove , 20   
  Anterior interventricular vein , 19   
  Anterior lea fl et of mitral valve , 15   
  Anterior papillary muscle , 16   
  Anterior right ventricular veins , 19, 20   
  Antero-superior lea fl et(s) , 16   
  Aorta coarctation , 165, 173, 332  

 repair techniques , 329–331   
  Aorta dissection , 333   
  Aorta , 4, 8, 9, 11, 14, 16–19, 53  

 arch , 8  
 ascending , 18  
 descending , 18  
 esophageal branches , 198  
 morphologic left ventricle , 8  
 and pulmonary artery size , 225  
 spatial arrangement , 53   

  Aortic and mitral atresia , 126   
  Aortic and mitral valve insuf fi ciency , 193   
  Aortic aneurysm , 173  

 Loeys–Dietz syndrome , 173  
 treatment , 173   

  Aortic arch , 3, 4, 9, 10, 12, 18, 20, 24, 193, 221, 238  
 anatomy , 237  
 anomalies , 157–167, 243  

 aortic arch segment , 157  
 arches III, IV, and VI , 157  
 arch V , 157, 158  
 branchial arches , 158  
 development , 158  
 embryologic development of the great arteries , 158  
 embryology of the great arteries , 157  
 great arteries , 157  
 left aortic arch , 157  
 left arch IV , 157, 158  
 left arch VI , 157, 158  
 morphology , 165  
 normal adult aortic arch , 158  
 paired pharyngeal arches , 157  
 parameters , 165  

 persistence of a segment of arch , 158  
 persistent  fi fth aortic arch , 158  
 right arch IV , 157, 158  
 right arch VI , 157  
 segment regression , 158  
 seventh intersegmental arteries , 158  
 six potential arches , 157  
 sixth pair of arches , 158  
 symptomatology association , 158  
 third arch , 158  
 trachea and esophagus , 158  
 vascular rings , 158  

 hypoplasia , 152  
 interruption , 147  
 obstruction , 234  
 pulmonary trunk , 4  
 sidedness , 231   

  Aortic arch interruption , 221   
  Aortic atresia , 217   
  Aortic branch artery , 157   
  Aortic coarctation (CoAo) , 121, 125, 147, 152–154, 157, 209, 

221, 234, 235, 237, 238, 329, 330  
 age at diagnosis , 152  
 arch hypoplasia , 152  
 clinical presentation , 152  
 collateral vessels , 154  
 complications , 332–334  
 decreased lower extremity pulses , 152  
 descending scapular arteries , 152  
 dissection , 152  
 imaging  fi nding , 152  
 incidence , 152  
 long-term outcomes , 154  
 mortality rate , 154  
 postductal (adult) , 152  
 post intervention complications , 333–334  
 preductal (infantile) , 152  
 pressure gradient , 152  
 prognosis , 154  
 rupture , 152  
 surgical repairs , 329  
 survival rate , 154  
 syndromes association , 152  
 systemic collateral circulation , 152  
 systemic collateral vessels , 154  
 treatment , 154  
 types , 152  
 untreated adults , 154   

  Aortic dilation , 157   
  Aortic disruption , 171   
  Aortic dissection , 157, 170, 172, 173, 175, 176, 334  

 CT , 172  
 emergency surgery , 173  
 Marfan syndrome , 172  
 risk factors , 173  
 type A , 176  
 type B , 172   

  Aortic dorsal segments , 155   
  Aortic hypoplasia , 237   
  Aortic isthmus , 18   
  Aortic media , 152, 167   
  Aorticopulmonary septum , 8   
  Aortic out fl ow obstruction , 221, 222, 237   
  Aortic pseudocoarctation , 155–157  

 incomplete fusion , 155   
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  Aortic regurgitation , 123–125, 152, 173, 231   
  Aortic reimplantation , 191   
  Aortic root , 18  

 dilatation , 170, 173, 231, 238  
 elective replacement , 173  
 operative repair , 173  
 prevalence , 173  
 rapidly expanding aneurysm , 173   

  Aortic sinuse(s) , 18   
  Aortic stenosis , 123, 124, 152   
  Aortic stent placement , 329   
  Aortic trunk , 4, 8–9   
  Aortic valve , 7, 8, 15, 17, 18, 20–22, 24, 121, 122  

 aorta , 18  
 calci fi cation , 122  
 incompetence , 170  
 lea fl ets , 16–18  
 planimetric CT measurements , 122  
 regurgitation , 170  
 replacement , 123  
 right and noncoronary cusps , 7, 8  
 right coronary lea fl et , 8  
 right of the pulmonary valve , 246   

  Aortic valve stenosis , 121, 173  
 morphologic variants , 121   

  Aorto-mitral continuity , 17   
  Aortopulmonary collaterals , 135, 231–232   
  Aortopulmonary shunts , 269–273  

 CT imaging , 273  
 indications , 269  
 pulmonary artery division , 222   

  Aortopulmonary window (AP window) , 154, 227  
 absence of the aortopulmonary septum , 150  
 anomalous origin 

 coronary arteries , 150  
 right pulmonary artery , 150  

 aortic arch type A interruption , 150  
 aortic coarctation , 150  
 associated anomalies , 150  
 clinical aspects , 150  
 de fi nition , 150  
 embryonic conotruncal ridges , 150  
 epidemiology , 150  
 incomplete fusion , 150  
 intermediate form , 150  
 pericardial patch , 150  
 postoperative complications , 150  
 prognosis , 150  
 pulmonary artery  fl ap , 150  
 residual defects , 150  
 surgical closure procedures , 150  
 survival , 150  
 type III , 150  
 type II or distal connection , 150, 151  
 type I or proximal communication , 150, 151  
 variants , 150   

  Apical thinning , 32   
  Arachnodactyly , 170   
  Arch anomalies , 158  

 aberrant left subclavian artery, right aortic arch , 158  
 arch branching , 158  
 branching abnormalities , 158  
 mirror-image branching , 158  
 number anomalies , 158  
 position anomalies , 158   

  Arch hypoplasia , 152   

  Arrhythmias , 196–198, 221   
  Arrhythmogenic right ventricular dysplasia (ARVD) , 67–73  

 imaging features , 67  
 prevalence , 67  
 task force criteria , 67   

  Arterial aneurysms , 170, 198   
  Arterial/atrial switch (Jatene) , 250, 283–288  

 de fi nitive repair , 250   
  Arterial duct or ligament , 162   
  Arterial rupture , 171   
  Arteriovenous  fi stulae , 171   
  Arteriovenous malformation (AVM) , 294–296   
  Ascending aorta , 8, 10, 12, 18, 20–22, 24, 30, 31, 193  

 distal , 8   
  Asplenia , 41  

 bilateral right sidedness , 256  
 characteristics , 256  
 congenital heart disease, association , 258  
 syndrome , 107, 258   

  A-transposition of the great arteries (A-TGA) , 51, 55, 246   
  Atretic infundibulum , 135   
  Atretic pulmonary valve , 135   
  Atrial appendages , 41, 52  

 left , 41  
 morphologic features , 41, 254  
 right , 41   

  Atrial arrhythmias , 96, 111   
  Atrial baf fl es , 275–282  

 surgery , 276   
  Atrial chambers 

 de fi nitions , 41  
 differentiation , 41   

  Atrial development , 40   
  Atrial isomerism , 127, 235, 253–255  

 atrial appendage morphology , 254  
 bilaterally left atrial appendages , 253  
 bilaterally right , 253  
 epiarterial , 253, 255  
 heterotaxy syndrome , 253  
 hyparterial , 253, 255  
 left atrial isomerism , 253–255  
 morphologically bilateral left atria , 253  
 morphologic left atrium , 253  
 morphologic right atrium , 253  
 right atrial isomerism , 253–25  
 tracheobronchial situs , 253  
 tracheobronchial tree morphology , 253   

  Atrial morphology , 238   
  Atrial roof , 7   
  Atrial septal aneurysm (ASA) , 96, 99   
  Atrial septal defects (ASD) , 6, 113, 125, 133, 147, 178, 205, 229, 

231, 235, 238, 250, 263, 339  
 appearance , 99  
 clinical  fi ndings , 96  
 common atrium , 94, 98  
 contraindications , 263  
 CT diagnosis of , 98–100  
 measurement of , 99  
 primum , 91–92  
 secundum , 91, 96  
 sinus venosus , 93, 97  
 surgical closure , 98  
 unroofed coronary sinus , 93, 98  
 variants of , 91   

  Atrial septation , 6, 7   
  Atrial septectomy , 128, 137   
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  Atrial septum , 6, 7, 41   
  Atrial situs , 3, 40, 41, 43, 52, 54, 221  

 ambiguity , 41  
 ambiguous , 51  
 atrial position , 40  
 bulboventricular loop , 40  
 D-Looped , 41  
 initialing system , 48  
 inversus , 41, 51, 53  
 L-looped , 41  
 morphologic left atria , 40  
 morphologic right atria , 40  
 solitus , 51, 52, 237, 246   

  Atria strangulation , 339   
  Atrioventricular , 259   
  Atrioventricular canal , 4, 6–8  

 conal ridges , 7  
 dextro-dorsal , 7  
 sinistro-ventral , 7   

  Atrioventricular canal defect , 8, 108, 235   .  See also  Atrioventricular 
septal defects (AVSD)  

  Atrioventricular concordance , 237   
  Atrioventricular connections , 51, 57, 217  

 absent connection , 43  
 ambiguous , 43, 57  
 biventricular , 44  
 concordant , 43, 44, 57  
 discordant , 43, 44, 57  
 D-looping , 44  
 double inlet , 43, 57  
 left-handed topology , 44  
 L-looping , 44  
 nomenclature , 43  
 normal ventricular sidedness , 44  
 opposite ventricular sidedness , 44  
 right-handed topology , 44  
 single inlet with absent left atrial connection , 57  
 single inlet with absent right atrial connection , 57  
 univentricular , 44   

  Atrioventricular cushions , 7   
  Atrioventricular discordance , 235  

 anatomicvariant , 222   
  Atrioventricular groove , 19  

 atrial branches , 19  
 left atrium , 19  
 obtuse marginal branches , 19   

  Atrioventricular junction , 13, 16, 17, 19, 43, 91  
 ambiguous , 43  
 bilateral morphologic left atria , 42, 43  
 bilateral morphologic right atria , 42, 43  
 morphologic left ventricle , 43  
 morphologic right atrium , 43   

  Atrioventricular nodal artery , 19   
  Atrioventricular node (AV node) , 14, 19   
  Atrioventricular septal defects (AVSD) , 91, 100, 106, 107, 

229, 257  
 association , 107  
 balanced AVSD , 108  
 cardiac CT 

 evaluation of patients , 108, 109  
 repaired AVSD , 108  
 unrepaired AVSD , 108  

 classi fi cation , 106  
 complete AVSD, 106. 107 
 congestive heart failure , 108  
 double inlet ventricle , 108  

 morphology , 106  
 physiology , 107  
 pulmonary hypertension , 108  
 single-ventricle physiology , 108  
 surgical repair , 108  
 treatment , 108  
 unbalanced AVSD , 108   

  Atrioventricular valves , 6, 16, 92, 218, 238  
 abnormalities , 92, 111–119, 235  
 atresia , 235  
 morphology , 222  
 regurgitation , 237   

  Atrioventricular valvular connections 
 nomenclature , 43  
 overriding , 43, 46  
 straddling , 43, 46   

  Atriovisceral situs , 40, 57, 222  
 spatial orientation , 57  
 ventricular loop , 57   

  Atrium , 4, 5   
  Attenuation threshold , 61   
  Automated bolus tracking , 61   
  AVM  .  See  Arteriovenous malformation (AVM)  
  Axial CT , 199   
  Azygous continuation , 209, 258  

 inferior vena cava , 212  
 interrupted inferior vena cava , 209  

 intrahepatic portions , 209  
 prevalence , 209  
 retrocrural azygos , 209  
 right subcardinal vein , 209  
 suprarenal , 209   

  Azygous vein , 203, 205, 209    

  B 
  Bacterial endocarditis , 148   
  Baf fl e , 193, 277  

 leaks , 193, 279  
 stenosis , 193, 279  
 stent , 279   

  Balanced AVSD , 108   
  Balloon arterial septostomy , 137   
  Balloon valvuloplasty , 123   
  Bentall procedure , 176   
  Bicuspid aortic valve , 121–123, 125, 152, 157, 167, 173, 209  

 aorta coarctation , 121  
 ascending aortic or root aneurysm , 123  
 associated anomalies , 121  
 associated conditions , 121  
 central ridge (raphe) , 121  
 CT assessment , 121–123  
 diagnosis , 121  
  fi ndings association , 122  
 interrupted aortic arch , 121, 122  
 natural history , 122  
 raphe , 121  
 single commissure , 121  
 stenosis , 123  
 surgical intervention , 123  
 symptomatic regurgitation , 123   

  Bicuspid aortic valves , 154   
  Bicuspid pulmonary valve , 133   
  Bicuspid valve , 121, 131   .  See also  Bicuspid aortic valve  
  Bidirectional cavopulmonary anastomosis (Glenn shunt) , 128, 

137, 222   
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  Bidirectional Glenn procedure (stage II) , 127, 128   
  Bidirectional Glenn shunt , 142, 209, 235, 289–291, 297, 303, 324   
  Bi fi d uvula , 170   
  Bilateral bilobed lungs , 258   
  Bilateral eparterial bronchi , 256   
  Bilateral hyparterial bronchi , 258   
  Bilateral left atria , 258   
  Bilateral left sidedness , 257   
  Bilateral morphologic left lungs , 258   
  Bilateral morphologic right lungs , 256   
  Bilateral right atria , 256   
  Bilateral trilobed lungs , 256   
  Biliary atresia , 258   
  Biphasic contrast injection protocol , 61   
  Biventricular atrioventricular connections , 57   
  Biventricular failure , 231   
  Biventricular heart , 43  

 ambiguous connections , 43  
 concordant connections , 43  
 discordant connections , 43   

  Biventricular origin , 238  
 of the aorta (overriding aorta) , 227   

  Biventricular repairs , 136, 222, 259   
  Blalock-Taussig (BT) shunt , 113, 128, 140, 142, 231, 235, 263, 

269–273, 304, 323, 324  
 classic , 269, 311  
 disadvantages , 269, 323  
 modi fi ed , 290, 303, 311   

  Bland-White-Garland syndrome , 187, 192, 193, 199  
 classi fi ed , 188  
 clinical manifestations , 188  
 infantile type/ adult types , 188   

  Brachiocephalic trunk (BT) , 10, 18   
  Branchial arches , 8, 10   
  Branchial arteries , 9   
  Branch pulmonary stenosis , 125   
  Bridging vein , 209   
  Bronchial arteries , 141, 193   
  Bronchus suis , 178   
  Buccopharyngeal membrane , 3   
  Bulbar ridges , 7   
  Bulbous , 18   
  Bulboventricular defect  .  See  Primitive ventricular septal defect  
  Bulboventricular looping, atrial positions , 4   
  Bulbus conus , 3   
  Bulbus cordis , 3–5, 7, 8  

 bulboventricular loop , 4  
 bulboventricular segment , 4  
 cardiac loop , 4  
 D-looping , 4, 8  
 inversus loop , 4  
 L-looping , 4, 9  
 looping , 4  
 morphologic left ventricle , 4, 5  
 morphologic right ventricle , 4  
 ventricles , 4   

  Bundle of His , 7    

  C 
  Cantrell syndrome , 27   
  Capillary rami fi cations, decreased number , 198   
  Cardiac anomalies , 256  

 cyanosis , 256  
 pulmonary undercirculation , 256  
 pulmonic stenosis , 256   

  Cardiac apex , 255   
  Cardiac chambers entrapment , 339   
  Cardiac dextroposition , 203   
  Cardiac embryogenesis , 3, 8  

 C-shaped loop , 4  
 embryo, dorsal aspect , 3  
 foregut , 3  
 primitive arrangement , 6  

 atria-primitive ventricle-bulbus cordis-single truncoconal 
tube , 6  

 atrioventricular valves , 6  
 common AV canal , 6  
 double inlet left ventricle , 6  
 double outlet right ventricle , 6  
 left ventricle , 6  
 papillary muscles , 6  
 persistent ventriculoseptal defect , 6   

  Cardiac lipomas , 72   
  Cardiac looping , 4–5, 9  

 cellular migration , 4   
  Cardiac magnetic resonance imaging , 232   
  Cardiac orientation , 39–40   
  Cardiac position , 39, 51, 57   
  Cardiac rupture , 196   
  Cardiac situs , 39, 40  

 dextrocardia , 39  
 levocardia , 39  
 mesocardia , 39   

  Cardiac transplantation , 136   
  Cardiac valves , 15, 237  

 anatomy , 225, 231  
 condition , 121   

  Cardiac veins , 19–25   
  Cardiac venous system , 19  

 anterior right ventricular veins , 19  
 coronary sinus , 19  
 thebesian veins , 19   

  Cardiac ventricles 
 chambers , 41  
 de fi nitions , 41–42  
 inlet valves , 41  
 membraneous septum , 41  
 mitral/bilea fl et inlet valve , 41  
 right ventricle , 41  
 tricuspid/trilea fl et inlet valve , 41   

  CardioSEAL septal occluder devices , 264   
  Cardiovascular primordia , 3  

 coelomic cavity , 3  
 intracoelomic cavities , 3   

  Carpentier’s classi fi cation , 111   
  Catheter interventions , 154   
  Caval anomalies , 209   
  Caval interruption , 257   
  Cavopulmonary shunt , 256   
  Cavotricuspid isthmus , 13   
  CCTA  .  See  Cardiac computed tomographic angiography (CCTA)  
  Celoria–Patton classi fi cation , 154   
  Central cyanosis, right-to-left shunting , 229   
  Central  fi brous body , 15   
  Cerebrovascular accidents , 152   
  Cervical aortic arch , 158, 163, 165  

 absence of the innominate artery , 163  
 aneurysm formation , 163  
 association , 163  
 clinical symptoms , 163  
 descending aorta , 163  
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 Cervical aortic arch  (cont.)  
 hypoplastic , 163  
 incidental  fi nding , 163  
 left-sided cervical arch , 163  
 left subclavian artery , 163, 164  
 obstruction , 163  
 other anomalies , 163  
 prevalence , 163  
 retroesophageal aorta , 164  
 retroesophageal course , 163  
 right sided aorta , 164  
 right-sided cervical arch , 163  
 tortuous , 163  
 vascular ring , 163   

  Chronic hypertension , 152   
  Circum fl ex artery (LCx) , 19, 184  

 posterolateral branch , 19   
  Classic Fontan shunt , 292   
  Cleft mitral valves , 99, 234, 235   
  Cleft palate , 170   
  Coarctation , 121, 122, 152, 154, 329, 331  

 aorta or interrupted aortic arch , 250  
 endovascular repair , 334  
 extent , 157  
 repair , 331, 333, 334  
 surgical repair , 334   

  Coil embolization , 198   
  Collateral circulation , 157, 195   
  Collateral vessel formation , 157   
  Collimation , 61   
  Common arterial trunk , 154, 219, 221, 232, 238, 241   .  See also  

Truncus arteriosus  
  Common atrioventricular junction , 106   
  Common atrioventricular valve , 106, 219, 235, 257   
  Common atrium , 4, 94, 98, 219, 258   
  Common out fl ow tract , 4   
  Common pulmonary vein atresia , 203  

 con fl uence , 207  
 pulmonary veins , 207   

  Common pulmonary venous sinus , 206   
  Common truncal (semilunar) valve , 238   
  Common truncus , 243   
  Complete heart block , 224   
  Complete pulmonary atresia , 221   
  Complete transposition of the great vessels , 250   
  Complicated coarctation , 154   
  Composite valve–graft replacement , 175   
  Comprehensive heart evaluation , 237   
  Computed tomographic angiography (CTA) , 61  

 acquisition time , 61  
 contrast injection speed , 61  
 contrast volume , 61  
 delayed scanning , 61  
 ECG-gated cardiac , 62  
  fi ltered back projection , 63  
  fi xed delay time , 61  
 imaging protocol , 61  
 multidetector scanner , 61  
 non ECG-gated cardiac , 62  
 non-ECG synchronized acquisition , 61  
 pitch , 61  
 prospective acquisition , 63  
 pulsing window , 62  
 radiation , 62  
 re fl ux of contrast , 33  
 region of interest , 61  

 scan length , 61, 62  
 scan timing , 61  
 slice collimation , 61  
 tube current (mA) , 61  
 tube voltage (kV) , 61, 62   

  Conal con fi guration , 237   
  Conal septal malalignment defect , 227, 229   
  Conal septum , 8   
  Concomitant heart disease , 162   
  Concordant arrangement , 221   
  Concordant atrioventricular alignment , 246   
  Concordant connections , 219   
  Concordant ventriculoarterial connections , 259   
  Concurrent abdominal anomalies , 258   
  Conduction abnormalities , 223   
  Conduits , 209   
  Con fl uent pulmonary arteries , 138, 139   
  Congenital abnormalities , 196   
  Congenital cardiomyopathy , 77   
  Congenital heart diseases (CHD) , 39–49, 157, 160, 163, 

178, 209, 259  
 analytic approach , 51  
 asplenia , 209  
 association , 258  
 atrial positions , 39  
 atrioventricular , 51  
 cardiac positioning , 51  
 D-bulboventricular loop , 39  
 heart rate reduction , 61  
 imaging protocols , 61  
 initialing system , 51  
 malformation , 51, 57  
 nomenclature , 39–49  
 normal embryogenesis , 39  
 normal ventricular positions , 39  
 polyspleania , 209  
 prospective triggering , 63  
 retrospectively triggered , 63  
 segmental , 39, 51  
 sequential approach , 39, 51  
 situs solitus , 39  
 spatial arrangement , 51  
 spatial relationships of the great vessels , 51  
 Van Praagh’s nomenclature , 51  
 ventricular looping , 51  
 ventriculoarterial , 51  
 visceroatrial situs , 51   

  Congenitally corrected transposition , 222, 223   
  Congenitally stenotic aortic valve , 121  

 acommissural , 121  
 congenitally quadricuspid/quadricommissural , 121  
 unicommissural , 121  
 unicuspid , 121   

  Congenital mitral stenosis , 117   
  Congenital mitral valve anomalies, CT imaging , 117–119   
  Congenital mitral valve arcade , 118   
  Congenital mitral valve cleft , 117  

 associated heart disease , 117  
 de fi nition , 117   

  Congenital mitral valve stenosis , 116   
  Congenital pericardial anomalies , 343  

 CT  fi ndings , 343  
 decubitus imaging , 343  
 de fi nitive diagnosis , 343  
 pericardial cysts , 343  
 pericardial defect , 343   
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  Congenital pulmonary valve abnormalities/anomalies , 131   
  Congenital right coronary ostial atresia , 195   
  Congenital stenosis , 121   
  Congenital ventricular diverticula , 27   
  Congestive heart failure , 111, 113, 152, 155, 196, 206, 221, 224, 231, 

234, 235, 237, 245, 250   
  Conjoined aortic and pulmonary valve , 238   
  Conotruncal abnormality , 227   
  Conotruncal development , 8   
  Conotruncal septation , 8   
  Continuous murmur , 200   
  Continuum of congenital heart defects , 232   
  Contrast agent administration , 61   
  Contrast mixing , 34   
  Contrast volume , 62   
  Conus , 3, 8  

 anatomy , 55  
 artery , 183  
 bilateral , 55, 56  
 bilaterally absent , 55, 56  
 subaortic , 55, 56  
 subpulmonary , 55, 56  
 ventricular septum , 8   

  Conus/infundibular artery , 19   
  Conus/muscular conus , 41, 43   
  Coronal reconstructions , 157   
  Coronary anatomy, revised classi fi cation scheme , 249   
  Coronary anomalies  .  See  Anomalous coronary arteries  
  Coronary arteries , 18, 237, 248  

 abnormalities , 235  
 anatomy , 225, 238, 250  
 aomalous origin , 198  
 graft stenosis , 193  
 normal , 183  
 right dominance , 18   

  Coronary arteriovenous  fi stulas , 198   
  Coronary artery anomalies , 135, 138, 141, 183, 224, 231, 232, 238, 

248, 250  
 absent left main trunk , 184  
 anomalous origin 

 noncoronary cusp/opposite , 184, 185  
 sinus of valsalva, near , 184  
 sinus of valsalva, outside , 184, 187  

 course , 184  
 origin , 184  
 single coronary artery , 184   

  Coronary artery branches crossing the RVOT , 232   
  Coronary artery bypass grafting , 198  

 ALCAPA , 194  
 ligation of the native left main coronary artery , 194   

  Coronary artery compression , 197   
  Coronary artery disease , 157   
  Coronary artery ectasia/aneurysm , 195  

 acquired form , 196  
 calci fi cation , 196  
 complications , 196  
 dissection , 196  
 etiologies , 196  
 infarction , 196   

  Coronary artery  fi stulas , 195, 198, 199, 227  
 clinical manifestations , 198, 221  
 complications , 198  
  fi stulas , 198  
 incidence , 198  
 LCA , 198  
 LCX artery , 198  

 multiple  fi stulas , 198  
 RCA , 198   

  Coronary artery hypoplasia, incidence , 196   
  Coronary artery ostial atresia/stenosis , 195, 200   
  Coronary artery ostia reimplantation , 175   
  Coronary artery system 

 classic features , 183  
 end circulation , 183   

  Coronary artery tree format , 186, 188   
  Coronary atherosclerosis , 157   
  Coronary bypass grafting , 191   
  Coronary bypass surgery , 197   
  Coronary circulation , 18, 183   
  Coronary crossing 

 accompanied , 197  
 potential risk , 197   

  Coronary  fi stulas , 200   
  Coronary ostial atresia , 195  

 heart failure , 195  
 infarction , 195  
 left coronary ostium, atresia , 195  
 LM, atresia , 195  
 morphological variants , 195  
 myocardial ischemia , 195  
 RCA, atresia , 195  
 sudden cardiac death , 195  
 surgical repair , 195  
 syncope , 195   

  Coronary sinus (CS) , 6, 14, 19, 20, 33, 41, 198, 203, 205  
 ASD , 6, 91  
 atrium, baf fl e connection , 205  
  fi stula formation , 196  
 great cardiac veins , 19  
 left inferior ventricular vein , 19  
 left marginal vein , 19  
 middle cardiac veins , 19  
 oblique cardiac veins , 19  
 small cardiac veins , 19  
 unroo fi ng procedure , 207   

  Coronary steal phenomenon , 187   
  Corrected transposition of the great arteries with dextrocardia, 222–224 

 dextrocardia , 223   
  Cor triatriatum sinster , 114–115, 209, 211, 258  

 associated anomalies , 114  
 symptoms , 115   

  Craniosynostosis , 170   
  Crista supraventricularis , 7   
  Crux , 19   
  Cryptogenic strokes , 264   
  CT  .  See  Computed tomography (CT)  
  Cyanosis , 113, 142, 155, 209, 221, 235, 237  

 and cardiac failure in infancy , 243   
  Cyanotic congenital heart defect , 227    

  D 
  Damus-Kaye-Stansel (DKS) operation/procedure , 222, 303–305  

 cardiac computed tomography , 305  
 complications , 305  
 modi fi cations , 303  
 mortality , 305   

  D-bulboventricular loop (D-loop) , 5, 8, 55   
  Decreased pulmonary blood  fl ow , 258–259   
  Dextrocardia , 39, 224, 235, 258  

 D-loop , 39  
 L-loop , 39   
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  Dextro (D) transposition , 246   
  Dextroposition , 39, 205   
  Dextrorotation , 203   
  Dextro-transposition of the great arteries (D-TGA) , 51, 55, 246   
  Dextroversion , 39   
  Diagonal arteries , 183   
  DiGeorge syndrome , 154   
  Dilated aortic root , 228   
  Dilated ascending aorta , 230   
  Dilated azygous arch (Az) , 212   
  Dilated azygous vein , 257   
  Dilated coronary sinus , 203, 210   
  Dilated hemiazygous vein (H) , 212   
  Dilated superior vena cava , 208   
  Diminished ipsilateral pulmonary vascularity , 177   
  Distal aortic aneurysm, risk , 173   
  Distal bulbar septum , 167   
  Distal embolization , 196   
  Diverticular outpouching , 27   
  Diverticulum , 27, 28   
  DKS operation/procedure  .  See  Damus-Kaye-Stansel (DKS) operation/

procedure  
  D-malposition of the great arteries (D-MGA ) , 48, 51, 55   
  DOLV  .  See  Double-outlet left ventricle (DOLV)  
  Dominant left ventricle , 220   
  Dorsal aorta , 3   
  Double aortic arch , 158, 163  

 accompanied, cardiac malformations , 163  
 atretic left aortic arch , 167  
 complete ring , 166  
 diagnosis , 163  
  fi brous band , 163  
 fourth arches , 165  
 hypoplastic , 163  
 interrupted or atretic superior and patent inferior arch , 165  
 left sided arch , 166  
 right aortic course , 163  
 right brachiocephalic artery , 166  
 right sided arch , 166  
 single ascending aorta , 163  
 tracheoesophageal compression , 163  
 two aortic arches , 163  
 vascular ring , 163   

  Double coronary artery , 197  
 type 1 , 198  
 type 2 duplication , 198  
 type 3 duplication , 198  
 type 5 duplication , 198  
 types double LAD , 198  
 type 4 variant , 198   

  Double discordance of the great arteries , 222, 223, 246   
  Double inlet left ventricles , 219, 221  

 common atrioventricular valve , 219  
 left ventricular morphology , 218–220  
 single atrioventricular valve , 220   

  Double inlet right ventricle , 219  
 morphology , 221  
 with situs inversus , 221   

  Double inlet single ventricle 
 common , 219  
 double connection , 219  
 double inlet connections , 219  
 left-sided valves , 219  
 morphological features , 219  
 right-sided valves , 219  
 single , 219   

  Double inlet ventricle , 108, 152, 217, 219, 221  
 abnormal atrioventricular connections, characterized , 219  
 atrioventricular valve connections 

 common , 219  
 single , 219  
 two separate valves , 219  

 common valve , 219  
 indeterminate morphology , 219  
 mortality rates , 221  
 predominantly left , 219  
 predominantly right , 219  
 prognosis , 221  
 surgical procedures , 222  
 survival , 221  
 unbalanced atrioventricular canal defect , 219  
 ventricle morphology 

 indeterminate , 219  
 left , 219  
 right , 219   

  Double inlet ventricular morphology , 221   
  Double ori fi ce mitral valve, associated anomalies , 116   
  Double outlet arrangement , 221   
  Double-outlet both ventricles , 237   
  Double outlet connection , 221   
  Double-outlet left ventricle (DOLV) , 237  

 complete transposition , 237  
 incidence , 237  
 morphologic left ventricle , 237  
 morphology , 237  
 noncommitted (remote) , 237  
 with subaortic VSD , 237  
 surgical repairs , 237   

  Double-outlet right ventricle (DORV) , 125, 133, 152, 154, 162, 
232–236, 258  

 anatomy , 232  
 assessment , 237  
 clinical  fi ndings , 235  
 de fi nition , 232  
 incidence , 232  
 interventricular communication variants , 233  
 morphology , 237  
 multiple connections , 232  
 noncommitted (remote) VSD-type , 235, 237  
 parallel arrangement , 234, 235  
 pathophysiologic classi fi cation , 232  
 surgical repair , 235   

  Double-outlet ventricles , 232, 257   
  Double-switch operation/procedure , 224, 307–309  

 cardiac computed tomography , 309  
 complications , 309   

  Doubly committed , 229, 232, 237   
  Doubly committed VSDs , 235   
  Doubly committed VSD-type DOLV , 237   
  Doubly committed VSD-type DORV , 235   
  D-transposition of the great arteries (D-TGA) , 9, 48, 219, 220, 236, 

246, 276  
 inversus, great vessels , 55   

  Ductal aneurysm , 150   
  Ductal patency 

 initial treatment , 250  
 persistence , 147   

  Duct occluder , 263   
  Ductus arteriosis , 18, 147, 152, 157, 227, 238, 241, 267   
  Ductus closure , 148   
  Ductus diverticulum , 149   
  Ductus ligamentum arteriosum , 160   
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  Ductus venosus , 205   
  Duplicated superior vena cava , 258   
  Duplication of left anterior descending coronary artery 

(LAD) , 198, 235   
  Duplication of the recessive right coronary artery (RCA) , 198   
  D  vs  L looping pattern , 5   
  Dynamic LVOT obstruction , 125   
  Dysphagia lusoria , 160   
  Dysplastic myxomatous valve , 131   
  Dysplastic pulmonary valve , 131   
  Dysplastic tricuspid aortic valve , 121, 123  

 dysplastic changes , 123  
 microscopic studies , 123   

  Dysplastic, trilea fl et valve with hypoplastic annulus , 121    

  E 
  Ebstein anomaly , 111–112, 135, 250  

 clinical features , 111  
 CT evaluation , 112  
 morphologic features , 111  
 pathology , 111  
 type A , 111  
 type B , 111  
 type C , 111  
 type D , 111   

  Ebstein-like variant , 136, 223   
  ECG-current modulation, tube current , 62   
  ECG-gating , 62   
  ECG-triggered CTA, prospective , 62, 63  

 step-and-shoot , 62   
  Echocardiography , 232   
  Ectasia/aneurysm , 200   
  Ehlers–Danlos syndrome (EDS) , 124, 134, 167, 170–173  

 acute abdomen , 170  
 aneurysm , 171  
 arterial dissection/rupture , 170  
 arterial fragility , 170  
 autosomal dominant disorder , 170  
 bowel , 171  
 complications , 170, 171  
 CT , 171  
 diagnosis , 170, 171  
 dissection, and/or rupture , 171  
 major types , 170  
 minor types , 170  
 phenotypic features , 170  
 prognosis , 170  
 risk of vascular rupture and dissection , 171  
 spleen, spontaneous rupture , 171  
 stroke , 170  
 sudden death , 170  
 surveillance , 171  
 tendon/muscle rupture , 170  
 type IV , 170  
 vascular complications , 170, 171  
 vascular-type , 171   

  Eisenmenger physiology , 148   
  Eisenmenger syndrome , 103, 106   
  Elective aortic valve/graft surgery , 173   
  Embryologic common pulmonary vein , 205   
  Embryologic development of great arteries, descending aorta , 10, 12, 

14, 20, 24, 31   
  Embryologic ductus arteriosus , 152   
  Embryologic left anterior cardinal vein , 209   
  Embryonic right ventricle , 4   

  Endocardial cushion(s) , 6–8, 92  
 defect, 100, 106  

  Endocardial  fi broelastosis , 80   
  Endocarditis , 198   
  Endovascular repairs , 329–331   
  Endovascular stent-related complications , 157   
  Enlarged azygous vein (Az) , 212   
  Eustachian ridge , 14   
  Eustachian valve , 14   
  Exercise intolerance , 222   
  Exercise-related cardiac death , 183   
  Extracardiac cavopulmonary Fontan procedure , 303   
  Extracardiac conduit Fontan , 290, 291, 293   
  Extracardiac conduits , 238   
  Extracardiac connections , 198, 200    

  F 
  Fetal primitive intersegmental arteries , 141   
  Fetal pulmonary venous drainage , 203   
  Fibroelastic tissue , 73   
  Fibrous continuity , 227   
  Fibrous pericardium , 11, 14   
  Fibrous ridges , 248   
  Fibrous trigones , 15   
  Filtered back projection reconstruction (FBP) , 63   
  Fistulas , 196, 199  

 closure procedures , 200  
 rupture , 198  
 thrombosis , 198   

  Fontan circulation , 128, 220, 305   
  Fontan conduit , 297   
  Fontan operation , 113, 219–221, 236, 304   
  Fontan pathway , 327   
  Fontan procedure, cavopulmonary , 113   
  Fontan repair , 137   
  Fontan shunt operation/procedure , 127, 128, 136, 142, 221, 222, 237, 

259, 289–298  
 anatomy , 296  
 bidirectional Glenn shunt , 290  
 candidates , 290  
 circulation, original , 290, 291, 294, 296  
 classic operation/procedure , 290  
 completion , 291  
 complications , 294, 296  
 CT imaging techniques , 296  
 extracardiac conduit , 290, 291  
 fatigue , 222  
 hemi-Fontan , 290, 294  
 lateral tunnel , 290, 291  
 stage 1 , 290  
 stage 2, 291variations , 290   

  Foramen ovale , 32, 91   
  Fossa ovale , 6, 14, 41, 91, 92   
  Functionally single ventricle , 217   .  See also  Univentricular heart   

  G 
  Gallbladder agenesis , 257   
  Gated cine CT , 225   
  Genetic aorthopathies , 171  

 aneurysms , 173  
 aortic diameter , 173  
 CT imaging , 176  
 ectasia of the dural sac , 175  
 genetic mutations , 170  
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 Genetic aorthopathies  (cont.)  
 indications and surgical repairs , 173–175  
 long-term results , 175  
 morbidity , 175  
 mortality , 175  
 other arteries , 173  
 surgical repair , 175  
 syndromic and nonsyndromic genetic condition , 170  
 type A dissection , 175  
 valve–graft conduit , 175   

  Gerbode type ventricular septal defect (VSD) , 102   
  Glenn shunt operation/procedure , 113, 237, 289–298  

 bidirectional , 289, 290  
 classic , 289  
 CT imaging techniques , 296  
 modi fi ed , 289, 290  
 tricuspid atresia , 289   

  Gonadal dysgenesis , 173   .  See also  Turner syndrome  
  Graft interposition , 330   
  Great artery(ies) , 5, 6, 18, 219, 232, 237  

 arrangement , 232  
 congenitally corrected transposition , 307  
 corrected transposition , 307, 308  
 de fi nitions , 42–43  
 embryologic development , 9–10  
 malposition , 48  
 spatial orientation , 51   

  Great cardiac vein , 19–20   
  Great vessels , 11, 42  

 abdominal , 53  
 main pulmonary trunk , 55  
 override, morphology , 237  
 pulmonary artery , 55  
 solitus , 42  
 spatial anatomy , 55  
 spatial orientation , 48, 56  
 spatial position , 55–56  
 ventriculo-arterial valves , 43   

  Growth retardation , 113    

  H 
  Heart failure  .  See  Congenital heart diseases (CHD)  
  Heart tube , 3, 4  

 atrial position , 3   
  Hemiazygous vein , 209   
  Hemi-Fontan procedure , 127, 128, 290, 294   
  Hemitruncus arteriosus , 150, 245  

 associated anomalies , 245  
 surgical treatment , 245   

  Heterotaxy syndromes , 41, 42, 52, 92, 94, 104, 107, 259, 339  
 abnormal thoracic and abdominal visceral situs , 253  
 anomalous systemic or pulmonary venous return , 253  
 atrial isomerism , 253  
 cardiac defects association , 253, 256  
 congenital heart disease , 256  
 incidence , 253  
 left isomerism , 52  
 major forms , 256  
 morphologic spectrum , 253  
 prognosis , 259  
 right isomerism , 52  
 situs ambiguous , 253  
 splenic abnormality , 256  
 well-developed ventricle , 217   

  HLHS  .  See  Hypoplastic left heart syndrome (HLHS)  
  Holt–Oram syndrome , 91   

  Homograft 
 Ross procedure complications , 321  
 of RVOT obstruction , 231   

  Horseshoe lung , 203   
  Human embryo , 3   
  Hypertrophic cardiomyopathy (HCM) , 83–87, 124  

 asymmetric/septal phenotype , 84  
 diagnosed , 84  
 differential diagnoses , 87  
 genetic syndromes , 83  
 imaging , 83  
 mass-like , 86  
 metabolic syndromes , 83  
 midventricular , 85  
 noncontiguous , 86  
 pathologic hallmarks , 83  
 phenotypic classi fi cations , 86  
 prevalence , 83  
 risk strati fi cation criteria , 87   

  Hypertrophied moderator , 227   
  Hypogenetic lung syndrome , 203   
  Hypoplasia , 189  

 mitral valve and left ventricle , 235  
 small caliber , 190, 200, 227   

  Hypoplastic aorta , 218   
  Hypoplastic ascending aorta , 218   
  Hypoplastic coronary arteries , 196   
  Hypoplastic left heart syndrome (HLHS) , 147, 152, 323  

 complications , 128  
 corrective procedures , 128  
 de fi nition , 126  
 long-term outcome , 128  
 multistage surgical approach , 127  
 palliative treatment , 323–327  
 prognosis , 127  
 surgical approaches , 127–128  
 survival , 127   

  Hypoplastic left ventricle , 221   
  Hypoplastic mitral valve , 152   
  Hypoplastic or interrupted aortic arch , 241   
  Hypoplastic right ventricle/conus (RV) , 219, 220    

  I 
  Inferior interventricular vein , 20   
  Inferior papillary muscle , 16   
  Inferior pulmonary veins , 14   
  Inferior sinus venosus ASD , 93, 96   
  Inferior vena cava (IVC) , 6, 11–14, 16, 24, 33, 34, 41, 53, 93, 203, 

209, 255  
 azygous continuation , 209  
 azygous interruption , 209  
 blood returns , 209  
 hemiazygous continuation, left sided , 209  
 interruption , 41  
 persistent left SVC , 209  
 right-sided SVC , 209  
 routes , 209   

  Inferior ventricular vein , 20   
  Infundibular anatomy , 55   
  Infundibular muscular obstruction , 133   
  Infundibular or pulmonary valve atresia , 227   
  Infundibular pulmonic stenosis , 227   
  Infundibular septum , 16   
  Infundibular stenosis , 131–134  

  fi rst type , 132  
 forms , 132  
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 long-term complications , 134  
 muscle bands treatment , 134  
 nonmuscular causes , 134  
 second type , 132  
 surgical intervention , 134   

  Infundibular ventricular septum , 8   
  Infundibulum , 8, 16, 17   
  Inlet interventricular septum , 7   
  Innominate arteries , 162, 193   
  Innominate vein , 211, 213   
  Interatrial baf fl es , 209   
  Intercaval area , 14   
  Intercostal arteries , 152, 198   
  Interlea fl et triangle(s) , 15, 17   
  Internal thoracic (mammary) arteries , 152, 193, 198   
  Interrupted aortic arch , 154–156, 234, 235, 237, 238, 241, 243, 329–331  

 aortopulmonary window , 155  
 association , 154  
 coarctation form , 154  
 collateral circulation , 155  
 computed tomography assessment , 155, 157  
 hypoplastic segment , 157  
 interrupted arch include , 155  
 interruption site , 154  
 large patent ductus arteriosus , 155  
 mortality , 155  
 neonate , 155  
 respiratory distress , 155  
 surgical techniques , 155  
 transverse arch interruption , 155  
 type A , 154  
 type B , 154  
 type C , 154   

  Interrupted inferior vena cava , 257, 258  
 azygous continuation , 211   

  Intersegmental artery(ies) , 9, 10   
  Interventricular communication, unrestrictive , 219   
  Interventricular components , 15, 16   
  Interventricular connections, morphology , 237   
  Interventricular septum , 7–8, 16  

 muscular , 7   
  Intracavitary coronary artery course , 197   
  Intracranial aneurysms , 152   
  Intracranial bleeding , 170   
  Intrapulmonary baf fl e , 191   
  Intrathoracic cyst , 342   
  Intraventricular repair , 235   
  Isolated mitral cleft  .  See  Congenital mitral valve cleft  
  Isomerism, ambiguous situs , 41  

 characterization , 41  
 left , 41  
 right , 41   

  Isthmus , 13, 221   
  Iterative reconstruction , 63   
  IVC  .  See  Inferior vena cava (IVC)   

  J 
  Jatene arterial switch procedure , 221, 224, 283, 284, 307  

 complications , 221, 286   
  Joint laxity , 170   
  Juxta-arterial VSD , 229    

  K 
  Kartagener syndrome , 258  

 bronchiectasis , 258  

 chronic sinusitis , 258  
 ciliary dyskinesia , 258  
 situs inversus , 258   

  Kawashima procedure , 209, 259, 289–298  
 complications , 297   

  Koch triangle , 14   
  Krichenko classi fi cation 

 type A, patent ductus arteriosus (PDA) , 148  
 type B, patent ductus arteriosus (PDA) , 149    

  L 
  Lateral Fontan circulation , 220   
  Lateral tunnel Fontan , 219, 290, 291, 293, 305   
  Lateral tunnel procedure , 291   
  L-bulboventricular loop (L-loop) , 5, 8, 55   
  LCX  .  See  Left circum fl ex artery (LCX)  
  LDS  .  See  Loeys-Dietz syndrome (LDS)  
  Lecompte , 301   
  Lecompte maneuver , 237, 283   
  Left and right ventricular dysfunction , 231   
  Left anterior descending artery (LAD) , 12, 19, 183, 184, 197  

 diagonal branches , 19  
 interventricular groove , 19  
 interventricular septum , 19  
 posterior descending artery , 19  
 septal perforator branches , 19   

  Left aortic arch , 43, 158  
 aberrant right subclavian artery , 158–160  
 arch anomaly , 160  
 association , 160  
 atherosclerotic changes , 158  
 brachiocephalic artery , 43  
 congenital abnormality , 158  
 dilatation , 158  
 diverticulum of Kommerell , 158, 160  
 intramural thrombus , 158  
 left aortic arch , 159, 160  
 left common carotid artery , 43  
 left subclavian artery , 43  
 proximal to distal order of branching , 158  
 rare left aortic arch anomalies , 160  
 retroesophageal course , 160  
 right artrial duct/ligament , 160  
 right descending aorta , 160  
 right subclavian artery (RSA) , 159  
 rograde  fl ow , 160  
 subclavian artery isolation , 160  
 vascular ring , 160   

  Left arterial duct/ligament , 162   
  Left atrial appendage (LAA) , 12, 14, 20–22, 52, 255   
  Left atrial isomerism , 254, 259   
  Left atrial outlet obstructive lesions , 211   
  Left atrial pouch , 32   
  Left atrioventricular grooves , 19, 20   
  Left atrium (LA) , 7, 11–14, 16, 17, 20, 21, 24, 25, 28, 30–32, 40, 52, 

54, 206  
 appendage , 14  
 atrial differentiation , 41  
 distinctive features , 41  
 great cardiac vein , 19, 20  
 left atrial appendage , 52  
 morphologic left ventricle , 43  
 oblique vein , 19  
 venous component , 14   

  Left brachiocephalic vein , 206, 209   
  Left cardinal system , 203   
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  Left carotid artery , 162   
  Left circum fl ex artery (LCX) , 19, 183   
  Left common carotid artery (LCCA) , 10, 18, 205   
  Left coronary arteries (LCA) , 18   
  Left coronary sinus , 18, 19  

 abnormal origin of right coronary artery (RCA) from , 190   
  Left dominance , 18   
  Left external carotid artery (LECA) , 10   
  Left handed sinus , 222   
  Left inferior pulmonary vein , 14   
  Left innominate artery , 160, 162   
  Left innominate vein , 205   
  Left internal carotid artery (LICA) , 10   
  Left isomerism , 41, 42, 44, 45, 53, 221, 255, 259   
  Left lower pulmonary vein (LLPV) , 12, 25   
  Left main bronchus , 203   
  Left main coronary artery (LMCA) , 12, 18, 19, 185, 235  

 commissural origin o , 187  
 common trunk , 183  
 diagonal arteries , 183  
 dominance , 19  
 left aortic sinus of Valsalva , 183  
 obtuse marginal arteries , 183  
 ramus intermedius artery , 183   

  Left main coronary artery (LMCA), at non-coronary sinus , 192   
  Left marginal vein , 20   
  Left middle pulmonary vein , 14   
  Left out fl ow tract obstruction , 125, 250   
  Left pulmonary artery (LPA) , 10, 12, 18, 24, 56, 157  

 absence , 230   
  Left pulmonary vein ostia , 14   
  Left pulmonary veins , 7, 11, 14, 203   
  Left-sided liver , 256   
  Left-sided spleens , 257   
  Left-sided superior vena cava , 258   
  Left subclavian artery (LSA) , 10, 18, 158, 162   
  Left superior intercostal vein , 209   
  Left superior vena cava , 20, 203   
  Left-to-right shunt , 198, 203, 209, 221, 245   
  Left upper pulmonary vein (LUPV) , 12, 20, 22, 25   
  Left ventricle (LV) , 4, 12, 16, 17, 20–22, 28, 30, 33, 41, 52, 193, 198  

 alphanumeric nomenclature , 17  
 anterior , 17  
 aorta , 43  
 aortic-mitral  fi brous continuity , 41  
 aortic root , 18  
 apical , 17  
 apical component , 17  
 characteristics , 42  
 diverticulum , 27–28  
 D-loop , 54  
 features , 54  
 free wall 

 left ventricular noncompaction , 31  
 papillary muscle attachment , 31  
 papillary muscles , 31  
 trabeculae carneae , 31  

 great cardiac vein , 20  
 inlet portions , 17  
 internal trabeculae , 42  
 L-loop , 54  
 morphology , 218  
 normal trabeculation , 79  
 normal variant trabeculations , 79  
 out fl ow tract , 17  
 outlet component , 17, 18, 41  

 papillary muscles , 54  
 posterior , 17  
 17 segment model , 17  
 trabeculations , 30, 42   

  Left ventricle-to-pulmonary out fl ow tract closure , 237   
  Left ventricular hypertrophy (LVH), systemic diseases associated , 83   
  Left ventricular in fl ow development , 6   
  Left ventricular myocardial hypertrophy , 125   
  Left ventricular non compaction (LVNC) , 77–80  

 CT  fi ndings , 77  
 differential diagnoses , 79–80  
 MRI criteria , 77   

  Left ventricular opaci fi cation , 61   
  Left ventricular out fl ow development , 6   
  Left ventricular out fl ow tract , 8, 17   
  Left ventricular out fl ow tract abnormalities , 121–128   
  Left ventricular out fl ow tract obstructions (LVOT) , 125, 154, 247, 248, 

250, 299   
  Left ventricular thrombus , 80   
  Leiden convention , 18, 248, 249  

 coronary sinus nomenclature , 222   
  Levoatrial cardiac vein , 211   
  Levocardia , 39   
  Levo-looped ventricles , 246   
  Levo (L)-transposition  
  Levo-or L-TGA , 246   
  Levo-transposition of the great arteries (L-TGA) , 51, 55, 222, 224  

 classic L-TGA , 222  
 complications of uncorrected L-TGA , 224  
 heart failure , 224  
 incidence , 222  
 morphologic left ventricle , 222  
 outlet types , 223  
 presenting  fi ndings , 224  
 sinus 1 , 222  
 sinus #1 , 222  
 sinus 2 , 222  
 sinus #2 , 222  
 surgical treatment , 224  
 TGA-I,D,D , 222  
 TGA-S,L,D , 222  
 TGA-S,L,L , 222  
 tricuspid regurgitation , 224  
 tricuspid valve replacement , 224   

  Levoversion , 39   
  Ligamentum arteriosum , 18, 152, 162, 163   
  Ligation , 198   
  Lipomas , 72   
  Lipomatous hypertrophy, interatrial septum , 71   
  L-malformation of the great vessels (L-MGA) , 51, 55   
  L-malposition of the great arteries (L-MGA) , 48   
  Loeys-Dietz syndrome (LDS) , 170, 171, 173  

 abdominal arterial aneurysms and/or dissections , 170  
 aneurysms , 170  
 autosomal dominant genetic syndrome , 170  
 cardiovascular  fi ndings , 170  
 cardiovascular history , 170  
 cerebral , 170  
 classic  fi ndings , 170  
 CT , 170  
 dissected aorta , 170  
 easy bruising , 170  
 rupture , 170  
 skeletal abnormalities , 170  
 surgical intervention , 170  
 survival , 170  
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 TGFBR1 , 170  
 TGFBR2 , 170  
 thoracic , 170  
 type I, craniofacial manifestations , 170  
 type II, cutaneous manifestations , 170  
 vascular manifestations , 170, 171  
 velvety and translucent skin , 170  
 wide atrophic scars , 170   

  Looped cardiac tube, inlet , 6   
  Looping abnormalities 

 great artery transformations , 5  
 ventricular transformations , 5   

  Looping development , 5–7   
  Looping pattern(s) , 4, 5   
  LSVC  .  See  Persistent left superior vena cava (LSVC)  
  L-transposition of the great arteries (L-TGA) , 9, 48, 218, 219   
  Lutembacher syndrome , 91   
  LVOT  .  See  Left ventricular out fl ow tract obstructions (LVOT)   

  M 
  Main pulmonary artery (MPA) , 10, 12, 14, 16, 18, 20, 22, 24, 56  

 ALCAPA , 192  
 anomalous pulmonary origin, LMCA , 192   

  Major aortopulmonary collateral arteries (MAPCAs) , 139–143, 227, 
229, 240–241  

 bronchial arteries , 141  
 stenosis , 141   

  Malalignment (perimembranous) ventricular septal defect (VSD) , 
227–229   

  Malformed atrioventricular connection , 217   
  Malignant interarterial course , 199   
  Malposition of the great arteries , 55, 232   
  MAPCAs  .  See  Major aortopulmonary collateral arteries 

(MAPCAs)  
  Marfan patients , 170   
  Marfan syndrome , 167, 170, 171, 173, 175  

 aortic aneurysms , 170  
 aortic annulus , 170  
 aortic root dilatation , 170  
 aortic rupture , 170  
 aortic valve replacement , 175  
 association , 170  
 clinical characteristics , 170  
 dissection , 170  
 lens dislocation , 170  
 main pulmonary artery dilatation , 170  
 pectus carinatum , 170  
 pectus excavatum , 170  
 prevalence , 170  
 risk of rupture , 170  
 sinotubular junction , 170  
 type A dissection , 175   

  Marshall vein , 20   
  Medial papillary muscle , 16   
  Mediastinal shift , 198, 203   
  Melody valve , 317   
  Membranous septum , 8, 15–17   
  Membranous septum aneurysm , 248   
  Mesocardia , 39, 257  

 D-loop , 39  
 heterotaxy syndromes , 39  
 L-loop , 39   

  Middle cardiac vein , 20   
  Mitral annular calci fi cation , 170   
  Mitral-aortic continuity , 15   
  Mitral arcade , 116   

  Mitral isthmus , 14   
  Mitral stenosis , 235   
  Mitral valve (MV) , 8, 15, 17, 21, 23, 54  

 abnormalities , 157  
 annulus , 14, 16, 17  
 anomalous chordal attachment , 248  
 anterior lea fl et , 54  
 cleft , 117, 119  
 inlet component , 17  
 lea fl ets , 17  
 septal lea fl et , 54  
 vestibule , 14   

  Mitral valve insuf fi ciency, lesions associated , 116–119   
  Mitral valve obstruction, lesions associated , 114–116   
  Mitral valve prolapse (MVP) , 96, 116–118, 170  

 de fi ned , 116  
 types , 117   

  Mitral valve stenosis , 339   
  Modi fi ed Bentall procedure, alternative surgery , 175   
  Modi fi ed Blalock–Taussig (MBT) shunt , 222, 269   
  Modi fi ed David reimplantation operation , 175   
  Monophasic injections , 61   
  Mori classi fi cation , 150   
  Morphologic left atria/um , 5, 41   
  Morphologic left ventricles , 217, 246   
  Morphologic right atrium , 5, 255   
  Morphologic right ventricles , 217, 232, 246   
  Multiple aortopulmonary collateral vessels , 230   
  Muscular bridging , 196   
  Muscular conus , 224   
  Muscular infundibulum , 15, 22   
  Muscular outlet septum , 229   
  Muscular subaortic conus , 246   
  Muscular ventricular septal defects , 8, 27, 100  

 occluder , 263  
 Mustard procedure, 224 , 247, 275–282, 307  
 atrial baf fl e technique , 307, 308  
 operation , 276   

  Myocardial bridges , 29, 184, 196, 200  
 super fi cial , 197   

  Myocardial fat 
 differential diagnosis , 69  
 physiologic , 69   

  Myocardial infarction , 197, 198  
 fatty in fi ltration , 70  
 prevalence , 70   

  Myocardial ischemia , 137, 183, 196–198    

  N 
  Neoaorta , 128   
  Nikaidoh procedure , 301   
  Noncon fl uent arteries , 139   
  Non-coronary aortic lea fl et , 17   
  Non-coronary aortic valve lea fl ets , 15   
  Non-ECG-synchronized CTA, acquisition protocols , 62   
  Non-restrictive VSDs , 103, 229   
  Nonruptured sinus of Valsalva aneurysm , 168   
  Noonan syndrome , 131, 134   
  Normal situs , 218   
  Norwood operation/procedures , 127, 128, 323–328  

 complication , 328  
 computed tomography , 328  
 stage III modi fi cation , 324, 327  
 stage II modi fi cation , 324, 327  
 stage I modi fi cation , 323–325    
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  O 
  Obligatory atrial or ventricular septal defect , 246   
  Obligatory persistent arterial duct , 154   
  Oblique cardiac vein , 20   
  Oblique sinus(es) , 11, 13   
  Obtuse marginal arteries , 183   
  Obtuse marginal vein , 20   
  Occluder devices , 96   
  Ocular hypertelorism , 170   
  Olmsted County study , 123   
  Omphalomesenteric veins , 3   
  Orthotopic heart transplantation , 127   
  Ostial coronary stenosis , 125   
  Ostium primum , 92, 107, 108  

 atrial septal defect , 6, 258   
  Out fl ow tract abnormalities , 235   
  Outlet septum  .  See  Infundibular septum  
  Oval foramen , 7   
  Overriding aorta , 227–229, 231, 232  

 pulmonary artery, VSD , 232    

  P 
  Padding , 63   
  Papillary muscles (PMs) , 16, 17, 23  

 left ventricle , 41  
 membranous septum , 42  
 mitral valve apparatus , 41  
 tricuspid valve apparatus , 41, 42   

  PAPVR  .  See  Partial anomalous pulmonary venous return (PAPVR)  
  Parachute mitral valve , 116, 152  

 asymmetric , 116, 117   
  Paradoxical embolization , 264   
  Parasagittal planes , 157   
  Parietal serous layers , 11   
  Partial anomalous pulmonary venous return (PAPVR) , 41, 93, 203, 

257, 258  
 associated  fi ndings , 99   

  Partial anomalous venous drainage , 173   
  Partial pericardial absence , 339–341   
  Patch closure of the VSD , 243   
  Patch enlargement of the RVOT , 229   
  Patent ductus arteriosus (PDA) , 124–127, 136, 139, 141, 147, 152, 

178, 221, 231, 241, 245, 247, 250, 263, 339  
 aortic ampulla , 148  
 associations , 147  
 classi fi cation , 149  
 clinical features , 148  
 closure procedures , 147, 149, 150  
 computed tomography assessment , 150  
 de fi nition , 147  
 diverticulum , 149  
 ductus size and morphology , 149  
 endarteritis , 148  
 epidemiology , 147  
 interventions , 148–149  
 Krichenko classi fi cation , 149  

 type A , 148  
 type B , 149  

 morphology , 147   
  Patent foramen ovale (PFO) , 94, 98, 99, 111, 263, 264  

 prevalence , 94  
 types , 94   

  PDA  .  See  Patent ductus arteriosus (PDA); Persistent ductus 
arteriosus (PDA)  

  Pectinate muscles , 13, 14, 21   

  Pectus carinatum , 170   
  Pectus excavatum , 170, 175   
  Percutaneous balloon angioplasty , 329   
  Percutaneous balloon pulmonary valvotomy , 131   
  Percutaneous closures , 99, 263–268  

 AMPLATZER occlusion devices , 263  
 coils , 263  
 complications , 267  
 methods , 263  
 perimembranous VSD , 267   

  Percutaneous valve replacement , 131   
  Percutaneous valvotomy , 137   
  Pericardial cavity , 11   
  Pericardial cysts, congenital , 342–343  

 atypical chest pain , 342  
 cardiac tamponade , 342  
 cardiophrenic mass , 343  
 incidence , 342  
 intra-pericardial rupture , 342  
 life threatening complications , 342  
 right cardiophrenic angle cystic mass , 342  
 treatment , 342   

  Pericardial diverticulum , 342   
  Pericardial effusion , 198   
  Pericardial sac , 11   
  Pericardiectomy , 339   
  Pericardioplasty , 339   
  Pericardium , 11, 18  

 congenital absence , 339–343  
 associated abnormalities , 339  
 complications , 339  
 diagnostic feature , 339  
 focal pericardial defect , 341  
 left sided absence , 339  
 levocardia , 339  
 pericardial defects , 339  
 prognosis , 339  
 tricuspid insuf fi ciency , 339  

  fi brous , 18   
  Perimembranous VSDs , 8, 103, 227   
  Peripheral pulmonary artery stenosis , 227   
  Persistent ductus arteriosus (PDA) , 218, 229, 235, 241   
  Persistent  fi fth aortic arch , 165  

 accompanied, congenital heart malformations , 165  
 two variants , 165   

  Persistent left superior vena cava (LSVC) , 93, 203, 210  
 course , 210  
 reimplantation , 209  
 surgical intervention , 209  

 atrial baf fl e , 209  
 ligation , 209   

  Phrenic arteries , 198   
  Pig bronchus , 178   
  Pitch , 61, 62  

 high-pitch mode , 62   
  Polysplenia , 41, 107, 256, 257  

 characteristics , 257  
 congenital heart disease, association , 258  
 duplication of left-sided structures , 257  
 horizontal liver , 257, 258   

  Portal vein , 203, 205   
  Postductal aortic coarctation , 153   
  Postductal coarctation , 126, 152   
  Posterior descending coronary artery (PDA) , 12, 18, 19, 183   
  Posterior interventricular vein , 20  

 septal branches , 19   
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  Posterior lea fl et , 16, 17   
  Posterior malalignment, outlet septum , 248   
  Poststenotic dilatation , 134   
  Potts shunts , 231, 269–273  

 classic , 311  
 complication , 272  
 modi fi ed , 311   

  Preductal coarctation , 152, 153   
  Primary atrial foramen , 7   
  Primary atrial septum , 7   
  Primary coarctation , 329   
  Primary infundibular stenosis , 132   
  Primitive atrium , 3, 6   
  Primitive cardiac tube , 3, 5  

 atria , 3  
 bulbus cordis , 3  
 conus , 3  
 truncus arteriosus , 3  
 ventricle , 3   

  Primitive heart , 3  
 bulboventricular segments , 3  
 cardiac tube , 3, 5  
 dextra/D-loop , 4  
 differential migration , 4  
 levo/L-loop , 4  
 looping , 4  
 primordial cardiac cells , 4  
 tube , 4   

  Primitive interventricular septum, cardiac tube looping , 7   
  Primitive right ventricle , 4   
  Primitive streak stage , 3   
  Primitive ventricle , 3   
  Primitive ventricular septal defect , 6, 7   
  Primitive ventricular septum , 7, 8   
  Primum atrial septal defects , 91–92, 94, 99  

 results from , 92   
  Prosthetic aortic valve , 175   
  Protein-losing enteropathy , 221, 296   
  Pseudoaneurysm , 333   
  Pseudocoarctation , 155, 156   
  Pseudotruncus arteriosus , 138, 241   
  Pulmonary and aortic out fl ow tracts obstructions , 235, 237   
  Pulmonary anomalies , 141   
  Pulmonary arterial con fl uence , 143   
  Pulmonary arterial hypertension , 203   
  Pulmonary arteries-to-pulmonary homograft connection , 244   
  Pulmonary arteriovenous malformations , 221   
  Pulmonary artery (PA) , 4, 8, 9, 11, 24, 162, 198, 237  

 absence , 230  
 atresia , 162  
 banding , 222, 235, 244, 273, 323  
 bronchial artery collateral vessels , 177  
 complication , 273  
 diagnosis , 179  
 dilatation , 170  
 distal , 8  
 distortion , 231  
 idiopathic dilatation , 179  
 interruption , 177  
 left , 43  
 main pulmonary artery , 179  
 mediastinal shift , 177  
 multiple aortopulmonary collateral arteries , 177  
 proximal interruption , 8, 177  
 right and left pulmonary arteries , 43, 179  
 secondary causes , 179   

  Pulmonary artery anomalies , 176–179  
 ascending aorta , 176  
 associated  fi ndings , 176, 177  
 bronchial and transpleural collateral 

arteries , 176, 177  
 chest radiographs , 176, 177  
 clinical attention , 176  
 collateral arteries , 177  
 congenital anomalies , 176  
 contrast-enhanced CT , 177  
 dyspnea , 176  
 Fallot tetralogy , 176  
 hemoptysis , 177  
 intercostal , 177  
 left main bronchus , 176  
 lobar branches , 176  
 main pulmonary artery , 176  
 mammary (internal thoracic) , 177  
 patent ductus arteriosum , 176  
 proximal interruption , 176–177  
 recurrent pulmonary infections , 176–177  
 right aortic arch , 176  
 right-sided pulmonary artery interruption , 176  
 septal defects , 176  
 subclavian and/or innominate arteries , 177  
 systemic collateral vessels , 176, 177  
 systemic-to-pulmonary arterial shunting , 177   

  Pulmonary artery shunts, systemic vein to , 289–298   
  Pulmonary artery sling , 177–179  

 anomaly , 177  
 bronchial obstruction , 178  
 complete tracheal rings , 178  
 compressive effect , 177  
 contrast-enhanced CT , 178  
 double outlet right ventricle , 178  
 dynamic CT , 178  
 esophagus , 178  
 left pulmonary artery , 177, 178  
 long-segment distal tracheal narrowing , 178  
 posterior membranous component , 177  
 right main bronchus , 177  
 right pulmonary artery , 177, 178  
 sling , 177  
 trachea , 177  
 tracheal or bronchial stenosis , 177  
 tracheobronchial narrowing , 178   

  Pulmonary artery stenosis , 9, 223, 227   
  Pulmonary artery translocation , 237   
  Pulmonary atresia , 135–137, 147  

 biventricular and one-and-a-half-ventricle repair , 137  
 cardiac computed tomography (CT) , 138  
 clinical  fi ndings , 136  
 coronary steal-like phenomenon , 136  
 de fi nition , 135  
 early survival , 136  
 hypoplastic chamber , 135  
 infundibulum , 135  
 intact ventricular septum , 136–138  
 with intact ventricular septum , 217  
 morphology , 135–136  
 mortality , 136  
 one-and-a-half-ventricle approach , 136  
 outcomes and complications , 137–138  
 postoperative complications , 138  
 prevalence , 135  
 procedure-related complications , 136  
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 Pulmonary atresia  (cont.)  
 right ventricular morphology , 135  
 stenting , 137  
 surgical repair , 136–137  
 univentricular and one-and-a-half-ventricle repair , 137  
 univentricular approach , 137  
 ventriculocoronary connections , 136  
 with VSD , 227   

  Pulmonary atresia with ventricular septal defect (PA-VSD) , 
138–145, 241  

 anomalies associated , 141  
 atrioventricular and ventriculoarterial connections , 141  
 classi fi cation , 139  
 clinical features , 142  
 computed tomographic evaluation , 142–145  
 de fi nition , 138  
 double-outlet left ventricle , 141  
 double-outlet right ventricle , 141  
 heterotaxy , 141  
 interrupted inferior vena cava , 142  
 interventions , 142  
 late postoperative complications , 142  
 left-sided or bilateral superior venae cavae , 142  
 long-term survival , 142  
 morphology , 138–141  
 noncon fl uent right and left pulmonary arteries , 139  
 outcomes and complications , 142  
 partial or total anomalous pulmonary venous , 142  
 postoperative complications , 143  
 right-sided aortic arch , 142  
 surgical intervention , 142  
 surgical treatment , 142  
 systemic venous systems , 141  
 transposition of great arteries , 141  
 type A , 139  
 type B , 139, 140  
 type C , 139, 140  
 unifocalization procedure , 142   

  Pulmonary homograft , 244, 319   
  Pulmonary homograft replacement , 131   
  Pulmonary hypertension , 99, 179, 198, 231, 235, 269   
  Pulmonary lea fl et , 16   
  Pulmonary out fl ow tract obstruction , 221, 237  

 clinical course , 221  
 valvular , 221   

  Pulmonary overcirculation , 221  
 clinical manifestation , 237   

  Pulmonary regurgitation , 231   
  Pulmonary roots , 18, 237  

 translocation , 237   
  Pulmonary sinuses , 190   
  Pulmonary stenosis , 221, 229, 232, 234   
  Pulmonary trunk , 8–9, 16   
  Pulmonary trunk banding , 259   
  Pulmonary valve (PV) , 8, 16, 18, 22, 24, 231  

 lea fl ets , 15, 16  
 left coronary lea fl ets , 18  
 right coronary lea fl ets , 18   

  Pulmonary valve abnormalities , 131–135  
 infundibular , 131  
 subvalvular , 131  
 supravalvular , 131  
 valvular , 131   

  Pulmonary valve dysplasia , 131   
  Pulmonary valve regurgitation , 131   

  Pulmonary valve stenosis , 229   
  Pulmonary valvotomy , 136   
  Pulmonary varix , 203, 207  

 contrast-enhanced computed tomography , 207  
 varicosity , 207   

  Pulmonary vascular obstruction , 250   
  Pulmonary vascular resistance , 205   
  Pulmonary vasculature, morphological changes , 148   
  Pulmonary veins (PV) , 6, 14, 21, 25, 203  

 anomalous left upper lobe , 203  
 anomalous right upper lobe , 203  
 morphology , 207  
 stenosis , 279   

  Pulmonary venous anatomy , 207   
  Pulmonary venous anomalies , 203  

 corrective , 203  
 repair , 205  
 spectrum , 203  
 surgical strategy , 203  
 systemic vein translocation , 205  
 upper lobe PAPVR , 205   

  Pulmonary venous anomalous , 41   
  Pulmonary venous drainage , 177, 205   
  Pulmonary venous hypertension , 206   
  Pulmonary venous obstruction , 205  

 outcome , 259  
 survival rate , 259   

  Pulmonary venous ostia , 14   
  Pulmonary venous stenosis , 203, 207  

 complications , 207  
 diffuse , 207  
 diffuse pulmonary vein hypoplasia , 207  
 leak , 207  
 long segmental , 207  
 ostial , 207  
 patch augmentation , 207  
 repair , 207  
 short segmental , 207  
 stenosis , 207  
 stent , 207  
 venous obstruction , 207   

  Pulmonic valvular stenosis , 179    

  Q 
  Quadricuspid aortic valve , 124, 131  

 CT , 124  
 regurgitation , 124  
 stenosis , 124   

  Quadricuspid pulmonic valve , 133    

  R 
  Ramus intermedius artery , 19, 183  

 diagonal branch , 19  
 obtuse marginal branch , 19   

  Rastelli classi fi cation , 107  
 Type A , 107  
 Type B , 107  
 Type C , 107   

  Rastelli conduit , 237   
  Rastelli, G.C. , 299   
  Rastelli operations , 250   
  Rastelli procedure , 224, 237, 243, 299–301, 307  

 cardiac computed tomography , 301  
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 complications , 250, 301  
 indication , 299  
 survival , 301   

  RCA collaterals , 195   
  Recurrent coarctation , 329–332, 334  

 surgical repair , 332   
  Reimplantation , 207   
  Repaired AVSD , 108   
  Repair of anomalous left upper lobe venous return , 207   
  Réparation à l’Etage Ventriculaire (REV) procedure , 301   
  Reparative surgery , 250   
  Residual aortic and pulmonary out fl ow tract 

obstruction , 238   
  Residual coarctation , 332   
  Residual interventricular communication , 238   
  Residual/recurrent out fl ow tract obstructions , 237   
  Residual/recurrent VSD , 231, 237   
  Residual subvalvular stenosis , 228   
  Restrictive ventricular septal defect , 219   
  Restrictive VSDs , 103   
  Retroaortic course , 188, 191   
  Retroaortic innominate vein , 211, 213   
  Retroesophageal aorta , 163   
  Retrospective ECG-gated data acquisition , 121   
  REV procedure  .  See  Réparation à l’Etage Ventriculaire (REV) 

procedure  
  Rib notching , 152, 157   
  Right pulmonary veins , 7   
  Right aortic arch , 158, 230, 238, 250  

 aberrant innominate artery , 162  
 aberrant left subclavian artery , 162, 163  

 descending aorta , 162  
 diverticulum of Kommerell , 162  
 ductus ligament , 162  
 left common carotid artery , 162  
 left-sided arterial duct , 162  
 left subclavian artery , 162  
 the right arch , 162  
 right common carotid artery , 162  
 right subclavian artery , 162  
 vascular ring , 162  

 aberrant retroesophageal left subclavian 
artery , 162  

 aberrant right subclavian artery , 163  
 and aortic root dilatation , 230  
 arch anomaly , 162  
 arch vessels isolation , 163  
 common associated anomalies , 160  
 contralateral arch vessel isolation , 162  
 diverticulum of Kommerell , 162, 163  
 heart disease association , 160  
 left carotid , 162  
 left innominate artery , 162  
 left subclavian , 162  
 left subclavian artery isolation , 162–163  
 mirror-image branching , 160–162  
 rare right aortic arch anomalies 

 arch anomaly , 162  
 left arterial duct/ligament , 162  
 left descending aorta , 162  
 vascular ring , 162   

  Right atrial appendage (RAA) , 13, 14, 16, 20, 41, 52   
  Right atrial enlargement , 99   
  Right atrial isomerism , 221, 254, 259   
  Right atrioventricular groove(s) , 19, 20   

  Right atrium (RA) , 7, 12–14, 16, 19–21, 24, 33, 34, 40, 41, 52, 
54, 93, 198, 203  

 appendage , 13, 14  
 atrial differentiation , 41  
 crista terminalis , 41  
 morphologic right ventricle , 43  
 right atrial appendage , 52   

  Right carotid artery , 160, 162   
  Right common cardinal system , 205   
  Right common carotid artery (RCCA) , 10, 18   
  Right coronary artery (RCA) , 12, 15, 18–20, 235  

 acute marginal branch , 19  
 conus artery , 183  
 coronary sinus valsalva, left , 187  
 diagonal artery , 183  
 dominance , 19  
 ectasia , 196  
 LM arising from , 185, 187  
 marginal branches , 19  
 ostium , 20  
 posterior descending artery , 183  
 posterolateral branches , 19  
 sinus node artery , 183  
 valsalva, right aortic sinus , 183   

  Right coronary sinus 
 abnormal origin of left circum fl ex artery (LCx) from , 191  
 abnormal origin of left main coronary artery (LMCA) , 188, 189  
 LM arising from , 187   

  Right ductus arteriosus , 147   
  Right external carotid artery (RECA) , 10   
  Right  fi brous trigone , 15, 17   
  Right-handed sinus , 190, 222   
  Right heart failure , 231   
  Right hemitruncus , 245   
  Right internal carotid artery (RICA) , 10   
  Right isomerism , 41, 42, 44, 45, 53, 221, 255  

 aorta , 53  
 vena cava , 53   

  Right lower pulmonary vein (RLPV) , 12, 25   
  Right middle lobe pulmonary vein , 204   
  Right middle lobe venous return , 204   
  Right pulmonary artery (RPA) , 10–12, 18, 24, 40, 56, 157  

 eparterial position , 41  
 hypoarterial position , 41   

  Right pulmonary veins , 11, 14   
  Right-sided aorta , 258   
  Right-sided aortic arch , 229   
  Right-sided ascending aorta , 240   
  Right-sided spleen , 256   
  Right-sided stomach , 256, 258   
  Right subclavian artery (RSA) , 10, 18, 157, 158, 160, 162   
  Right superior vena cava (SVC) , 209   
  Right-to-left shunt , 209   
  Right upper lobe pulmonary vein , 204   
  Right upper pulmonary vein (RUPV) , 12, 20, 25   
  Right ventricle (RV) , 4, 6, 12, 14–17, 19–22, 24, 28, 30, 33, 52, 193, 198  

 apical components , 16, 17  
 apical trabeculations , 41  
 characteristics , 41, 42  
 distinctive features , 16  
 failure , 250  
 fatty in fi ltration , 69  
 features , 54  
 free wall , 16, 19  
 hypertrophy , 227–229  
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 Right ventricle (RV)  (cont.)  
 in fl ow development , 6  
 in fl ow tract , 8  
 infundibulum , 18, 41  
 inlet components , 16  
 inlet portion , 16, 17  
 insertion point , 27  
 internal trabeculae , 42  
 mixing , 232  
 moderator band , 16, 41, 42, 54  
 morphology , 221  
 opaci fi cation , 61  
 out fl ow development , 6  
 outlet portion , 16–18, 41  
 parietal wall , 16  
 pulmonary artery , 43  
 segmental models , 16  
 segments , 16  
 trabeculations , 42   

  Right ventricle-to-coronary artery  fi stulas (sinusoids) , 135   
  Right ventricle to main pulmonary artery conduit , 244   
  Right ventricular out fl ow tract (RVOT) , 8, 12, 19, 22, 131  

 obstruction , 131, 134, 135, 227, 228, 231  
 right-to-left shunting , 231  

 patch , 228   
  Ross procedure , 123, 319–321  

 cardiac computed tomography , 321  
 complications , 321  
 diagram , 320   

  Rudimentary left ventricle , 221   
  Rudimentary right ventricle , 218, 220   
  Rudimentary (incomplete) ventricle , 217   
  RV  .  See  Rudimentary right ventricle (RV)  
  RVOT  .  See  Right ventricular out fl ow tract (RVOT)   

  S 
  Sagittal planes , 157   
  Sagittal reconstructions , 157, 225   
  Sano modi fi cation , 323–328   
  Sano shunt , 324   
  Scimitar syndrome , 203, 205   
  Scoliosis , 170   
  Secondary atrial foramen , 7   
  Secondary pulmonary hypertension , 105   
  Secondary septum , 7   
  Secundum atrial septal defects (ADSs) , 6, 91–94, 96, 99, 111, 264  

 common associations , 91   
  Segmental anatomy , 246   
  Semilunar lea fl et attachments , 18   
  Semilunar valves , 8, 18   
  Senning baf fl e , 275–282   
  Senning operation , 224   
  Senning procedure , 307   
  Septal band , 16   
  Septal defects , 91–109, 203   
  Septal hypertrophy , 125, 248   
  Septal isthmus , 14   
  Septal lea fl et , 16   
  Septal occluder devices , 104, 263   
  Septal tissue , 6   
  Septation of the embryonic truncus arteriosus , 238   
  Septomarginal trabeculations (SMT) , 16, 229   
  Septoparietal trabeculae , 227   
  Septum , 7, 8  

 out fl ow , 7  

 primum , 6, 91  
 secundum , 6, 91–94   

  Serous pericardium, parietal layer , 11   
  Severe aortic coarctation , 243   
  Shone’s complex , 115, 116, 152   
  Shone syndrome , 121   
  Short-segment obstruction, de fi nition , 125   
  Short-segment subaortic stenosis , 125   
  Single arterial trunk , 238   
  Single atrioventricular valve , 102   
  Single atrium ASD , 6   
  Single common ventricle , 219   
  Single coronary artery , 196  

 anomalous 
 type 1 criteria , 195  
 type 2 criteria , 195  

 coronary anomalies , 195  
 great arteries, transposition , 195  
 incidence , 195  
 left main and RCA , 195  
 normal LCA, course , 195  
 normal RCA, course , 195  
 single artery system , 195   

  Single left coronary artery , 235   
  Single right coronary artery , 235   
  Single truncal valve , 238, 240   
  Single (dominant) ventricle , 217, 221, 235, 237  

 indeterminate , 217  
 left , 217  
 morphology , 217  
 right , 217   

  Single-ventricle physiology , 108   
  Single ventricular chamber , 219   
  Sinoatrial node artery , 19   
  Sinotubular junctions , 18  

 of aorta , 185, 186  
 components , 18  
  fi brous interlea fl et triangles , 18  
 root section , 18  
 tubular section , 18   

  Sinus(es) , 18  
 left coronary sinus , 18  
 right coronary sinus , 18   

  Sinuses of Valsalva dilatation , 175   
  Sinus node artery , 13, 183   
  Sinus of Valsalva aneurysm (SVA) , 167  

 aortic insuf fi ciency , 167  
 associated anomalies , 167  
 chest radiography , 167  
 clinical features , 167–169  
 complication , 167  
 heart failure , 167  
 intracardiac rupture , 167  
 left sinus of Valsalva , 167  
 management , 169  
 noncoronary sinus , 167  
 nonruptured , 167  
 operative resection , 169  
 pseudoaneurysm , 169  
 right coronary sinus , 167  
 rupture , 167, 169  
 thrombus , 169  
 ventricular septal defect , 167   

  Sinus venosus , 3, 4  
 ASDs , 6, 91, 93, 95–97, 204  
 atrial sidedness , 3–5, 204  
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 dorsal structures , 4  
 inferior , 93, 96  
 superior , 93, 96  
 treatment of , 93   

  Situs abnormalities , 235   
  Situs ambiguity , 40, 41, 246, 253, 255, 257, 258  

 abnormal bilateral symmetry, asymmetric viscera , 256  
 asymmetric viscera , 256  
 concordance , 42  
 discordance , 42  
 duplication , 256  
 heterotaxy syndromes , 256   

  Situs inversus , 39–42, 44, 45, 53, 221, 235, 246, 256  
 atrial situs , 39, 48  
 discordant , 42  
 with D-looping , 4, 5, 39, 42  

 left atrium , 5  
 morphologic atria , 5  
 morphologic left atrium , 5  
 morphologic left ventricle , 5  
 morphologic right atrium , 5  
 morphologic right ventricle , 5  
 right atrium , 5  
 ventricles , 5  

 epiarterial , 255  
 hyparterial bronchus , 255  
 with L-looping , 4, 5, 39, 256  

 atria , 5  
 morphologic left atrium , 5  
 morphologic left ventricle , 5  
 morphologic right atrium , 5  
 morphologic right ventricle , 5  
 ventricles , 5  

 mirror image , 255  
 three-lobed left lung , 255  
 two-lobed right lung , 255   

  Situs inversus totalis  .  See also  Situs, inversus 
 congenital heart disease, association , 258  
 incidence , 258   

  Situs pattern , 5   
  Situs/sidedness , 3–5, 40  

 ambiguous , 40  
 aorta , 41  
 de fi nitions , 40  
 great veins , 41  
 inversus , 40  
 solitus , 40   

  Situs solitus , 4, 39–42, 44, 45, 48, 53, 221, 255  
 bilobed left lung , 255  
 characteristics , 255  
 congenital heart disease, association , 258  
 with D-looping , 4, 5, 255  

 left atrium , 6, 7  
 left-sided atrium , 5  
 morphologic atria , 5  
 morphologic left ventricle , 5  
 morphologic right ventricle , 5  
 morphologic ventricles , 5  
 normal , 5  
 right atrium , 6, 7  
 right-sided atrium , 5  

 epiarterial bronchus , 255  
 great veins , 53  
 hyparterial bronchus , 255  
 incidence , 258  
 with L-looping , 4, 5, 42  

 atria , 5  
 left-sided atrium , 5  
 morphologic left ventricle , 5  
 morphologic right ventricle , 5  
 right-sided atrium , 5  
 ventricles , 5  

 mirror image , 256  
 morphologic atrial sidedness , 4  
 morphologic right atrium , 255  
 morphologic ventricular sidedness , 4  
 trilobed right lung , 255  
 ventricular sidedness , 4   

  Slice collimation , 61–62  
 injection rate , 62   

  Slice thickness , 61–62   
  Small bowel malrotation , 257, 258   
  Small cardiac vein , 20   
  Small midline stomach , 257   
  Solitary arterial trunk , 240   
  Solitary chamber , 217   
  Solitary ventricle , 221   
  Spinal stenosis , 152   
  Spiral septum , 8   
  STARFlex septal occluder , 263   
  Stenosis at the anastomotic site of the pulmonary homograft , 231   
  Stenotic bicuspid aortic valve , 123   
  Stent fracture , 333, 334   
  Stent implantation , 154   
  Stent malposition , 334   
  Stent migration , 333   
  Stent placement , 329–331   
  Sterno-pericardial ligament , 11   
  Straddling , 234   
  Straddling mitral and/or tricuspid valve , 235   
  Straight tube heart  .  See  Primitive heart  
  Subaortic, DOLV , 237   
  Subaortic infundibulum , 246   
  Subaortic membrane , 125   
  Subaortic out fl ow track , 16   
  Subaortic stenosis , 124, 125, 219, 234, 235  

 in adults , 124–125  
 associated defects , 125  
 computed tomography (CT) , 125  
 long-segment obstruction , 125  
 pathology , 125  
 prevalence , 124  
 reoperation rates , 125  
 short-segment obstruction , 125  
 surgical repair , 125   

  Subaortic, VSD , 232   
  Subaortic, VSD-type DOLV , 234, 237   
  Subclavian , 193   
  Subinfundibular pulmonary stenosis , 133   
  Subpulmonary conus absence , 246   
  Subpulmonary infundibulum , 246   
  Subpulmonary out fl ow track , 16   
  Subpulmonary, VSD-type DOLV , 237   
  Subpulmonic conal  fi gurations , 237   
  Subpulmonic VSD , 232, 235   
  Subpulmonic VSD-type double-outlet right ventricle , 

235, 236   
  Subtruncal ventricular septal defect , 240   
  Subvalvular (pulmonic infundibulum) stenosis , 227   
  Sudden cardiac death , 183, 185, 196–198   
  Superdominant RCA , 196   
  Superior cavoatrial junction , 13   
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  Superior cavopulmonary connection , 209   
  Superior pulmonary veins , 11, 14   
  Superior sinus venosus atrial septal defect , 91, 93, 96  

 anomalous vein , 96   
  Superior vena cava (SVC) , 6, 12–14, 16, 18, 20, 24, 34, 41, 93, 198, 

203, 255  
 anomalous , 41  
 morphologic left atrium , 41  
 morphologic right atrium , 41  
 pulmonary vein anomalies , 41  
 pulmonary venous connections , 41  
 right atrial junction , 203  
 sinus venosus ASD , 203   

  Supernumerary arches , 158   
  Supra-aortic stenosis , 126   
  Supracardiac form , 206   
  Supracardiac total anomalous venous return , 208   
  Supracristal VSD , 8   
  Supravalvular aortic stenosis , 125–126  

 CT , 125  
 example , 125   

  Supravalvular mitral ring , 115–116   
  Supravalvular pulmonary stenosis , 134, 193   
  Supravalvular stenosis , 134, 221  

 association , 134  
 obstruction , 134  
 pulmonary supravalvular stenosis , 134  
 stenosis , 134  
 treatment , 134  
 type I , 134  
 type II , 134  
 type III , 134  
 type IV , 134   

  Supraventricular crest , 16   
  Surgical and endovascular treatment , 332   
  Surgical intracardiac connections , 263   
  Surgically closed type 2 VSD , 105   
  Surgical or endovascular repairs , 332   
  SVA  .  See  Sinus of Valsalva aneurysm (SVA)  
  SVC  .  See  Superior vena cava (SVC)  
  “Swiss-cheese” septum , 102   
  Symmetric bilea fl et aortic valve , 123   
  Symptomatic aortic stenosis , 123   
  Systemic and pulmonary venous return , 259   
  Systemic arterial hypertension , 152   
  Systemic collateral vessels , 154   
  Systemic out fl ow obstruction, subvalvular level , 221   
  Systemic-to-pulmonary artery shunt , 222, 231, 258   
  Systemic veins , 203   
  Systemic venous anomalies , 209, 211  

 clinical  fi ndings , 209  
 azygos continuation , 209  
 persistent LSVC , 209  

 major anomalies , 209  
 prevalence , 211   

  Systemic venous baf fl es , 34   
  Systemic venous collateralization , 221    

  T 
  Takeuchi procedure , 191, 193   
  TAPVR  .  See  Total anomalous pulmonary venous 

return (TAPVR)  
  Taussig–Bing anomaly , 234, 235   
  Terminal crest , 13   
  Terminal groove , 13   

  Tetralogy of Fallot (TOF) , 9, 107, 131, 133, 134, 142, 147, 150, 160, 
162, 163, 178, 195, 228–232, 234, 241, 246, 311, 315, 
316, 339  

 atria, morphology and size , 231  
 cardiac computed tomography , 318  
 classic lesions , 311  
 clinical feature , 229, 237  
 complications , 317  
 current treatment , 231, 311  
 de fi nitive repair , 231  
 with double-outlet right ventricle , 227  
 features , 227  
 postoperative complications , 231  
 postsurgical assessment , 232  
 surgical techniques , 229, 311  
 survival , 317   

  TGFBR1  .  See  Transforming growth factor beta receptor 1 (TGFBR1)  
  Thebesian valve , 14   
  Thebesian veins , 19–25   
  Thoracic aortic aneurysms , 170   
  Thoracic aortic dissection , 170   
  Thoracic nomenclature , 40–43   
  Thoracic situs , 40, 41, 52  

 heterotaxy , 255  
 inversus (I) , 41, 255  
 solitus (S) , 255  
 stomach , 255   

  Thoracoacromial arteries , 152   
  TOF  .  See  Tetralogy of fallot (TOF)  
  Torado tendon , 14   
  Total anomalous pulmonary venous drainage , 127   
  Total anomalous pulmonary venous return (TAPVR) , 203, 205  

 anatomy , 205  
 atrial septal defect , 205  
 cardiac subtype , 206  
 classi fi cations , 205  
 clinical  fi nding , 205  
 coronary sinus , 205  
 cyanosis , 206  
 infracardiac type , 206  
 interatrial communication , 207  
 large common supracardiac vein , 208  
 post-surgical complications , 207  
 pulmonary vein stenosis , 207  
 supracardiac , 206  
 surgery , 206  
 surgical options , 206  
 tributaries , 205  
 type II-cardiac level 

 coronary sinus , 205  
 right atrium , 205  

 type III-infracardiac level , 205  
 inferior vena cava , 205  
 tributaries , 205  

 type I-supracardiac level 
 left superior vena cava , 205  
 right superior vena cava , 205  
 tributaries , 205  

 type IV-mixed level , 205  
 venous drainage , 205   

  Total cavopulmonary shunt , 259   
  Tracheal stenosis , 178   
  Transcatheter aortic valve implantation , 121   
  Transcatheter closures , 263  

 AMPLATZER septal occluder , 263  
 secundum ASD , 263   
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  Transcatheter occlusion , 267  
 coils or duct occluder device , 148   

  Transcatheter perforation, pulmonary valve , 136   
  Transforming growth factor beta receptor 1 (TGFBR1) , 170   
  Transient ischemia attacks , 264   
  Transposition of the great arteries (TGA) , 8, 9, 126, 150, 152, 154, 

162, 163, 234, 245–247, 249, 250, 256–257, 273, 275–288  
 abnormal conotruncal rotation , 246  
 anatomic subgroups , 247  
 circulations function in parallel , 246  
 classi fi cation , 248  
 clinical features , 247  
 common variant , 246  
 complication , 283  
 I,L,D , 246  
 I,L,L , 246  
 with intact ventricular septum , 250  
 L-TGA , 224  
 physiologically corrected , 246  
 physiologically uncorrected transposition (D-TGA) , 246  
 prognosis , 250  
 repair , 250  
 S,D,A , 246  
 S,D,D , 246  
 S,D,L , 246  
 surgically uncorrected TGA , 250  
 therapies , 246   

  Transverse liver , 258   
  Transverse sinuses , 11, 13, 17   
  Tricuspic valve atresia , 220   
  Tricuspid aortic valve , 121   
  Tricuspid atresia , 33, 113–114, 152, 162, 178, 292, 293  

 associated defects , 113  
 clinical features , 113  
 complications , 113  
 CT evaluation , 114  
 extra-cardiac associations , 113  
 physiology , 136  
 postoperative CT , 114  
 surgery , 113  
 type I , 113  
 type II , 113  
 type III , 113   

  Tricuspid regurgitation , 224   
  Tricuspid stenosis , 238   
  Tricuspid valve (TV) , 7, 13–16, 21, 22  

 abnormalities , 250  
 annulus , 16  
 atresia , 220, 237  
 hypoplasia , 135  
 vestibule , 13   

  Trisomy 21 syndrome , 92, 100, 107, 134, 160   
  Truncal ridges , 8   
  Truncal semilunar valve , 244   
  Truncoconal formation , 9   
  Truncoconal outlets , 6   
  Truncoconal tube , 6   
  Truncus arteriosus , 3, 5, 6, 8, 9, 150, 162, 195, 232, 238, 240, 241, 243, 245  

 associated anomalies , 245  
 cardiac computed tomography (CT) , 245  
 classi fi cation systems , 238  
 Collett and Edwards type I , 239–241, 243  
 Collett and Edwards type II , 239, 241, 243, 244  
 Collett and Edwards type III , 239, 241  
 surgical complications , 243  
 surgical management , 243, 244, 247  

 surgical repair , 243  
 uniformed classi fi cation , 243  
 unrepaired adults , 243  
 Van Praagh type 1 , 241  
 Van Praagh type A1 , 240, 242  
 Van Praagh type 2 , 243, 244   

  Tubular hypoplasia , 152   
  Turner syndrome , 121, 152, 170, 171  

 association , 173  
 physical abnormalities , 173  
 prevalence, congenital heart disease , 173   

  Two-chambered right ventricle , 227    

  U 
  Uhl anomaly , 73–75  

 incidence , 73  
 partial , 74  
 right-sided heart failure , 73  
 survival , 73  
 treatment , 73  
 Uhl’s syndrome , 111   

  Ullrich–Turner syndrome  .  See  Turner syndrome  
  Umbilicovitelline system , 205   
  Unbalanced AVSD , 108   
  Uncorrected transposition of the great arteries , 247, 248   
  Unicommissural valve , 131   
  Unicuspid acommissural valve , 121   
  Unicuspid aortic valves , 123–124  

 CT , 124  
 unicommissural , 123   

  Unicuspid unicommissural valve , 121   
  Unicuspid valves , 123   .  See also  Unicuspid aortic valve  
  Uni fi ed VSD nomenclature system , 100   
  Unifocalization conduit , 143   
  Unifocalization procedure , 142, 143   
  Univentricular atrioventricular connections , 57   
  Univentricular heart anomalies 

 spectrum , 217   
  Univentricular hearts , 43, 217, 222  

 atrioventricular valve , 43  
 common inlet , 43  
 defects , 221  
 double inlet , 43  
 left single inlet , 43  
 physiology , 128  
 right single inlet , 43  
 single inlet , 43  
 unifying criteria , 217  
 univentricular inlets , 43   

  Univentricular heterotaxy syndrome , 217   
  Univentricular repairs , 235, 259  

 complications , 237   
  Unoperated TOF , 231   
  Unrepaired AVSD , 106, 108   
  Unrepaired perimembranous VSD , 229   
  Unrepaired tetralogy of Fallot , 229   
  Unrepaired univentricular hearts , 221   
  Unroofed coronary sinus , 209  

 ASD , 93, 98  
 type I , 93  
 type II , 93  
 type III , 93  
 type IV , 94  

 closure , 209   
  Untreated coarctation , 154, 156    
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  V 
  Valvular calci fi cations , 122   
  Valvular pulmonary stenosis , 131–133, 135  

 association , 131  
 CT assessments , 135  
 morphologic features , 131  
 surgical intervention , 131   

  Van Praagh classi fi cation , 239, 243   
  Van Praagh nomenclature , 246   
  Van Praagh notation system , 48, 49   
  Vascular anomalies, associatation , 258  

 bilateral superior venae cavae , 257  
 total anomalous venous return , 257   

  Vascular plug occluder , 263   
  Vena/Venae cava , 203, 205  

 obstruction , 279   
  Venous sinus, common , 6   
  Venovenous connections , 294   
  Ventricle(s) , 18, 41  

 aortic , 4–7  
 atrioventricular valves , 41  
 common arterial trunk , 43  
 common trunk , 43  
 D-loop , 42  
 inlet portions , 41  
 L-loop , 42  
 looping process , 4  
 out fl ow tract , 6  
 outlet portions , 41  
 pulmonary trunks , 4  
 solitary arterial trunk , 43  
 subvalvular apparatuses , 41  
 trabecular portions , 41   

  Ventricular development , 4–5   
  Ventricular diverticulum , 27   
  Ventricular in fl ow , 6   
  Ventricular loop , 48, 51, 54  

 bulboventrivular loop , 54  
 bulbus cordis , 54  
 D-loop , 48, 54  
 L-loop , 48, 54  
 orientation , 54  
 R-loop , 54  
 truncus arteriosus , 54   

  Ventricular morphology , 231, 238   
  Ventricular noncompaction , 27   
  Ventricular pre-excitation , 111   
  Ventricular septal aneurysm , 223   
  Ventricular septal defects (VSD) , 6, 7, 99, 100, 125, 127, 133, 141, 

147, 150, 162, 178, 218, 219, 221, 223, 227, 232, 238, 245, 
247, 250, 258, 263  

 AV canal type, type 3 , 99, 100, 102, 107  
 classi fi cation , 102  
 clinical  fi ndings , 102  
 closure , 228, 229, 235, 237, 244  
 complications , 103  
 conal, type 1 , 99–101  
 conoventricular, type 2 , 99–101, 103–105  
 CT evaluation , 101, 105–106  
 de fi nitive repairs , 235  
 endocardial cushion, type 3 , 99, 100, 102, 107  
 Gerbode-type VSD (left ventricle to right atrium  fi stula) , 102  
 infundibular, type 1 , 99–101  

 inlet, type 3 , 99, 100, 102, 107  
 large , 237, 250  
 large nonrestrictive , 250  
 location , 235, 237  
 mechanism of closure , 103  
 muscular, type , 219  
 muscular, type 4 , 100, 102, 243  

 con fl uent type , 100  
 inlet , 100  
 subclassi fi cations , 100  
 trabecular outlet , 100  

 non-restrictive VSDs , 103  
 other associated anomalies , 250  
 outlet , 100  
 paramembranous, type 2 , 99–101, 103–105  
 perimembranous septal defects , 103  
 perimembranous, type 2 , 99–101, 103–105  
 perimembranous VSDs , 103  
 and pulmonary atresia , 141  
 restrictive , 103, 219  
 septal occluder devices , 104  
 size and location , 231  
 subarterial subaortic type , 232, 234  
 subarterial, type 1 , 99–101  
 subpulmonary, type 1 , 99–101  
 supracristal, type 1 , 99–101  
 surgical interventions , 235  
 surgical repair , 104   

  Ventricular septum , 7  
 common ventricle , 8  
 membranous septum , 7, 8  
 muscular septum , 8  
 ventricular cavities , 8   

  Ventricular trabeculations , 27   
  Ventricular wall perforation , 197   
  Ventriculoarterial connections , 47, 51, 57, 219, 222, 232, 235, 

237, 246  
 common arterial trunk , 219  
 concordant , 43, 57, 219  
 discordant , 43, 57  
 discordant/transposition of great arteries , 219  
 double outlet , 57, 219  
 double outlet left ventricle , 43  
 double outlet right ventricle , 43  
 nomenclature , 43, 47  
 single outlet , 57   

  Ventriculoarterial discordance , 250   .  See also  Transposition of the great 
arteries (TGA) 

 magnetic resonance imaging , 250   
  Ventriculoarterial junction(s) , 16–18   
  Ventriculoarterial overriding , 43   
  Ventriculocoronary artery connections , 135, 137   
  Ventriculocoronary artery sinusoids , 136   
  Ventriculo-infundibular fold , 16, 229   
  Vertebral arteries , 152   
  Vertical vein , 203, 206   
  Vestibular component , 14   
  Vieussens valve , 19, 20   
  Viscera, inverted arrangement , 258   
  Visceral heterotaxy , 41, 42   
  Visceral situs , 3, 4, 40, 41, 52  

 atrial sidedness , 4  
 cardiac looping , 42  
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 inversus , 41  
 nomenclature , 40–43   

  Visceroatrial situs , 42, 48, 52–53  
 ambiguous , 52  
 atria , 52  
 concordant , 42  
 discordant , 42  
 heterotaxy , 52  
 inversus , 52  
 left atrial chambers, morphologic right , 52  
 situs , 52  
 solitus , 52   

  VSD  .  See  Ventricular septal defect (VSD)   

  W 
  Warden procedure , 205   
  Waterston–Cooley shunts , 272  

 complication , 272   
  Waterston shunt , 140, 230  

 classic , 311  
 modi fi ed , 311   

  Williams syndrome , 121, 125, 126, 134   
  Windsock deformity , 103, 104    

  Z 
  Z-axis coverage , 62          


	Preface
	Contents
	Part I: Cardiac Embryology and the Normal Heart
	1: Cardiac Embryology
	1.1	 Ventricular Development and Cardiac Looping
	1.2	 Left and Right Ventricular Outﬂow and Inﬂow Development
	1.3	 Formation of the Atrial Septum
	1.4	 Formation of the Atrioventricular Canal and Interventricular Septum
	1.5	 Aortic and Pulmonary Trunk Formation
	1.6	 The Embryologic Development of Great Arteries
	References

	2: The Normal Heart
	2.1	 Right Atrium
	2.2	 Left Atrium
	2.3	 Cardiac Valves
	2.4	 Right Ventricle and Tricuspid Valve
	2.5	 Left Ventricle and Mitral Valve
	2.6	 Ventriculoarterial Junctions and Great Arteries and Semilunar Valves
	2.7	 Coronary Arteries
	2.7.1	 Left Main Coronary Artery
	2.7.2	 Ramus Intermedius Artery
	2.7.3	 Left Anterior Descending Artery
	2.7.4	 Left Circumﬂex Artery
	2.7.5	 Right Coronary Artery

	2.8	 Cardiac Veins
	2.8.1	 Coronary Sinus
	2.8.2	 Great Cardiac Vein
	2.8.3	 Middle Cardiac Vein
	2.8.4	 Oblique Cardiac Vein
	2.8.5	 Small Cardiac Vein
	2.8.6	 Inferior Ventricular Vein
	2.8.7	 Left Marginal Vein
	2.8.8	 Anterior Right Ventricular Veins
	2.8.9	 Thebesian Veins

	References

	3: Normal Anatomic Variants and Imaging Artifacts Mimicking Pathology
	3.1	 Left Ventricular Diverticula
	3.2	 Myocardial Bridging
	3.3	 Left Ventricular Trabeculations
	3.4	 Papillary Muscle Attachment to the Left Ventricular Free Wall
	3.5	 Apical Thinning
	3.6	 Left Atrial Pouch
	3.7	 Contrast Reﬂux into the Inferior Vena Cava
	3.8	 Contrast Mixing
	References


	Part II: Basic Nomenclature and Approach to Evaluating Congenital Heart Disease Imaging
	4: Basic Nomenclature in Adult Congenital Heart Disease
	4.1	 Cardiac Orientation
	4.2	 Nomenclature for Thoracic and Visceral Situs
	4.2.1	 Situs Definitions
	4.2.2	 Definitions for the Atrial Chambers
	4.2.3	 Definitions for Cardiac Ventricles
	4.2.4	 Definitions for Great Arteries

	4.3	 Nomenclature to Describe Connecting Segments
	4.3.1	 Nomenclature for Atrioventricular Connections
	4.3.2	 Nomenclature for Atrioventricular Valvular Connections
	4.3.3	 Nomenclature for Ventriculoarterial Connections

	4.4	 Van Praagh Notation System
	References

	5: Segmental, Sequential Approach to CT Interpretation in Adult Congenital Heart Disease
	5.1	 Assessment of Cardiac Anatomy
	5.1.1	 Step 1: Determination of the Visceroatrial Situs
	5.1.2	 Step 2: Determination of the Orientation of the Ventricular Loop
	5.1.3	 Step 3: Determination of the Spatial Position of the Great Vessels

	5.2	 Assessment of Connecting Segments
	5.2.1	 Ventriculoarterial Connections
	5.2.2	 Atrioventricular Connections

	5.3	 Cardiac Position
	5.4	 Assessment of Associated Malformations
	References


	Part III: CT Imaging Techniques in Adult Congenital Heart Disease
	6: Technical Principles of Computed Tomographic Angiography for Adult Congenital Heart Disease
	6.1	 Contrast Agent Administration
	6.2	 Slice Collimation (Slice Thickness)
	6.3	 Scan Length (Z-Axis Coverage)
	6.4	 ECG-Controlled Tube-Current Modulation
	6.5	 Tube Voltage
	6.6	 Pitch
	6.7	 Non-ECG-Gated Cardiac CTA
	6.8	 ECG-Gated Cardiac CTA
	6.9	 Padding
	6.10	 Iterative Reconstruction
	References		�


	Part IV: Congenital Dysplasias and Cardiomyopathies
	7: Arrhythmogenic Right Ventricular Dysplasia
	7.1	 Imaging Features of ARVD
	7.2	 Differential Diagnosis of Myocardial Fat
	7.2.1	 Right Ventricular Fat Infiltration in Asymptomatic Patients
	7.2.2	 Fatty Infiltration of an Old Myocardial Infarction
	7.2.3	 Lipomatous Hypertrophy of the Interatrial Septum
	7.2.4	 Cardiac Lipomas

	References

	8: Uhl Anomaly
	References

	9: Left Ventricular Noncompaction (LVNC)
	9.1	 Differential Diagnoses of LVNC
	9.1.1	 Normal Variant LV Trabeculations
	9.1.2	 LV Thrombus
	9.1.3	 Endocardial Fibroelastosis

	References

	10: Hypertrophic Cardiomyopathy
	10.1	 Phenotype Analysis
	10.2	 Risk Stratification Criteria
	10.3	 Differential Diagnoses
	References


	Part V: Anomalies with Normal Chamber and Valve Sequence and Position
	11: Septal Defects
	11.1	 Atrial Septal Defects
	11.1.1	 Secundum (Fossa Ovale) ASD
	11.1.2	 Primum ASD
	11.1.3	 Sinus Venosus ASD
	11.1.4	 Unroofed Coronary Sinus ASD
	11.1.5	 Common Atrium
	11.1.6	 Patent Foramen Ovale
	11.1.7	 Clinical Findings of Atrial Septal Defects
	11.1.8	 Cardiac Computed Tomography (CT) in the evaluation of ASD

	11.2	 Ventricular Septal Defect
	11.2.1	 Anatomic Types
	11.2.2	 Clinical Findings of VSD
	11.2.3	 Cardiac Computed Tomography (CT) in the Evaluation of VSD

	11.3	 Atrioventricular Septal Defect (AV Canal Defects)
	11.3.1	 Anatomy
	11.3.2	 Morphology of Atrioventricular Septal Defects
	11.3.3	 Associations
	11.3.4	 Clinical Aspects
	11.3.5	 Cardiac Computed Tomography (CT) in the Evaluation of AV Canal Defects
	11.3.5.1 Unrepaired AVSD
	11.3.5.2 Repaired AVSD


	References

	12: Atrioventricular Valve Abnormalities
	12.1	 Ebstein Anomaly
	12.1.1	 Clinical Features
	12.1.2	 Cardiac Computed Tomography (CT) in the Evaluation of Ebstein Anomaly

	12.2	 Tricuspid Atresia
	12.2.1	 Clinical Features
	12.2.2	 Cardiac Computed Tomography (CT) in the Evaluation of Tricuspic Atresia

	12.3	 Congenital Mitral Inﬂow and Mitral Valve Abnormalities
	12.3.1	 Lesions Associated with Mitral Valve Obstruction
	12.3.1.1 Cor Triatriatum Sinister
	12.3.1.2 Supravalvular Mitral Ring
	12.3.1.3 Parachute Mitral Valve
	12.3.1.4 Congenital Mitral Valve Stenosis

	12.3.2	 Lesions Associated with Mitral Valve Insufficiency
	12.3.2.1 Double-Orifice Mitral Valve
	12.3.2.2 Mitral Arcade
	12.3.2.3 Mitral Valve Prolapse (MVP)
	12.3.2.4 Mitral Valve Cleft
	12.3.2.5 Computed Tomographic (CT) Imaging in Congenital Mitral Valve Anomalies


	References

	13: Left Ventricular Outﬂow Tract Abnormalities
	13.1	 Aortic Valve Stenosis
	13.1.1	 Bicuspid Aortic Valve
	13.1.2	 Dysplastic Tricuspid Aortic Valve
	13.1.3	 Unicuspid Aortic Valve
	13.1.4	 Quadricuspid Aortic Valve
	13.1.5	 Subaortic Stenosis in Adults
	13.1.6	 Supravalvular Aortic Stenosis
	13.1.6.1 Cardiac Computed Tomography (CT) in the Assessment of Left Ventricular Outﬂow Tract Abnormalities


	13.2	 Hypoplastic Left Heart Syndrome
	13.2.1	 Definition
	13.2.2	 Morphology and Patterns of Blood Flow
	13.2.3	 Prognosis
	13.2.4	 Surgery
	13.2.4.1 Cardiac Computed Tomography (CT) in the Evaluation of Hypoplastic Left Heart Syndrome


	References

	14: Right Ventricular Outﬂow Tract Obstruction
	14.1	 Pulmonary Valve Abnormalities
	14.1.1	 Valvular Pulmonary Stenosis
	14.1.2	 Infundibular or Subvalvular Stenosis
	14.1.3	 Supravalvular Stenosis
	14.1.4	 Cardiac Computed Tomography (CT) in the Evaluation of Pulmonary Valve Abnormalities

	14.2	 Pulmonary Atresia with Intact Ventricular Septum
	14.2.1	 Definition
	14.2.2	 Morphology
	14.2.3	 Clinical Findings
	14.2.4	 Surgical Repairs
	14.2.5	 Outcomes and Complications
	14.2.6	 Cardiac Computed Tomography (CT) in the Evaluation of Pulmonary Atresia with Intact Ventricular Septum

	14.3	 Pulmonary Atresia with Ventricular Septal Defect
	14.3.1	 Definition
	14.3.2	 Morphology
	14.3.3	 Associated Anomalies
	14.3.4	 Clinical Features
	14.3.5	 Interventions
	14.3.6	 Outcomes and Complications
	14.3.7	 Cardiac Computed Tomography (CT) in the Evaluation of Pulmonary Atresia with VSD

	References

	15: Arterial Anomalies
	15.1	 Patent Ductus Arteriosus
	15.1.1	 Definition
	15.1.2	 Epidemiology
	15.1.3	 Morphology
	15.1.4	 Coexisting Abnormalities
	15.1.5	 Clinical Features
	15.1.6	 Interventions
	15.1.7	 Cardiac Computed Tomography (CT) in the Evaluation of PDA

	15.2	 Aortopulmonary Window
	15.2.1	 Definition
	15.2.2	 Epidemiology
	15.2.3	 Variants
	15.2.4	 Associated Anomalies
	15.2.5	 Clinical Aspects of AP Window
	15.2.6	 Cardiac Computed Tomography (CT) in the Assessment of AP Window

	15.3	 Aortic Coarctation and Interrupted Aortic Arch
	15.3.1	 Aortic Coarctation
	15.3.2	 Interrupted Aortic Arch
	15.3.3	 Aortic Pseudocoarctation
	15.3.4	 Cardiac Computed Tomography (CT) in the Evaluation of Aortic Coarctation and Interrupted Aortic Arch

	15.4	 Aortic Arch Anomalies
	15.4.1	 Left Aortic Arch with Aberrant Right Subclavian Artery
	15.4.2	 Rare Left Aortic Arch Anomalies
	15.4.3	 Right Aortic Arch with Mirror-Image Branching
	15.4.4	 Right Aortic Arch with Aberrant Left Subclavian Artery
	15.4.5	 Rare Right Aortic Arch Anomalies
	15.4.6	 Cervical Aortic Arch
	15.4.7	 Supernumerary Arches
	15.4.7.1 Double Aortic Arch

	15.4.8	 Persistent Fifth Aortic Arch
	15.4.9	 Cardiac Computed Tomography (CT) in the Evaluation of Aortic Arch Anomalies

	15.5	 Sinus of Valsalva Aneurysm
	15.5.1	 Clinical Features
	15.5.2	 Cardiac Computed Tomography (CT) in the Evaluation of Sinus of Valsalva Aneurysm

	15.6	 Genetic Aortopathies
	15.6.1	 Marfan Syndrome
	15.6.2	 Loeys–Dietz Syndrome
	15.6.3	 Ehlers–Danlos Syndrome
	15.6.4	 Turner Syndrome
	15.6.5	 Indications and Surgical Repairs for Genetic Aortopathies
	15.6.6	 Cardiac Computed Tomography (CT) in the Evaluation of Genetic Aortopathies

	15.7	 Pulmonary Artery Anomalies
	15.7.1	 Proximal Interruption of Pulmonary Arteries
	15.7.2	 Pulmonary Artery Sling
	15.7.3	 Idiopathic Dilatation of the Main Pulmonary Artery

	References

	16: Coronary Artery Anomalies
	16.1	 Normal Anatomy of the Coronary Arteries
	16.1.1	 Left Main Coronary Artery
	16.1.2	 Right Coronary Artery
	16.1.3	 Epidemiology and Clinical Importance of Coronary Anomalies

	16.2	 Anomalous Origin and Course of the Coronary Arteries
	16.2.1	 Absent Left Main Trunk
	16.2.2	 Anomalous Coronary Artery Origin near the Proper Sinus of Valsalva
	16.2.3	 Anomalous Coronary Artery Origin from the Opposite or Noncoronary Sinus of Valsalva
	16.2.4	 Anomalous Origin of the Coronary Artery Outside the Aortic Sinuses of Valsalva
	16.2.5	 Single Coronary Artery

	16.3	 Anomalies of Intrinsic Coronary Arterial Anatomy
	16.3.1	 Coronary Artery Ostial Atresia or Stenosis
	16.3.2	 Coronary Artery Ectasia or Aneurysm
	16.3.3	 Absent Coronary Artery
	16.3.4	 Coronary Artery Hypoplasia
	16.3.5	 Intramural Course (Muscular Bridging)
	16.3.6	 Coronary Crossing
	16.3.7	 Double Coronary Artery
	16.3.8	 Anomalous Origination of Coronary Artery Branches

	16.4	 Anomalies of Termination
	16.4.1	 Coronary Artery Fistula
	16.4.2	 Extracardiac Connections

	16.5	 Cardiac Computed Tomography (CT) in Assessing Coronary Anomalies
	References

	17: Congenital Venous Anomalies
	17.1	 Pulmonary Venous Anomalies
	17.1.1	 Partial (Incomplete) Anomalous Pulmonary Venous Return
	17.1.2	 Total (Complete) Anomalous Pulmonary Venous Return
	17.1.3	 Common Pulmonary Vein Atresia
	17.1.4	 Pulmonary Venous Stenosis
	17.1.5	 Pulmonary Varix
	17.1.5.1 Cardiac Computed Tomography (CT) Assessment in Congenital Pulmonary Venous Anomalies


	17.2	 Systemic Venous Anomalies
	17.2.1	 Persistent Left Superior Vena Cava
	17.2.2	 Interrupted Inferior Vena Cava with Azygos Continuation
	17.2.3	 Clinical Findings
	17.2.4	 Interventions for Persistent Left Superior Vena Cava and Azygos Continuation of the Inferior Vena Cava
	17.2.5	 Other Systemic Venous Anomalies
	17.2.6	 Cardiac Computed Tomography (CT) in the Assessment of Anomalous Systemic Veins

	References


	Part VI: Anomalies with Abnormal Chamber Sequence or Relationship
	18: Abnormal Relationship Between the Atria and Ventricles
	18.1	 Univentricular Heart (Double-Inlet Ventricle)
	18.1.1	 Double-Inlet Ventricle
	18.1.2	 Cardiac Computed Tomography (CT) Assessment in Double-Inlet Ventricle

	18.2	 Atrioventricular Discordance (Congenitally Corrected Transposition of the Great Arteries)
	18.2.1	 Clinical Features
	18.2.2	 Interventions
	18.2.3	 Cardiac Computed Tomography (CT) in the Assessment of Congenitally Corrected Transposition of the Great Arteries

	References

	19: Abnormal Relationship Between Ventricles and Great Vessels
	19.1	 Tetralogy of Fallot
	19.1.1	 Cardiac Computed Tomography (CT) in the Assessment of Tetralogy of Fallot

	19.2	 Double-Outlet Ventricles
	19.2.1	 Double-Outlet Right Ventricle
	19.2.2	 Double-Outlet Left Ventricle
	19.2.3	 Cardiac Computed Tomography (CT) in the Assessment of Both DORV and DOLV

	19.3	 Truncus Arteriosus
	19.3.1	 Cardiac Computed Tomography (CT) in Patients with Truncus Arteriosus

	19.4	 Hemitruncus Arteriosus
	19.5	 Complete Transposition of the Great Vessels (Ventriculoarterial Discordance)
	19.5.1	 Cardiac Computed Tomography (CT) in Complete Transposition of the Great Vessels (Ventriculoarterial Discordance)

	References

	20: Heterotaxy Syndrome
	20.1	 Atrial Isomerism
	20.2	 Thoracic and Abdominal Situs
	20.3	 Cardiac Computed Tomography (CT) in Heterotaxy Syndromes
	References


	Part VII: Palliative and Corrective Procedures in Adult Congenital Heart Disease
	21: Percutaneous Closures
	21.1	 Percutaneous Closures of Atrial Septal Defect and Patent Foramen Ovale
	21.2	 Percutaneous Closure of Ventricular Septal Defect
	21.3	 Percutaneous Closure of Patent Ductus Arteriosus
	21.4	 Percutaneous Closure of Blalock–Taussig and Glenn Shunts
	21.5	 Fontan Fenestrations and Atrial Switch Bafﬂe Leaks Closure
	21.6	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Percutaneous Closure Procedures
	References

	22: Aortopulmonary Shunts: Blalock–Taussig, Potts, Waterston
	22.1	 Indications
	22.2	 Blalock–Taussig Shunts
	22.3	 Waterston–Cooley and Potts Shunts
	22.4	 Pulmonary Artery Banding
	22.5	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Aortopulmonary Shunts
	References

	23: Atrial Bafﬂes for the Treatment of Transposition of the Great Arteries (Mustard, Senning)
	23.1	 Cardiovascular Complications of the Atrial Bafﬂing Procedure
	23.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Atrial Switch Procedures
	References

	24: Arterial Switch Operation for Transposition of the Great Arteries
	24.1	 Complications of the Jatene Procedure
	24.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Arterial Switch Procedure
	References

	25: Systemic Vein to Pulmonary Artery Shunts: Glenn, Fontan, and Kawashima Procedures
	25.1	 Glenn Shunt
	25.2	 Fontan Operation
	25.3	 Cardiovascular Complications of Fontan Circulation
	25.4	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Glenn Shunts and Fontan Circulation
	25.5	 Kawashima Procedure
	References

	26: Rastelli Procedure
	26.1	 Complications of the Rastelli Procedure
	26.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of the Rastelli Procedure
	References

	27: Damus–Kaye–Stansel Procedure
	27.1	 Complications of the DKS Procedure
	27.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of the DKS Procedure
	References

	28: Double-Switch Procedure
	28.1	 Complications of the Double-Switch Procedure
	28.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of the Double Switch Procedure
	References

	29: Tetralogy of Fallot Repair
	29.1	 Complications of TOF Repair Procedures
	29.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of TOF Repair
	References

	30: Ross Procedure
	30.1	 Complications of the Ross Procedure
	30.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of the Ross Procedure
	References

	31: Norwood Procedures and Sano Modification
	31.1	 Palliative Treatment of Hypoplastic Left Heart Syndrome
	31.2	 Complications of the Norwood Procedure
	31.3	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of the Norwood Procedure
	References

	32: Aortic Coarctation Repairs
	32.1	 Repair Techniques of Coarctation of the Aorta and Interrupted Aortic Arch
	32.1.1	 Surgical Repairs
	32.1.2	 Endovascular Repairs
	32.1.2.1 Balloon Angioplasty
	32.1.2.2 Stent Placement


	32.2	 Post-Treatment Complications
	32.2.1	 Recurrent Coarctation or Restenosis
	32.2.2	 Aneurysm Formation
	32.2.3	 Other Post-intervention Complications

	32.3	 Complications Unrelated to Interventions
	32.4	 Cardiac Computed Tomography (CT) in the Evaluation of Coarctation of the Aorta
	References


	Part VIII: Congenital Pericardial Abnormalites
	33: Congenital Absence of the Pericardium
	33.1	 Congenital Pericardial Cysts and Diverticula
	33.2	 Cardiac Computed Tomographic Angiography (CT) in the Evaluation of Congenital Pericardial Anomalies
	References


	Index



