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 Different classifi cations for congenital heart diseases (CHD) have been intro-
duced. These classifi cations have been mainly based on data obtained from 
cadaveric and surgical specimens and are designed to simplify the under-
standing of complexity of this group of abnormalities. However, until recently 
no single imaging modality has been capable of demonstrating the full spec-
trum of abnormalities in complex cardiac malformations. In the past years, 
although plain radiographs, angiography, and echocardiography have been 
able to answer many questions and guide clinicians and surgeons to treat the 
patients, in complex cases the shortcomings of these techniques are quite 
sensible. New generations of MR and CT have facilitated understanding of 
these complex cases before and after surgical corrections. In fact, the clinical 
application of CT and MRI has grown dramatically, and cardiologists and 
cardiothoracic surgeons are ordering these diagnostic modalities more than 
before. 

 Along with the advances in diagnostic techniques, the number of adults 
with CHD has increased over the past decades thanks to parallel advances in 
surgical techniques and perioperative care. This group of patients comprises 
important referral cases to hospitals for diagnosis of residual or recurrent 
lesions requiring serial imaging studies to select candidates for reoperation. 
In many cases, particularly in immigrants, physicians frequently face compli-
cated CHDs while no clear past history of the disease or the type of surgical 
treatment can be found. In these cases, a good diagnostic image speaks a 
thousand words. Images provided by CT and MR can bring a great amount of 
diagnostic data in these patients with complicated malformations. The ele-
ment that binds these two modalities in the diagnosis and imaging workup of 
CHD is their systematic approach to evaluating cardiac anatomy and func-
tion. When it comes to the assessment of anatomy, there is no imaging modal-
ity that can compete with the speed, accuracy, and spatial resolution of new 
CT scanners in demonstration of the complex structure of the heart and 
related vasculature. New generation CT scans can cover the entire anatomic 
span of the heart and major vessels in a few seconds with spatial resolution of 
less than 0.5 mm 3 . The availability of new low-radiation techniques has made 
CT an even more attractive choice in many studies. MR is complementary to 
CT and provides high-resolution anatomic detail in any plane as well as phys-
iologic data that would otherwise be diffi cult to obtain or unobtainable by 
either echo or catheterization. Recent technological improvements in MRI 
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 hardware and imaging techniques have resulted in dramatic changes to over-
come previous limitations of cardiac MR. This is particularly true for imag-
ing of patients with CHD, who are often younger and frequently require 
continued, lifelong imaging follow-up. Routine availability of high-fi eld 
magnets, parallel imaging techniques, 2D and 3D steady-state free precession 
sequences, and high-speed time-resolved MR angiography have opened new 
gates for cardiac research and improved the evaluation of cardiac pathologies. 
Time- resolved contrast-enhanced MR angiography with sub-second tempo-
ral resolution provides additional dynamic information on blood fl ow that is 
less apparent or absent on static MR angiography acquisitions. Newer tech-
niques such as 3D and 4D volumetric fl ow analyses have facilitated the analy-
sis of shunt fl ow and post-Fontan hemodynamics. In addition to quantifying 
the velocity or volume of blood fl ow through any number of structures of 
interest, the three-directional fl ow information acquired with 4D fl ow MR 
can be used to qualitatively assess changes in the complex fl ow patterns 
within the heart or vasculature. 

 This book is prepared to serve students, clinicians, and surgeons in the 
skillful implementation of cardiac MR and CT techniques, coupled with 
offering a substantial fraction of the existing literature that can be used as a 
comprehensive resource for CT and MR imaging of CHD. The basics of CT 
and MR techniques are discussed in the fi rst few chapters in this book. Other 
chapters focus on common congenital heart problems in adults. The book 
contains many intriguing cross-sectional and post-processed images that pro-
vide an elegant outfi t to the content of the book and assist the reader in quickly 
and easily recognizing various pathologies. Finally, the job would have 
remained incomplete without the unreserved assistance of Margaret Burns, 
Developmental Editor; Andy Moyer, Editor; and Wendy Vetter and Wieslawa 
Langenfeld, the illustrators. 

 Los Angeles, CA   Farhood Saremi, MD  
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        The advent of open heart surgery has dramati-
cally improved survival in children born with 
congenital heart disease (CHD). Over the last 
few decades, mortality has shifted almost entirely 
to adulthood [ 1 ]. This has led to a growing num-
ber of adult survivors, particularly to a growing 
number of adults with complex congenital heart 
disease. Most patients are however not cured, 
and many remain at risk for cardiovascular com-
plications and premature death. As most surgical 
repair techniques were invented only a few 
decades ago, the cohorts of adult survivors are 
still emerging and will continue to change in 
number and age distribution over the upcoming 
decades. 

    Historical Perspective 

 Without intervention, the majority of patients born 
with complex CHD die in early childhood and sur-
vival to adult age is rare [ 2 ]. Simple defects, such 
as isolated ventricular septal defects or a  patent 

ductus arteriosus, have a better natural history 
and even patients with large defects often reach 
adulthood without intervention. However, these 
patients with a large left-to-right shunt are at high 
risk of developing irreversible pulmonary vascu-
lar disease and Eisenmenger syndrome [ 3 ]. As 
a consequence, these patients with Eisenmenger 
syndrome are at high risk of major morbidity and 
increased mortality as young adults [ 4 ]. 

 In the 1930s and 1940s, techniques to repair or 
palliate certain forms of congenital heart defects 
were developed, but only with the introduction of 
the heart-lung machine into routine clinical prac-
tice in the early 1950s, intracardiac repair of 
CHD became feasible. Over the subsequent 
decades, pioneer surgeons and cardiologists 
developed repair techniques for almost all forms 
of complex CHD. This changed the fate of CHD 
dramatically. Once highly deadly congenital car-
diac lesions, such as tetralogy of Fallot, complete 
transposition of the great arteries or hearts with 
univentricular physiology became treatable con-
ditions [ 5 – 8 ]. With improved cardiology care and 
increasing experience in perioperative manage-
ment, outcomes rapidly improved.  

    Classifi cation 

 Congenital cardiac defects can be classifi ed by a 
variety of systems. These include classifi cations 
based on the type of malformation during the 
embryologic evolution of the heart (i.e., conotrun-
cal abnormalities, endocardial cushion defects), 
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classifi cation based on the predominant patho-
physiologic or hemodynamic characteristics (cya-
notic versus non-cyanotic defects, shunt lesions, 
etc.), or classifi cation based on clinical severity. 

 The latter classifi cation based on disease sever-
ity is commonly used (Table  1.1 ). Its intention is 
to give the clinician a guideline on which adults 

with CHD can be managed mainly in the gen-
eral medical community (simple lesions), which 
adults should be periodically seen in a  tertiary 
care center (lesions of moderate  complexity), and 
which patients should be regularly followed by 
a multidisciplinary team at a specialized tertiary 
care center for adults with CHD [ 2 ,  9 ]. It is how-
ever important to recognize that even patients 
with simple lesions at times may also require 
specialized care and follow-up must be individu-
alized [ 10 ].

       Incidence and Prevalence 

 Congenital heart defects are common [ 2 ,  11 – 13 ]. 
Their reported incidence varies among different 
studies depending on the type and setting of the 
study [ 13 ]. The number of patients with lesions 
of moderate to severe complexity seems to be 
relatively stable at around 6/1,000 live births with 
little variation between different countries and 
little changes over time [ 13 ]. Figure  1.1  depicts 
estimates of the incidence of various congenital 
heart defects at time of birth, derived from 44 
studies of the incidence of congenital heart dis-
ease. Among all patients with CHD, ventricular 
septal defects are the most common defects by 
far, while among those with lesions of moderate 

   Table 1.1    Classifi cation of adult congenital heart dis-
ease according to disease severity   

 Simple congenital heart disease 
  Native disease 
   Isolated congenital aortic valve disease 
    Isolated congenital mitral valve disease (e.g., 

except parachute valve, cleft leafl et) 
   Small atrial septal defect 
    Isolated small ventricular septal defect (no 

associated lesions) 
   Mild pulmonary stenosis 
   Small patent ductus arteriosus 
  Repaired conditions 
   Previously ligated or occluded ductus arteriosus 
    Repaired secundum or sinus venosus atrial septal 

defect without residua 
   Repaired ventricular septal defect without residua 
 Congenital heart disease of moderate complexity 
  Aorto-left ventricular fi stulas 
   Anomalous pulmonary venous drainage, partial 

or total 
  Atrioventricular septal defects (partial or complete) 
  Coarctation of the aorta 
  Ebstein’s anomaly 
   Infundibular right ventricular outfl ow obstruction of 

signifi cance 
  Ostium primum atrial septal defect 
  Patent ductus arteriosus (not closed) 
  Pulmonary valve regurgitation (moderate to severe) 
  Pulmonary valve stenosis (moderate to severe) 
  Sinus of Valsalva fi stula/aneurysm 
  Sinus venosus atrial septal defect 
   Sub- or supravalvular aortic stenosis (except 

hypertrophic obstructive cardiomyopathy) 
  Tetralogy of Fallot 
  Ventricular septal defect with: 
   Absent valve or valves 
   Aortic regurgitation 
   Coarctation of the aorta 
   Mitral disease 
   Right ventricular outfl ow tract obstruction 
   Straddling tricuspid/mitral valve 
   Subaortic stenosis 

 Congenital heart disease of great complexity 
  Conduits, valved or nonvalved 
  Cyanotic congenital heart disease (all forms) 
  Double outlet ventricle 
  Eisenmenger syndrome 
  Fontan procedure 
  Mitral atresia 
   Single ventricle (also called double inlet or outlet, 

common or primitive) 
  Pulmonary atresia (all forms) 
  Pulmonary vascular obstructive disease 
  Transposition of the great arteries 
  Tricuspid atresia 
  Truncus arteriosus/hemitruncus 
   Other abnormalities of atrioventricular or 

ventriculoarterial connection not included above 
(i.e., crisscross heart, isomerism, heterotaxy 
syndromes, ventricular inversion) 

  Modifi ed from Warnes et al. [ 2 ]  

Table 1.1 (continued)
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or great complexity (bottom part of the Fig.  1.1 ), 
tetralogy of Fallot, complete transposition of the 
great arteries, and lesions with univentricular 
physiology have the highest incidence.

   In the future, the increasing use of fetal echo-
cardiography and subsequent therapeutic abor-
tion for certain forms of complex CHD may 
affect their future incidence [ 14 – 16 ]. On the 
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  Fig. 1.1    Estimates on incidence of various types of con-
genital heart defects among live births. Modifi ed  box plots  
to show variability of the incidence per million live births 
of various forms of congenital heart disease. The  rectangle  
shows the upper and lower quartiles, and the horizontal line 
in the middle is the median. The two short horizontal lines 
connected to the rectangle by thin vertical lines indicate the 
90th and 10th percentiles, and data points outside these 
limits are shown individually. Each panel has a different 
vertical scale that on the top panel being ten times larger 
than that on the  bottom panel . ( Top ) The four major left-to-
right shunts (ventricular septal defect  VSD , patent ductus 
arteriosus  PDA , atrial septal defect  ASD , atrioventricular 

septal defect  AVSD ) and the three major obstructive lesions 
(pulmonic stenosis  PS , aortic stenosis  AS , coarctation of 
the aorta  coarctation ). ( Bottom ) Tetralogy of Fallot (tetral-
ogy); complete transposition of the great arteries ( d-TGA ); 
hypoplastic right heart  HRH , which includes tricuspid atre-
sia, Ebstein’s anomaly, and pulmonary atresia with an 
intact ventricular septum (pulmonary atresia  IVS ), hypo-
plastic left heart  HLH , truncus arteriosus  truncus , double 
outlet right ventricle  DORV , single ventricle  SV , total 
anomalous pulmonary venous connection  TAPVC . The 
three components of the HRH syndrome do not add up to 
the total, because not all reports included all three (From 
Hoffman and Kaplan [ 13 ] with permission)       
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other hand, patients affected by CHD have an 
increased risk of transmission of a congenital 
heart defect to their offspring [ 17 ,  18 ]. Most 
patients born with CHD now reach adulthood and 
thus childbearing age. Once they have children, 
the increased incidence of CHD among their off-
spring may increase the total incidence of babies 
born with congenital heart disease [ 19 ]. 

 While the incidence of CHD has remained 
relatively stable over time, its prevalence has 
changed substantially because of improved sur-
vival. Nowadays, it is expected that the majority 
of babies born with complex CHD will survive 
to adulthood and within the last two decades 
mortality has shifted almost entirely to adult life 
[ 1 ,  19 ,  20 ]. This has led to a growing population 
of adults with CHD and particularly to a rapid 
increase of adult survivors with complex CHD as 

illustrated in Fig.  1.2 . Currently, the best avail-
able evidence suggests that the overall prevalence 
of CHD in the adult population is about 3,000 per 
million [ 21 ]. Given that adult patient populations 
with complex CHD are still emerging, we expect 
a further increase in the  prevalence of adult sur-
vivors with complex disease over the next few 
decades.

       Evolution of Current Patient 
Populations and Future Challenges 

 Most surgical repair techniques for complex con-
genital heart lesions have been introduced only a 
few decades ago and have undergone continuous 
modifi cation from their invention up to the 
 current era. Thus, the cohorts of adult survivors 
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particularly of survivors with complex congenital 
heart lesions are just emerging, and the number 
and demographic characteristics of these survi-
vors will change over the next few decades. Most 
patients are still young adults, but given the his-
torical evolution of repair techniques, there are 
substantial differences in age distribution among 
patient cohorts with different congenital cardiac 
disease entities as illustrated in Fig.  1.3 .

   Despite dramatic improvements in life expec-
tancy, most survivors of infant heart surgery 
for congenital heart disease are not cured, and 
many remain at a substantial risk for cardiovas-
cular complications and premature death. This is 

 particularly true for adult survivors with complex 
lesions, such as cyanotic heart defects, patients 
with transposition complexes with systemic right 
ventricles, patients with repaired tetralogy of 
Fallot, and those with Fontan palliation for uni-
ventricular hearts [ 4 ,  22 ,  23 ]. With further ageing 
of these cohorts, complication rates and mortality 
risk will likely substantially change over the next 
few decades. In addition, novel patient cohorts, 
such as adult survivors after the Norwood pro-
cedure for palliation of hypoplastic left heart 
syndrome will emerge and add to the complexity 
of care for this novel group of young adults with 
chronic disease.     
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  Fig. 1.3    Proportional age distribution among adults 
with Eisenmenger syndrome, repaired tetralogy of Fallot, 
atrial switch operation for complete transposition of the 
great arteries, and Fontan palliation for univentricular 

physiology followed at the University Hospital Zurich, 
Switzerland (Abbreviation:  d-TGA  dextro-transposition 
of the great arteries)       
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           Morphogenesis of the 
Cardiovascular System 

 The heart is the fi rst organ that is formed and 
becomes functional in the human embryo [ 1 ,  2 ]. 
It bears the circulatory system from the early 
embryonic period and alters its morphology to 
each stage of an embryonic growth according to 
its demand. The early morphogenesis of the heart 
and great vessels is conserved across species of 
living things. In the mammals, the complicated 
process of morphogenesis results in the separable 
systemic and pulmonary circulation after birth by 
which oxygen is effi ciently supplied to different 
internal organs in order to maintain their function. 

 The morphogenesis of the cardiovascular 
system is started around 3 weeks of gestation 
and mostly completed by 8 weeks of gestation 
in human. First, immediately after gastrulation, 
the cardiac-fated cells of anterior lateral plate 
mesoderm origin form a crescent-shaped cardiac 
precursor in front of a notochord (Fig.  2.1a ). The 
cardiac crescent constructs bilateral endocardial 
tubes that fuse to form the primitive heart tube 

in the midline of embryo (Fig.  2.1b ). The primi-
tive heart tube is a beating tubular structure that 
maintains blood fl ow from caudal to rostral direc-
tion of the embryo. Along with rightward loop-
ing of the primitive heart tube, the right and left 
ventricles and atria become morphologically 
apparent (Fig.  2.1c ). Endocardial cushions are 
formed in extracellular matrix (also known as 
cardiac jelly) of the atrioventricular canal region 
from the mesenchymal cells which were sepa-
rated from the endocardium and transformed. An 
atrioventricular canal is divided by the coales-
cence of the superior and inferior endocardial 
cushions. Endocardial cushions also participate 
in the formation of interatrial septum (closing of 
ostium primum), atrioventricular valves (mitral 
and tricuspid valve), and the membranous por-
tion of the interventricular septum. Formation of 
interatrial septum, interventricular septum, and 
atrioventricular valves results in the 2-atrium and 
2- ventricle heart (Fig.  2.1d ).

   In the cardiac outfl ow tract, the conotruncal 
swellings or cushions form the conotruncal septum 
that divides a tubular structure into two great ves-
sels, namely, the aorta and the pulmonary trunk, in 
a spiral fashion (Fig.  2.1e ). At the bases of great 
vessels, semilunar valves are formed. A proper 
connection of the left ventricle to the aorta and the 
right ventricle to the pulmonary trunk is indispens-
able for establishment and separation of the sys-
temic and pulmonary circulation after birth. 

 The great vessel system arises from six pairs 
of pharyngeal arch arteries which run through 
pharyngeal arches symmetrically (Fig.  2.1f ). 
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  Fig. 2.1    Morphogenesis of the cardiovascular system. 
( a ) Cardiac crescent. ( b ) Primitive heart tube. ( c ) Looping. 
( d ) Atrioventricle. ( e ) Outfl ow tract. ( f ) Great vessels. See 
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artery,  RSCA  right subclavian artery,  SVC  superior vena 
cava,  TV  tricuspid valve       
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The third, fourth, and sixth pharyngeal arch 
arteries will remodel and transform to a portion 
of the aortic arch, arch branches, ductus arterio-
sus, and a part of branch pulmonary arteries.  

    Developmental Origins of the Heart 

 Decades of descriptive embryology, including 
cell lineage tracings have improved our under-
standings of developmental origins [ 1 – 5 ]. Cells 
derived from the anterior lateral plate mesoderm 
form a crescent shape at approximately 2 weeks 
of gestation, and by 3 weeks of gestation, these 
cells coalesce along the ventral midline to form a 
primitive heart tube, consisting of an interior 
layer of endocardial cells and an exterior layer of 
myocardial cells, separated by extracellular 
matrix, or cardiac jelly, for reciprocal signaling 
between the two layers. The crescent-shaped 
pool of cardiogenic progenitor cells is now 
termed “fi rst heart fi eld” (Fig.  2.2a ). The fi rst 
heart fi eld that forms the heart tube eventually 
contributes to specifi c chambers of the future 
heart, exclusively to the left ventricle and all 
other parts of the heart, except the cardiac out-
fl ow tract.

   In addition to the fi rst heart fi eld, it was 
reported 10 years ago that there was a second 
source of myocardial cells. In mammalian 
embryos, this source is lying medially to the car-
diac crescent (Fig.  2.2a ) and then behind the 
forming heart tube (Fig.  2.2b ), extending into the 
mesodermal layer of the pharyngeal arches 

(Fig.  2.2c ). This second source is termed “second 
heart fi eld.” The heart tube derived from the fi rst 
heart fi eld may predominantly provide a scaffold 
upon which cells from the second heart fi eld 
migrate into both arterial and venous poles of the 
heart tube, where they subsequently construct the 
requisite cardiac components. The contribution 
of the second heart fi eld to both myocardium and 
smooth muscle of the arterial pole has been well 
studied. When the heart tube forms, the second 
heart fi eld cells migrate into the midline and posi-
tion themselves dorsal to the heart tube in the 
pharyngeal mesoderm (Fig.  2.2b ). Upon right-
ward looping of the heart tube, the second heart 
fi eld cells cross the pharyngeal mesoderm into 
the anterior and posterior portions, populating a 
large portion of the outfl ow tract including future 
right ventricle and atria (Fig.  2.2c ). The addition 
of the second heart fi eld-derived myocardium to 
the outfl ow tract results in its elongation. This 
elongation is necessary to allow the outfl ow tract 
to rotate and shorten suffi ciently for correct 
alignment of the pulmonary and aortic trunks 
with their respective ventricles. 

 The third lineage represents cardiac neural 
crest cells originating from the dorsal neural tube 
between the mid-otic placode and the caudal 
boundary of the third somite. After they delami-
nate from the dorsal neural tube, cardiac neural 
crest cells migrate into the caudal pharyngeal 
arches, and the outfl ow tract where they contrib-
ute to the conotruncal cushions that give rise to 
the outfl ow tract septum (Fig.  2.2c, d ). Migration 
of the cardiac neural crest cells is also targeted to 

First heart field
Second heart field
Neural crest
Proepicardial organ

a b c d

  Fig. 2.2    Developmental origins of the heart. ( a ) Cardiac crescent. ( b ) Primitive heart tube. ( c ) Looping heart tube. 
( d ) Four chambered heart. See detail in text       
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pharyngeal arches 3, 4, and 6 which give rise to 
the future great vessels (Fig.  2.2c ). Many signal-
ing pathways are involved in the migration and 
condensation of cardiac neural crest cells, includ-
ing reciprocal signaling between the cardiac neu-
ral crest cells and the second heart fi eld, which 
are essential for the development of the outfl ow 
tract and the aortic arch system. 

 The fourth lineage of cardiac precursor cells is 
the proepicardium. The proepicardium develops 
from the coelomic mesothelium which overlays 
the liver bud, and the expression of proepicardium- 
specifi c genes is induced in naïve mesothelial 
cells in response to a localized liver-derived sig-
nal. Almost all cells of the epicardium and the 
coronary vessels arise from the proepicardium, 
which develops as multiple epithelial villi pro-
truding from the pericardial mesothelium imme-
diately posterior to sinoatrium of the looping 
stage embryonic heart. The proepicardium 
extends toward the primitive heart and attaches 
and spreads over the myocardial surface to form 
the epicardium (Fig.  2.2c, d ). During proepicar-
dium growth and epicardial formation, some pro-
epicardial/epicardial cells undergo an 
epithelial–mesenchymal transformation (EMT) 
and give rise to the precursors of the coronary 
vessels and connective tissue cells.  

    Embryology of the Heart and 
Congenital Heart Diseases 

 Congenital heart diseases are considered to occur 
as a result of the abnormalities of each step in the 
morphogenesis of the heart and the great vessels. 
Current embryological concepts for the genesis 
of congenital heart diseases are discussed below 
although not all are proved. 

    Normal and Abnormal 
Looping of the Heart [ 6 ,  7 ] 

 The normal left–right development results in situs 
solitus with all the asymmetric internal organs 

placed on the body where they should be, and 
the looping of the primitive heart tube happens to 
a rightward convex direction (Fig.  2.3b : dextro-
loop; d-loop). When left–right specifi cation does 
not process normally, the direction of looping will 
be altered and a range of visceroatrial heterotaxia 
occurs that is usually associated with complex 
congenital heart diseases. In case of complete 
mirror-image reversal of all organs, the looping 
becomes a leftward convex direction (Fig.  2.3a : 
levo-loop; l-loop), resulting in a benign dextro-
cardia without signifi cant cardiac malformations 
and untoward clinical consequences.

      Corrected Transposition 
of Great Arteries (l-TGA)[ 8 ] 
 This phenotype occurs when the primitive heart 
tube becomes l-loop; at the same time, an arterial 
trunk is linearly divided into an anteriorly located 
left-sided aorta and a posteriorly located right- 
sided pulmonary arterial trunk (Fig.  2.3c ). As a 
result, there is atrioventricular discordance and 
ventriculoarterial discordance where the right 
atrium is connected to the left ventricle contiguous 
to the pulmonary artery and the left atrium is con-
nected to the right ventricle contiguous to the aorta.   

    Abnormality of Rightward Shift of 
the Atrioventricular Canal (Infl ow 
Tract): Tricuspid Atresia (TA) [ 6 ,  9 ,  10 ] 

 Around 4 weeks of gestation, the heart looping 
results in a series circulation from the right 
atrium, to the left atrium, the left ventricle, and 
the right ventricle that resembles a hemodynam-
ics of tricuspid atresia (Fig.  2.4 ). Soon later, the 
atrioventricular canal shifts rightward and the 
fi nal relation of the right atrium to the right ven-
tricle and the left atrium to the left ventricle is 
established, resulting in a parallel circulation 
(Fig.  2.4  lower). The tricuspid atresia is consid-
ered to result from an obstacle of the rightward 
shift of the atrioventricular canal that leads to 
complete absence of the tricuspid valve with no 
direct communication between the right atrium 
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  Fig. 2.3    Normal and abnormal looping of the heart. ( a ) Leftward looping. ( b ) Rightward looping. ( c ) L-loop + trans-
position. ( d ) D-loop + transposition. See detail in text       
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and the right ventricle. The atretic tricuspid valve 
is represented by a dimple in the fl oor of the right 
atrium. The resulting membrane is usually mus-
cular, but may be fi brous.

       Abnormality of Leftward Shift 
of the Conotruncus (Outfl ow Tract): 
Double Outlet Right Ventricle 
(DORV) [ 11 – 13 ] 

 Around 4 weeks of gestation, in a process of 
the looping, the conotruncus shifts leftward, and 
the relation of the left ventricle to the aorta 
and the right ventricle to the pulmonary trunk 
will be established (Fig.  2.4  upper). DORV, in 
which both great vessels arise from the right 
ventricle, is presumed to result from an obstacle 
to leftward shift of the conotruncus. DORV is 
also implicated in abnormalities of conotruncal 
rotation, conus formation, and septal formation. 
It seems reasonable to accept these abnormali-
ties as a spectrum representing a relatively prim-
itive embryologic condition with the origin of 
both great arteries from the morphologic right 

ventricle (Fig.  2.5b ). The subaortic conus is nor-
mally absorbed during the leftward shift of the 
conotruncus, and fi brous continuation between 
mitral and aortic valves can be observed. In 
DORV, bilateral subarterial conus and disconti-
nuity of both semilunar valves with their respec-
tive atrioventricular valve are common.

       Normal and Abnormal Septation 
and Alignment of the Outfl ow 
Tract [ 1 ,  2 ,  11 – 14 ] 

 The embryonic outfl ow tract (conotruncus) con-
sists of a distal part, the truncus, and a proximal 
part or the conus. At 4–5 weeks of gestation, two 
big swellings in the truncal region (right superior 
and left inferior truncal cushions) and two small 
swellings in the conal region (right dorsal and left 
ventral conal cushions) develop in the outfl ow tract 
(Fig.  2.5a ). The coalescence of these four cushions 
is carried out in a spiral fashion that accounts for 
the adult gross anatomical relationship between 
the aorta (to the left ventricle) and the pulmonary 
arterial trunk (to the right ventricle) (Fig.  2.5a ). 
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 There are a variety of clinically important 
congenital heart diseases associated with abnor-
malities of the outfl ow tract. Although they are 
commonly explained by the developmental 
abnormalities of cardiac neural crest cells, 
recently, the involvement of the second heart 
fi eld for outfl ow tract defects has been exten-
sively investigated. 22q11.2 deletion syndrome is 
well known to be highly associated with outfl ow 
tract defects. 

    Transposition of the 
Great Arteries (TGA) [ 15 ] 
 TGA results from a failure of the outfl ow tract 
septation to develop in a spiral fashion, instead it 
develops in a parallel fashion (Figs.  2.3d  and 
 2.5c ). The detailed developmental aspects of the 
outfl ow tract septation in a parallel fashion 
remain largely uncertain. Abnormal develop-
ment, growth, and absorption of subarterial conus 
are presumed to be a major factor. Although the 
normal conus is subpulmonary, left-sided, and 
anterior, there usually is a subaortic, right-sided, 
and anterior conus in patients with TGA.  

    Persistent Truncus Arteriosus 
(PTA) [ 1 ,  2 ,  12 ,  14 ,  16 ] 
 PTA results from incomplete formation of the 
conotruncal septum (Fig.  2.5d ). The pathogen-
esis of PTA is suggested by a key experimental 
model in which ablation of the cardiac neural 
cells in chick lead to failure of partitioning of 
the embryonic truncus arteriosus and disrupted 
the conotruncal development by interfering 
with the addition of the myocardium derived 
from the second heart fi eld. If vestiges of dis-
tal truncal septation develop, a short pulmonary 
arterial trunk can be formed from which the 
pulmonary arteries arise (Fig.  2.5d ). A partial 
developmental failure of distal truncal septum 
may result in aorticopulmonary window (AP 
window). In contrast to PTA, in AP window, 
semilunar valves are completely divided by the 
conal septum.  

    Tetralogy of Fallot (TOF) [ 1 ,  2 ,  12 ,  14 ,  17 ] 
 TOF refers to the tetrad of overriding aorta, pul-
monary stenosis, ventricular septal defect, and 
right ventricular hypertrophy (Fig.  2.5e ). It results 
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from aortic overriding and subpulmonary stenosis 
created by the deviation of the conal septum, lead-
ing to a malalignment between the aorta and the 
left ventricle with a malalignment-type ventricu-
lar septal defect. The anatomic spectrum of TOF 
is diverse, including cases with pulmonary atresia 
and those with absent pulmonary valve.   

    Normal and Abnormal Growth of 
Ventricles and Alignment of Atrial 
and Ventricular Septum: 
Univentricular Heart [ 18 ,  19 ] 

 At 4 weeks of gestation, right and left ventricles 
grow and the muscular interventricular septum 
carries out normal alignment at interatrial septum 
by looping, and the normal four-chambered heart 
can be formed (Fig.  2.6c, d ). Abnormal growth of 
the primitive right or left ventricle may result in 
hypoplasia of the right or left ventricle. 
Malalignment between the interventricular sep-
tum and the interatrial septum could result in uni-
lateral atresia of the atrioventricular valve 
(tricuspid or mitral atresia) or double inlet ven-
tricle (double inlet right, left or indetermined 
ventricle) (Fig.  2.6c ). These abnormalities con-
sist of a wide spectrum of functional univentricu-
lar heart.

       Normal and Abnormal Development 
of Atrial Septum: Atrial Septal 
Defects (ASD) [ 20 ] 

 At 4–5 weeks of gestation, the crescent-shaped 
septum primum forms in the roof of the primi-
tive atrium and grows toward to and fuses with 
the atrioventricular cushions in the atrioventric-
ular canal where the foramen primum between 
the free edge of the septum primum and the 
atrioventricular cushions is closed (Fig.  2.6a, d ). 
Meanwhile, the foramen secundum is created in 
the center of septum primum which is later cov-
ered by the septum secundum arising from the 
atrial roof on the right of the septum primum. 
The foramen ovale remains patent to maintain 
blood fl ow from the right to the left atrium dur-
ing fetal life. 

 ASDs are classifi ed according to their location 
relative to the foramen ovale (Fig.  2.6b ). The 
secundum type is the most common and is con-
sidered to result from excessive resorption of the 
septum primum or secundum. The primum type 
is probably caused by abnormal development of 
the atrioventricular cushions and/or dorsal mes-
enchymal protrusion that arises from the poste-
rior part of second heart fi eld, contributes to the 
venous pole of the heart tube, and gives rise to the 
myocardial base of the primary atrial septum. 
The sinus venosus type is usually associated with 
anomalous return of the right pulmonary veins. 
The coronary sinus type is often associated with 
an unroofed coronary sinus and left atrial con-
nection of a persistent left superior vena cava.  

    Normal and Abnormal Development 
of Ventricular Septum: Ventricular 
Septal Defects (VSD) [ 21 ] 

 At 4 weeks of gestation, the muscular interven-
tricular septum develops in midline on the fl oor 
of the primitive ventricles and grows toward the 
atrioventricular canal (Fig.  2.6d ). By 7 weeks of 
gestation, muscular interventricular septum con-
nects with the bottom edge of conal septum 
through the atrioventricular cushions, and the 
interventricular foramen is ultimately closed by 
the membranous interventricular septum that is 
formed by the proliferation and fusion of tissues 
from three sources, partly from the right and left 
conal cushions and mostly from the atrioventric-
ular cushions (Fig.  2.6e ). 

 The conal type of ventricular septal defect 
occurs as a result of failure to fuse of the conal 
cushions (Fig.  2.6f ). The muscular type occurs by 
simple single or multiple perforations in the mus-
cular septum (Fig.  2.6f ). The inlet type results 
from abnormal development of atrioventricular 
cushions (Fig.  2.6f ). The membranous-type ven-
tricular septal defect is the most common con-
genital heart defect. It can be caused simply by 
failure of the membranous interventricular sep-
tum to develop, but also by malalignment 
between the conal septum and the muscular sep-
tum (Fig.  2.6f–h ). The malalignment type is usu-
ally associated with complex heart malformations. 
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Usually, anterior malalignment of the conal sep-
tum is associated with TOF, while posterior 
malalignment of the conal septum is associated 
with coarctation or interruption of the aorta.  

    Normal and Abnormal Development 
of Atrioventricular Cushions: 
Atrioventricular Septal Defects 
(AVSD) [ 22 ] 

 At 4 weeks of the gestation, an endocardial cush-
ion is formed in the atrioventricular canal by a 
process called “epithelial–mesenchymal transfor-
mation” where the mesenchymal cells are sepa-
rated from the endocardium and transformed in the 
extracellular matrix. At 5 weeks of the  gestation, 

the  atrioventricular canal is divided by the coales-
cence of the superior and inferior endocardial 
cushions into the right-sided tricuspid and the left-
sided mitral orifi ces (Fig.  2.7a ). Endocardial cush-
ions also participate in formation of the interatrial 
septum (closing of the ostium primum), atrioven-
tricular valves (mitral and tricuspid valve), and 
membranous interventricular septum.

   A complete failure of development of atrio-
ventricular endocardial cushions results in com-
plete atrioventricular septal defect which 
comprises common atrioventricular valve with 
variable degree of insuffi ciency (Fig.  2.7a ), pri-
mum type of ASD (cf. Fig.  2.6b ) and membra-
nous/inlet type of VSD (cf. Fig.  2.6f ). Partial type 
of AVSD manifests by a primum ASD with 
insuffi ciency of the tricuspid and/or mitral valves.  
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    Normal and Abnormal Development 
of Cardiac Valves [ 9 ,  23 ] 

    Ebstein’s Anomaly 
 The leafl ets of atrioventricular valves are 
derived from the atrioventricular cushions. The 
leafl ets and tendon apparatus which consist of 
the chordae tendineae and their myotendinous 
junctions with the papillary muscles are formed 
mostly by a process called “undermining” 
(Fig.  2.7b ). This process is probably involved by 
myocardial cell death which delaminates the 
inner layers of the ventricular inlet and frees the 
fi brous leafl ets. 

 Ebstein’s anomaly of the tricuspid valve 
includes displacement of the septal and posterior 
leafl ets of the valve into the right ventricle to 
varying degrees. The portion of the right ventri-
cle between the true valve annulus and the down-
wardly displaced valve leafl ets forms an 
“atriarized” portion of the right ventricle that is 
continuous with the true right atrium. It is sup-
posed to result from a defect in undermining that 
leads to plastering of the valve leafl ets to the 
myocardial layer (Fig.  2.7b ).  

    Abnormalities of Semilunar 
Valves [ 9 ,  24 – 26 ] 
 After division of the outfl ow tract, the mesen-
chyme that forms the truncal cushions is remod-
eled into the aortic and pulmonary valves 
(Fig.  2.7c ). Each valve has three cusps and leaf-
lets. The cushion mesenchyme is derived from 
epithelial–mesenchymal transformation and 
from cardiac neural crest cells. The early cusps 
consist of a core of cushion tissue covered by the 
endocardium. Excavation of the arterial face of 
the cusps results in thinning to the fi nal shape that 
consist of the valve leafl ets and Valsalva sinuses 
(Fig.  2.7c ). 

 A defective process of excavation in the pul-
monary valve region results in thick, fused, and/
or dysplastic pulmonary valve with stenosis 
(PS). Pulmonary atresia with intact ventricular 
septum (PA-IVS) probably occurs after cardiac 
septation is completed, whereas a diminutive 
right ventricle and ventriculo-coronary artery 
connections represent an earlier insult than a 

well-formed right ventricle and tricuspid valve 
with fused imperforated pulmonary valve. 
Aortic valve stenosis (AS) is associated with 
thickening and increased rigidity of the valve 
tissue like pulmonary valve stenosis. The aortic 
valve is often bicuspid with a single, fused com-
missure and an eccentrically placed orifi ce 
which may lead to aortic stenosis and/or 
insuffi ciency.   

    Normal and Abnormal Development 
of the Arterial System [ 1 ,  2 ,  12 ,  27 ] 

 The great arterial system arises from six pairs of 
pharyngeal arch arteries that run through pharyn-
geal arches symmetrically. During 4–5weeks of 
gestation, the bilaterally symmetric pharyngeal 
arch arteries and the right and left dorsal aortae 
undergo remodeling (Fig.  2.8 ). The fi rst and sec-
ond pharyngeal arch arteries almost completely 
regress except to form the maxillary and stape-
dial arteries, respectively. The third, fourth, and 
sixth pharyngeal arch arteries result in a portion 
of the aortic arch and its branches, the ductus 
arteriosus, and part of branch pulmonary arteries 
through their remodeling, while the fi fth pharyn-
geal arch arteries completely regress before fully 
develop.

      Interrupted Aortic Arch 
Type B (IAA-B) [ 2 ,  12 ,  27 ] 
 Most anomalies of the aortic arch system result 
from persistence of parts of the pharyngeal arch 
arteries and dorsal aortae that normally regress 
and regression of parts that normally persist. 
Interrupted aortic arch type B results from abnor-
mal regression of the left fourth pharyngeal arch 
artery (Fig.  2.8a ).  

    Aberrant Right Subclavian 
Artery [ 2 ,  12 ,  27 ] 
 Aberrant right subclavian artery occurs when the 
right fourth pharyngeal arch artery abnormally 
regresses and the right dorsal aorta cranial to the 
seventh intersegmental artery abnormally per-
sists and forms the retroesophageal portion of the 
right subclavian artery (Fig.  2.8b ).  
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    Coarctation of Aorta (CoA) [ 27 ] 
 The simple, or post-ductal, type of coarctation of 
the aorta may result from abnormal constriction 
of the aorta together with the ductus arteriosus 
(Fig.  2.8c ). The complex, or preductal, type of 
coarctation of the aorta may result from a 
decreased blood fl ow through preductal aortic 
arch due to a posterior malalignment of the conal 
septum, bicuspid aortic valve with aortic steno-
sis, or other causes (Fig.  2.8c ).  

    Patent Ductus Arteriosus (PDA) [ 28 ] 
 The ductus arteriosus normally develops from the 
distal portion of the left sixth pharyngeal arch 
artery and connects the pulmonary trunk to the 
descending aorta (Fig.  2.8 ). With a right aortic 
arch, the ductus arteriosus is commonly on the 
left, joining the left pulmonary artery and the 
proximal portion of the left subclavian artery. 
The exact mechanisms underlying postnatal clo-
sure of the ductus arteriosus are not fully under-
stood. An increase in partial pressure of oxygen 

and release of vasoactive substances, such as ace-
tylcholine, bradykinin, or catecholamines, may 
contribute to closure of the ductus arteriosus 
under physiologic conditions. On the other hand, 
prostaglandins play an active role in maintaining 
the ductus arteriosus in an open state during nor-
mal fetal life. Patency or closure of the ductus 
arteriosus may represent a balance between the 
constrictive and relaxing effects by multiple 
factors.   

    Normal and Abnormal Development 
of Pulmonary Veins [ 29 ] 

 At 4 weeks of gestation, the primordial lung buds 
are enmeshed by the vascular plexus, called the 
splanchnic and pulmonary venous plexus, that 
connects to the systemic veins, but not to the heart 
(Fig.  2.9 ). By the end of 4 weeks of gestation, the 
common pulmonary vein derived from pulmo-
nary venous plexus connects to the sinoatrial 
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 portion of the heart. Later, the connections 
between the pulmonary venous plexus and the 
systemic veins involute, and fi nally, the common 
pulmonary vein is absorbed into the left atrium so 
that the two right and the two left pulmonary 
veins connect separately and directly to the left 
atrium (Fig.  2.9 ).

      Total Anomalous of Pulmonary 
Venous Return (TAPVR) [ 29 ] 
 TAPVR occurs as a result of developmental 
failure or early atresia of common pulmonary 
vein when collateral channels for pulmonary 
venous return are available in the form of prim-
itive connections between the pulmonary 
venous plexus and the systemic veins. The type 
of TAPVR is classifi ed according to the persis-
tent collateral channels from pulmonary to sys-
temic veins as follows: Supracardiac type 
includes connections to the left innominate 

vein, the superior vena cava, or the azygos vein; 
cardiac type includes connections to the coro-
nary sinus or directly to the right atrium; and 
infracardiac type includes connections below 
the diaphragm to the inferior vena cava, the 
portal vein, the hepatic veins, or the ductus 
venosus (Fig.  2.9 ).   

    Normal and Abnormal Development 
of Coronary Arteries [ 30 – 32 ] 

 During the early development of the heart, the 
epicardial precursor cells derived from proepi-
cardial organ contribute to form epicardium 
spread over the heart (Fig.  2.2c, d ). Epithelial–
mesenchymal transition provides cells that 
delaminate and migrate into the myocardium to 
transform into the vasculogenic mesenchymal 
cells (Fig.  2.10a ). These vasculogenic cells 
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 differentiate and link locally to form vascular 
plexus that induce other mesenchymal cells to 
become smooth muscle (Fig.  2.10b ). Later, these 
vascular plexi are remodeled into sprouting 
defi nitive arteries. Finally, the vascular plexus in 
the most proximal region links up and gives rise 
to the major coronaries that eventually connect to 
the aorta (Fig.  2.10c ).

   Congenital anomalies of the coronary artery 
may occur alone or in association with structural 
heart defects, such as TGA and TOF. There are 
numerous types of anomalous origin of coro-
nary arteries, including anomalous origin of left 
 coronary arterial branches from the right coro-
nary sinus, anomalous origin of right coronary 
arterial branches from the left coronary sinus, 
and anomalous origin of left main coronary 
artery from the pulmonary artery (Bland–White–
Garland syndrome).      
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        Congenital heart disease is the most common birth 
defect occurring in 4.8/1,000 births [ 1 ]. Previously, 
many patients with complex congenital heart dis-
ease did not survive to adulthood, confi ning the 
fi eld of congenital heart disease to pediatric spe-
cialists. With improved medical, diagnostic, and 
interventional techniques, many patients with con-
genital heart disease are surviving to adulthood 
[ 2 ,  3 ]. This has created a need for adult providers 
who are familiar with congenital heart disease and 
therapies. The increase in the number of congeni-
tal heart disease patients has also highlighted a 
need for further investigation and research with a 
goal of improved mortality and quality of life. 

 The fi rst imaging modality used in the imag-
ing of congenital heart disease patients was 
radiography [ 4 ]. Taussig used radiography and 
fl uoroscopy to image the thorax of patients and 
compared her fi nding to the clinical presenta-
tion and physical examination. As a result, she 
characterized the radiographic appearance of the 
thorax to particular congenital heart defects [ 4 ]. 
The fi eld of angiography and cardiac catheteriza-
tion arose from this technology and experience. 
Angiography was the mainstay of congenital 
heart disease imaging until the late 1970s and 
early 1980s. The emergence of  echocardiography 
in the late 1980s led to its replacement of cardiac 

catheterization as the leading diagnostic modality. 
Echocardiography’s ability to provide morpho-
logic, hemodynamic, and functional assessment 
in a safe and noninvasive manner was the primary 
reason. However, echocardiography has limita-
tions, particularly in patients with adult congenital 
heart disease (ACHD). As patients age and grow 
larger, their echocardiographic windows become 
less ideal, therefore limiting echocardiography’s 
diagnostic utility. This has created the need for an 
alternative imaging modality to provide compre-
hensive noninvasive imaging of the patient with 
congenital heart disease. 

 Cardiac MRI (CMR) is ideally positioned to 
fi ll this need in the imaging of the patient with 
ACHD. CMRI can overcome the limitations of 
poor echocardiographic images to provide excel-
lent images in a noninvasive manner. The typical 
CMR examination consists of multiple imaging 
sequences which can be used to provide a com-
prehensive assessment. Traditionally, in adult 
patients without congenital heart disease, cardiac 
MRI has been used primarily for assessment of 
valvular function, coronary artery disease, car-
diomyopathy, and other tissue characterization. 
Many of the MRI sequences used in these patients 
can be adapted to ACHD. 

 In this chapter, we will review a typical cardiac 
MR examination in an ACHD patient. We will 
review the individual components of the examina-
tion in more detail. It is important to note that this 
meant to serve as a general guide. Often, the 
examination will need to be adjusted and individ-
ualized to the patient’s anatomy and history. 

        M.  J.   Campbell ,  MD     
  Division of Pediatric Cardiology, 
Department of Pediatrics ,  Duke University Medical Center , 
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    Typical Examination 

 The cardiac MR examination of the patient with 
ACHD begins with a thorough review of the 
patient’s history. It is imperative that the tech-
nologist and interpreting physician understand 
the basic concepts of the underlying anatomy 
and interventional history prior to beginning the 
examination. This allows for proper planning of 
sequences and helps ensure that accurate and 
appropriate information is obtained. The typi-
cal cardiac MRI in an ACHD patient can last 
45–90 min. Preparing prior to the exam allows 
for effi cient use of scanner time and minimizes 
patient discomfort. Reviewing a patient’s his-
tory also helps identify possible contraindi-
cations to cardiac MRI. ACHD patients have 
often undergone procedures which can result 
in metal devices (pacemakers, stents, emboli-
zation devices, septal occluders) being placed 

in the patient. Those performing the examina-
tion are responsible for identifying the presence 
and safety of these devices prior to placing the 
patient in the scanner. One can refer to one of 
many references regarding MRI safety [ 5 ]. If the 
presence of metal devices cannot be excluded 
based on the patient’s history, then a chest radio-
graph can be obtained to rule out the presence of 
these devices. 

 There are many approaches to performing a 
cardiac MRI in ACHD. Most basic studies include 
morphology imaging, cine imaging, fl ow analy-
sis, angiography, and post-processing. There are 
additional sequences which can be added based 
on the clinical question to be answered. We will 
describe a typical examination for a new patient 
at our institution (Fig.  3.1 ). Patients who have 
repeat studies often have a more abbreviated 
examination to evaluate more specifi c questions. 
As noted previously, this is meant to serve as a 
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  Fig. 3.1    Typical CMR examination in adult congenital heart disease (Image courtesy of Han Kim, MD, Duke 
University Medical Center)       
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guide and the study should be changed as appro-
priate to individualize to the patient.

   Our institution’s protocol begins with local-
izer images to center the patient in the magnet 
and to obtain basic views on which follow-up 
imaging can be planned. We then perform elec-
trocardiogram (ECG)-gated cine imaging and 
start by obtaining a short axis stack of images 
from the apex through the atria. We image 
through the atria rather than stopping at the base 
of the ventricles in order to look for atrial septal 
defects, venous connection anomalies, or baffl e 
leaks/obstructions (i.e., post-atrial switch, post- 
Fontan). A cine four-chamber view of the heart is 
obtained next, and a stack of the images from the 
posterior surface of the heart through the great 
arteries is performed (alternatively, a series of 
images in a true axial plane, rather than oriented 
to the axis of the heart, can be performed). Two- 
and three-chamber cine images of the left ventri-
cle and a two-chamber image of the right ventricle 
from an anterior perspective allowing visualiza-
tion of infl ow through the tricuspid valve and out-
fl ow out the pulmonary valve are performed next. 
En face views of the aortic and pulmonary valves 
are planned off double orthogonal images of the 
left and right ventricular outfl ow tracts, respec-
tively. These images are later used for planning 
fl ow analysis. Cine imaging is then followed by 
morphology imaging. Stacks of non-gated black 
blood and bright blood images (preferably single 
shot) are obtained through the heart and associ-
ated vessels in the axial, sagittal, and coronal 
planes for both sequences. A gated contrast 
angiogram of the appropriate anatomy may be 
performed with gadolinium-based contrast. 
Contrast-enhanced and non-contrast angiograms 
will be discussed in much more detail in a subse-
quent chapter. 

 Following the administration of gadolinium 
contrast, delayed enhancement imaging can be 
performed. Following the contrast-enhanced 
angiogram, single-shot balanced steady-state free 
precession (bSSFP) delayed enhancement imag-
ing with a long inversion time (inversion 
time = 600 ms) is performed in the short and long 
axis to evaluate for thrombus. During the waiting 
time to perform delayed enhancement imaging 

with a null myocardium, velocity-encoded fl ow 
analysis can be performed at appropriate loca-
tions. Single-shot SSFP delayed enhancement 
imaging in the short and long axis is then per-
formed with the inversion time set to null normal 
myocardium. If there is a high index of suspicion 
for coronary artery disease (CAD) or concern for 
CAD on the single-shot SSFP delayed enhance-
ment imaging, then segmented gradient echo 
delayed enhancement images are obtained by 
taking a stack of images through the ventricles. 
Whole-heart coronary artery angiography can 
also be performed as indicated. 

    Morphology Imaging 

 Multi-slice morphology imaging is an essential 
component of the CMR evaluation of ACHD. Our 
institution typically performs morphology imag-
ing following cine imaging; however, in circum-
stances where the diagnosis is unknown or 
scanning time may be limited, it is often advisable 
to begin the examination with morphology imag-
ing. In patients with complex congenital heart dis-
ease, initial localization of the heart and associated 
structures within the chest is essential. Morphology 
imaging sequences allow for the single-shot acqui-
sition of large amounts of anatomical information 
in a relatively short period of time without the 
need for breath holds. Multi- slice morphology 
imaging provides contiguous images through the 
chest which is essential for defi ning relationships 
of cardiac structures to one another. Multi-slice 
image sequences in the axial, sagittal, and coronal 
planes are generally recommended. 

 Morphology imaging can be performed with 
black blood or bright blood imaging (Fig.  3.2 ). 
Both modalities can be performed or the modal-
ity which produces the best image in that par-
ticular patient can be used. Black blood imaging 
consists of pulse sequences designed to null the 
blood pool to improve visualization of surround-
ing structures [ 6 ]. Conventional spin echo, fast 
(turbo) spin echo, and half-Fourier single-shot 
turbo spin echo (HASTE) are common black 
blood imaging sequences. All black blood imag-
ing sequences are ECG gated. Fast spin echo is 
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most commonly used to obtain high-resolution, 
single-slice images using a breath hold. HASTE 
imaging, on the other hand, is used to obtain 
multi-slice images of the chest in a relatively short 
period of time and without a breath hold. These 
images are acquired in a short amount of time; 
however, the resulting images have less spatial 
resolution and signal-to-noise ratio. Conversely, 
because of the short imaging time, respiratory 
and cardiac motion artifacts are  minimized. Black 

blood imaging should be performed prior to the 
administration of gadolinium contrast because 
the shortened T1(and TI) that results from con-
trast impairs complete suppression of the blood 
signal [ 7 ]. These characteristics make HASTE 
imaging an ideal modality for a rapid survey of 
the chest and cardiovascular structures.

   Multi-slice bSSFP is usually used for “bright 
blood” imaging of cardiovascular structures. 
bSSFP morphology sequences use an imaging 

a b

c d

  Fig. 3.2    Examples of clinical use of single-shot black 
blood (double IR-HASTE) and bright blood (bSSFP) 
sequences in standard body projections. These sequences 
can provide great amount of anatomical and pathological 
information in congenital heart malformation which can be 
used for better implementation of subsequent sequences for 
a comprehensive MR examination. ( a ) Axial black blood 
and ( b ) corresponding bright blood views in a patient with 
congenitally corrected transposition of the great arteries. 
Note the L-looped morphologic (systemic) right ventricle 
which is characterized by thickened  moderator band. The 

two sequences are complementary and together can provide 
added information. In this example the prosthetic tricuspid 
valve ( arrow ) and left pleural effusion ( PL ) are easier to 
appreciate on bright blood image. ( c ) Bright blood sagittal 
image of a patient with coarctation of the aorta. ( d ) Black 
blood axial image of patient with complete transposition of 
great arteries following arterial switch operation. Typical 
appearance of main pulmonary artery anterior to the 
ascending aorta is shown.  IR-HASTE  inversion recovery 
half-Fourier single-shot turbo spin echo,  bSSFP  balanced 
steady-state free precession       
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engine similar to cine MR SSFP that has been 
altered to produce a stack of images that pro-
gresses through space. This is different from cine 
MRI images that produce a moving image in a 
single plane [ 7 ]. bSSFP morphology sequences 
result in a bright blood pool. Artifacts with this 
sequence can be problematic in ACHD patients 
with fl ow or metal artifacts. Multi-slice bSSFP 
images can be performed before or after the 
administration of contrast. These images do not 
require a breath hold and allow for the rapid 
acquisition of images of the chest (non-ECG 
gated) in multiple planes. 

 When interpreting morphology images in 
ACHD, it is important to fi rst defi ne cardiac 
 position and situs. Congenital heart disease 
patients with heterotaxy syndromes have abnor-
malities of organ positioning, including abnor-
mal cardiac position and looping. Morphology 
imaging is essential in these patients to begin to 
describe the positions of organs within the chest 
and abdomen. Next, systemic and pulmonary 
venous anatomy should be defi ned. This allows 
for the identifi cation of patients with systemic 
venous abnormalities such as a persistent left 
superior vena cava, interrupted inferior vena cava 
with azygous continuation, retroaortic innomi-
nate vein, and abnormal drainage of the right 
superior vena cava. Morphology imaging also 
allows for an evaluation of the patency of these 
vessels, which is important in a patient popula-
tion which often requires procedures involving 
venous cannulation. Assessment of the pulmo-
nary venous anatomy can allow for the identifi ca-
tion of anomalous pulmonary venous return and 
an initial screening for pulmonary vein stenosis. 

 Morphology imaging also allows for an initial 
assessment of atrial, ventricular, and great artery 
morphology (Fig.  3.2a, b ). Once this is defi ned, 
atrioventricular and ventriculo-arterial relation-
ships can be described. The aorta can be evalu-
ated for abnormalities of sidedness and branching. 
An initial assessment of the aorta can be per-
formed for aneurysm, dissection, and coarctation 
(Fig.  3.2c ). Many ACHD patients have main and/
or branch pulmonary artery stenosis. Morphology 
imaging allows for the initial assessment of pul-
monary artery anatomy (Fig.  3.2d ). 

 Morphology imaging also allows for visual-
ization of noncardiac fi ndings within the chest. It 
is important to evaluate the mediastinum and 
lung fi elds for abnormalities such as pulmonary 
abnormalities, masses, and infi ltrates. The thorax 
and spine can also be evaluated for bone and soft 
tissue abnormalities. 

 In summary, morphology image provides a 
large amount of anatomical information in mul-
tiple planes. This can be performed quickly and 
without a breath hold. This can allow for rapid 
diagnosis and it can be used for planning more 
detailed subsequent imaging during the CMR 
examination.  

    Cine Imaging/Functional Assessment 

 Cine MRI produces a movie of the beating heart 
in a single prescribed plane. The movie of the 
beating heart allows for the evaluation of valvular 
and ventricular function and shunt detection. 
Cine MRI images can also be obtained in con-
tiguous slices to understand anatomical interrela-
tionships and details. All of these components are 
critical to the evaluation of ACHD patients. As a 
result cine MRI is a workhorse of the CMR 
examination of ACHD patients. 

 The most common imaging engine used for 
Cine MRI is ECG-gated bSSFP. ECG-gated 
bSSFP produces an image at a defi ned slice posi-
tion by acquiring data at particular frames of the 
cardiac cycle over several heartbeats [ 7 ]. This 
produces a cinematic movie of the beating heart 
at the slice position [ 6 ]. bSSFP imaging 
sequences are relatively short and can be per-
formed with a breath hold to minimize respira-
tory motion artifacts. Parallel imaging with 
SENSE (sensitivity encoding) can result in even 
shorter imaging times [ 8 ]. bSSFP images have 
excellent contrast between the myocardium and 
blood pool which makes them ideal for ventricu-
lar functional assessment. The bSSFP blood-
myocardium contrast is mainly secondary to a 
large difference in T2/T1 relaxation ratio. This 
ratio is generally high for blood pool and fat 
(bright) and low for the myocardium (relatively 
dark) [ 9 ]. 
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 Cine MRI can also be performed with a fast 
gradient-recalled echo (GRE) imaging engine. 
Prior to the emergence of bSSFP, GRE was the 
primary cine MRI sequence. ECG-gated GRE 
also produces a moving image by acquiring data 
at particular frames in the cardiac cycle. GRE 
relies on the infl ow enhancement of blood (time-
of- fl ight effect) to produce contrast between the 
blood pool and myocardium [ 6 ]. Compared to 
SSFP, GRE has inferior signal-to-noise ratio, less 
adaptability to parallel imaging resulting in longer 
acquisition times, and lower temporal resolution. 

 In ACHD patients, bSSFP is often the pre-
ferred cine MRI imaging modality. The high 
signal- to-noise ratio results in improved blood- 
endocardial interface and allows for more accu-
rate volumetric measurements and functional 
assessment. The adaptability of parallel imaging 
leads to faster imaging and shorter breath holds. 
The superior temporal resolution leads to a 
smoother or “less jerky” reproduction of cardiac 
motion. On the other hand, bSSFP cine imaging 
is susceptible to dark band fl ow artifacts. This 
can often be overcome by frequency shifts or 
shim adjustment [ 6 ] (Fig.  3.3 ). ACHD patients 
can be especially susceptible to bSSFP-off reso-
nance artifacts because of fl ow disturbances 

(i.e., post-Fontan operation). Sometimes these 
artifacts cannot be reduced by the usual trouble-
shooting. Alternatively in these cases, cine GRE 
can be used to overcome these limitations.

      Anatomic Defi nition 
and Valvular Assessment 
 Cine MRI is very useful for anatomic defi nition 
in the ACHD patient. Cine MRI can be obtained 
in any prescribed plane which is helpful in imag-
ing patients with challenging anatomy. The 
unlimited nature of imaging planes is one of the 
main advantages of cine MRI over echocardiog-
raphy. Cine MR images can be obtained in con-
tiguous slices or “stacks” of images. This is 
analogous to a “sweep” in an echocardiography 
plane. This allows for the improved understand-
ing of the relationships of cardiac structures in 
patients with complex anatomy. 

 Short axis images of the heart can be obtained 
by planning a cross section of the heart perpen-
dicular to the long axis of the left ventricle. A 
“stack” of these short axis images can be created 
from the cardiac apex through the base of the 
ventricles (Fig.  3.4 ). In ACHD patients, it may be 
prudent to continue this stack through the atria to 
look for atrial septal defects (ASD) or to assess 

a b

  Fig. 3.3    Artifacts in balanced steady-state free preces-
sion (bSSFP). ( a ) Dark band and off-resonance artifacts 
( arrows ) are corrected by frequency shift adjustment. 

Note clear view of the aortic valve and posterior wall of 
the left ventricle after corrections ( b )       
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atrial baffl es in patients who have had atrial 
switch operations. Short axis images of the ven-
tricles are used predominantly to assess for ven-
tricular wall motion abnormalities and to quantify 
ventricular volumes, mass, and ventricular func-
tion (see section “ Functional Assessment ” 
below). Short axis cine images can also be used 

to defi ne ventricular morphology, assess for ven-
tricular or atrial septal defects, and evaluate atrio-
ventricular valve morphology and function.

   Axial or axial oblique images of the heart can 
be obtained to produce a “four-chamber” view of 
the heart (Fig.  3.5 ). Most commonly, this image is 
obtained at the level of the atrioventricular valves. 

  Fig. 3.4    Balanced steady-state free precession (bSSFP). Stack of short axis cine series will be obtained from long axis 
single-shot scanograms       

a b

  Fig. 3.5    Axial balanced steady-state free precession 
(bSSFP) provides a four-chamber view of the heart. ( a ) A 
patient with complete transposition of the great arteries 

following an atrial switch operation. ( b ) A patient with 
hypoplastic left heart syndrome following a Fontan 
operation       
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This allows for defi nition of cardiac sidedness, 
atrioventricular relationships, ventricular mor-
phology and function, and atrioventricular valve 
morphology and function. A stack of these images 
can be obtained from the inferior surface of the 
heart superiorly through the great arteries. This 
facilitates understanding the interrelationships of 
cardiac structures. These axial or axial oblique 
images can also be used for volumetric measure-
ments and ventricular functional assessment.

   Long axis cine images of the ventricles can 
also be obtained. A “two-chamber long axis 
view” of the left ventricle and left atrium is 
planned off the previously obtained short axis 
and four-chamber views. This allows for visual-
ization of the left ventricular and mitral valve 
function. A “three-chamber long axis view” of 
the left ventricle, left atrium, and left ventricular 
outfl ow tract is also obtained (Fig.  3.6 ). This 
image is planned from the short axis and “four- 
chamber” views. This is analogous to a paraster-
nal long axis view in echocardiography and 
allows for visualization of left ventricular, mitral 
valve and aortic valve function. An image pre-
scribed parallel to the left ventricular outfl ow 

tract (and the aortic root) in the three-chamber 
view produces an image of the left ventricular 
outfl ow tract viewed from an anterior perspective 
(coronal plane). Using this view and the three- 
chamber view, an “en face” image (through 
plane) of the aortic valve can be planned by 
 prescribing double orthogonal planes of the aor-
tic valve. This allows for visualization of aortic 
valve morphology and function and allows for 
planning future fl ow assessment (Fig.  3.7 ).

    Assessment of the right heart structures is par-
ticularly important in congenital heart disease 
patients who often have right ventricular pathol-
ogy [ 10 ]. A long axis cine image of the right ven-
tricle can be obtained by prescribing an imaging 
plane which bisects the tricuspid valve, right 
 ventricle, and right ventricular outfl ow tract. This 
produces an image showing the infl ow and out-
fl ow of the right ventricle. This allows visualiza-
tion of the tricuspid valve, right ventricular 
outfl ow tract, pulmonary valve, and right ven-
tricular morphology and function (Fig.  3.8 ). This 
image can then be used to prescribe and create a 
sagittal oblique image of the right ventricular 
outfl ow tract and pulmonary valve (Fig.  3.8 ). 

4ch 2ch 3ch

  Fig. 3.6    Balanced steady-state free precession (bSSFP). 
Cardiac long axis views including four-chamber ( 4ch ), 
two- chamber ( 2ch ), and three-chamber ( 3ch ) can be 

obtained from the stack of short axis images. Angles are 
shown in this image. Axial images can be obtained as a 
reference to facilitate plane adjustment       
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3ch Coronal

  Fig. 3.7    Cine balanced 
steady-state free precession 
(bSSFP) technique for en 
face image of a bicuspid 
aortic valve. Using a 
three-chamber ( 3ch ) 
reference image, an image 
is prescribed parallel to the 
left ventricular outfl ow tract 
( red line plane ) to obtain a 
coronal view of the aortic 
root. From these two 
reference images, transaxial 
view of the aortic valve will 
be obtained ( green planes )       

4ch 2ch

Sag.PV

  Fig. 3.8    Cine balanced steady-state free precession 
(bSSFP) technique for the right ventricle views. Using a 
four- chamber ( 4ch ) view and two-chamber ( 2ch ) view of 
the right ventricle will be obtained ( red plane ) which 
shows the infl ow/outfl ow tracts of the right ventricle. This 

image can then be used to prescribe ( yellow plane ) and 
create a sagittal ( sag .) oblique image of the right ventricu-
lar outfl ow tract and pulmonary valve. Using these two 
right ventricular views cross-sectional images of the pul-
monary valve ( PV ) can easily be prescribed       
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This is particularly important in patients with 
pulmonary stenosis or regurgitation, particularly 
in patients with a transannular patch repair of 
tetralogy of Fallot. The long axis view of the 
right ventricle and perpendicular sagittal oblique 
can then be used to prescribe a double orthogonal 
image of the pulmonary valve creating an en face 
image of the pulmonary valve. This can be used 
to evaluate pulmonary valve function and mor-
phology and to plan for future fl ow assessment.

   The cine MR imaging described above consti-
tutes the standard cine imaging used in adult con-
genital heart disease patients at our institution. 
Circumstances occasionally require the expanded 
use of cine images. Patients with atrioventricular 
valve disease such as Ebstein’s anomaly often 
require en face imaging of the atrioventricular 
valves. This provides anatomic defi nition and 
functional assessment. Many patients with con-
genital heart disease will often have branch pul-
monary artery disease. In these patients, a stack 
of axial oblique images through the main and 
branch pulmonary arteries can be obtained to 
 better identify branch pulmonary artery disease 
(Fig.  3.9a ). Patients who have undergone atrial 
switch operations have complex atrial anatomy 
with the pulmonary venous return baffl ed to the 
right-sided mitral valve and the systemic venous 
return baffl ed to the left-sided tricuspid valve. It 
can be challenging to image the atrial anatomy in 

these patients. A stack of coronal oblique images 
through the atria can allow for evaluation of baf-
fl e leaks and obstruction. A sagittal oblique 
image visualizing the superior and inferior limbs 
of the systemic venous baffl e can also be helpful. 
Sinus venosus atrial septal defects can be diffi cult 
to visualize by standard cine MRI. A bicaval or 
sagittal oblique view showing the relationship of 
the superior and inferior vena cava to the atrial 
septum can be useful in visualizing these defects 
[ 11 ] (Fig.  3.9b ). Secundum atrial septal defects 
are much more common than sinus venosus atrial 
septal defects. Our institution performs imaging 
of secundum atrial septal defects by visualizing 
the atrial septal defect in a four-chamber view of 
the heart. A perpendicular image of the defect is 
then obtained producing a short axis view. Both 
of these images are then used to create an en face 
view of the atrial septal defect. This image can be 
used to visualize the size, location, and rims of 
the defect. A velocity-encoded through plane 
image of the atrial septal defect can be obtained 
by copying this image position and then used to 
quantify the left-to-right shunt (discussed further 
in velocity-encoded imaging) [ 12 ] (Fig.  3.10 ).

         Ventricular Volumes/Functional 
Assessment 
 Assessing ventricular function is crucial to the 
CMR evaluation of the patient with ACHD. 

a b

  Fig. 3.9    Cine balanced steady-state free precession 
(bSSFP) technique. ( a ) Axial image of patient with com-
plete transposition of great arteries following arterial switch 

operation. ( b ) bSSFP sagittal (bicaval) view of the atrial 
septum in a patient with a sinus venosus atrial septal defect 
( arrow ).  SVC  superior vena cava,  IVC  inferior vena cava       
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There are numerous reasons for ventricular dys-
function in these patients. Patients with single- 
ventricle hearts present one extreme of this 
spectrum. Those with two functional ventricles 
can have unique loading conditions, both from 
pressure and volume loading. ACHD patients 
have often undergone multiple interventions, 
placing them at risk for ventricular dysfunction. 
As these patients continue to age, their incidence 
of coronary artery disease increases, therefore 
elevating their risk of ventricular dysfunction. 

 Multiple measurements have been used to 
assess global ventricular systolic function. These 
assessments of systolic function, however, do not 
necessarily equate to measurements of contrac-
tility. They are dependent on ventricular loading 

conditions (preload and afterload) and often heart 
rate. One of the most widespread measurements 
of systolic ventricular function is ejection fraction. 
Volumetric measurements of the ventricle in dias-
tole and systole are made and used to calculate the 
stroke volume and ejection fraction: ejection frac-
tion % = (end-diastolic volume − end-systolic vol-
ume)/end-diastolic volume. In echocardiography, 
this is performed by obtaining double orthogonal 
views of the left ventricular long axis. Most com-
monly, the modifi ed Simpson’s rule or method of 
disks is used to calculate ventricular volumes [ 13 ]. 
This requires an adequate imaging window with 
good contrast between the blood pool and myo-
cardium. In ACHD patients who have often had 
many prior interventions, these conditions often 
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  Fig. 3.10    Phase-contrast MRI through plane image looking at the atrial septum from the right atrium in a patient with 
a secundum atrial septal defect       
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do not exist. bSSFP cine MRI can often overcome 
these limitations. Echocardiography also provides 
limited echocardiographic windows of the right 
ventricle, making volumetric measurements dif-
fi cult. bSSFP cine MRI can overcome this limi-
tation by allowing for complete visualization of 
the right ventricular cavity, measurement of ven-
tricular volumes, and the calculation of ejection 
fraction (Fig.  3.11 ).

   Ventricular volumes and ejection fraction can 
be measured from a stack of cine MR images in 
a short axis or axial plane [ 8 ,  14 ]. The ventricular 
volumes are traced in end diastole and end systole 
through the entire ventricle (Fig.  3.11 ). One must 
be careful to outline only the ventricular cavity. 
At the level of the atrioventricular valve, the base 
of the ventricle can move in and out of the plane 
of the image as the heart moves with the cardiac 
cycle. This can result in portions of the atria being 
included in the most basal slice. Ventricular cavity 
is distinguished from atrial by the shortening of 

ventricular myocardium during systole. It is also 
imperative that one be consistent in the inclusion 
or exclusion of papillary muscles and trabecula-
tions in diastolic and systolic measurements. The 
ventricular volumes are calculated from the prod-
uct of the cross-sectional area of the cavity and 
the thickness of the image slice (prescribed by the 
user). Volumes are summated to calculate ventric-
ular end-diastolic and end-systolic volumes. An 
ejection fraction is then calculated from the ven-
tricular volumes. Myocardial mass can be mea-
sured by tracing the epicardial border in diastole, 
subtracting the endocardial volume, and multiply-
ing by the specifi c gravity of myocardium, 1.05 g/
mm 3  [ 8 ]. Ventricular volumes and ejection frac-
tion have been validated in animal models and 
patients [ 15 – 17 ]. Several studies have compared 
cine MRI measurements of ventricular volumes 
and ejection fraction to echocardiography and 
SPECT and have found that cine MRI has greater 
reproducibility and accuracy [ 18 – 20 ]. 

Apex

Base

ED

ES

  Fig. 3.11    Tracing of cine balanced steady-state free pre-
cession (bSSFP) images for ventricular function analysis. 
Cardiac MR allows for precise and reproducible quantifi -

cation of wall thickness, ventricular mass, volumes 
(Courtesy of WJ Manning MD, Harvard Medical School). 
 ED  end diastole,  ES  end systole       
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 Ventricular volumes, mass, and ejection frac-
tion can be compared to published normal values 
[ 21 ,  22 ]. One group of ACHD patients which 
have received a great deal of attention in this 
regard are patients with repaired tetralogy of 
Fallot [ 14 ,  23 – 27 ]. Historically, repair of tetralogy 
of Fallot has involved transannular patch relief of 
pulmonary stenosis [ 28 – 30 ]. This relieves right 
ventricular outfl ow tract obstruction, but results in 
pulmonary insuffi ciency. Pulmonary insuffi ciency 
can lead to right ventricular dilation and failure. 
Pulmonary valve replacement is the treatment of 
choice; however, the timing of replacement is 
controversial [ 31 ]. bSSFP cine MRI measurement 
of right ventricular volumes and ejection fraction 
has been proposed and used as one of many crite-
ria in determining timing of pulmonary valve 
replacement [ 25 ,  26 ,  31 ]. 

 Cine MRI can also be used for the evaluation of 
segmental wall motion abnormalities. This is anal-
ogous to the evaluation of the left ventricle in the 
parasternal short axis by echocardiography. The 
17-segment model of the left ventricle can be 
applied and used to classify segmental wall motion 
abnormalities [ 32 ]. Wall motion is classifi ed as 
normal, hypokinetic, dyskinetic, or akinetic. Areas 

of abnormal wall motion can be consistent with 
infarcted myocardium. Combining cine MRI with 
stress testing can allow for the identifi cation of 
inducible ischemia (see section “ Stress Imaging ). 
ACHD patients can also have abnormal segmental 
wall motion as a result of patch material and injury 
from prior interventions, bundle branch block, and 
a pressure- or volume-loaded right ventricle. 

 Diastolic function describes the compliance of 
the ventricles. The gold standard for diastolic 
function is invasive measurement of ventricular 
end-diastolic pressure. Cardiac imaging modali-
ties, including CMR, have used indirect data such 
as atrioventricular valve infl ow and pulmonary 
vein fl ow patterns, atrial size, and myocardial 
velocities to assess diastolic function. Phase-
contrast analysis of tricuspid and mitral valve 
infl ow and pulmonary venous fl ow can be per-
formed and used in the assessment of ventricular 
diastolic function [ 33 ,  34 ]. One group of particu-
lar interest in ACHD is repaired tetralogy of 
Fallot and restrictive right ventricular fi lling. This 
is diagnosed by the presence of end-diastolic for-
ward fl ow on phase-contrast analysis of fl ow in 
the main pulmonary artery (Fig.  3.12 ). This fi nd-
ing has been correlated with worse pulmonary 
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  Fig. 3.12    Repaired tetralogy of Fallot and pulmonary 
regurgitation. Phase-contrast MRI fl ow diagram of the pul-
monary valve is obtained using two orthogonal cine views 

of the right ventricle outfl ow tract (marked by  red planes ). 
There is end-diastolic forward fl ow ( yellow arrow ) which 
is indicative of restrictive right ventricular physiology       
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regurgitation and quality of life [ 35 ,  36 ]. Analysis 
of myocardial deformation by myocardial tag-
ging or velocity vector imaging (VVI) can also 
be used to assess regional and global diastolic 
function. These modalities are discussed further 
below.

       Myocardial Deformation 
 Within the fi eld of cardiac imaging, there have 
been a number of recent developments in ven-
tricular mechanics and myocardial deformation. 
Indices such as strain and strain rate can be eval-
uated. Myocardial strain is defi ned as a change in 
myocardial tissue length. Myocardial strain rate 
is defi ned as the rate of change in the length of 
myocardial tissue over time [ 37 ,  38 ]. These indi-
ces allow for assessment of global and regional 
myocardial function in longitudinal, circumfer-
ential, and radial directions. Echocardiographic 
modalities such as speckle tracking and VVI 
have been used for these measurements. CMR 
can also be used for assessment of myocardial 
deformation and offers some advantages over 
echocardiography. CMR is not limited by poor 
echocardiographic windows, and CMR allows 
for a superior blood pool to endocardium inter-
face which aids in making these measurements. 

 Myocardial tagging is the gold standard for 
myocardial deformation evaluation by CMR. 
This involves superimposing lines or grids on the 
myocardium and following the subsequent defor-
mation of these lines through the cardiac cycle on 
a cine MR image [ 39 – 43 ]. This is usually per-
formed before the administration of contrast and 
requires a unique sequence which applies a pre-
pulse to apply lines and grids [ 39 ]. Image acqui-
sition is performed by using a cine MR imaging 
engine. Post-processing is then performed using 
an automated harmonic phase analysis (HARP) 
[ 39 ,  42 ,  43 ]. Myocardial tagging does have disad-
vantages in that it requires sequences which are 
not part of the standard CMR examination and 
the post-processing is time consuming. 

 More recently, VVI has emerged as an alter-
native modality for evaluating myocardial defor-
mation by CMR. This modality involves loading 
a cine MRI image into vendor-specifi c soft-
ware (TomTec TM ) and tracing the epicardial and 

endocardial borders of the ventricle and follow-
ing these locations throughout the cardiac cycle 
(Fig.  3.13 ). VVI then uses a hierarchical algorithm 
to generate values of regional and global myocar-
dial performance [ 44 ]. An advantageous feature 
of VVI, when compared to myocardial tagging, 
is that VVI does not require specifi c sequences. 
Following the CMR examination, DICOM data of 
cine MR images can be loaded into the software 
and analysis performed. A disadvantage of CMR 
VVI is that the  mid- myocardium is not evaluated.

   The application of these myocardial tagging 
and VVI to ACHD patients is in its infancy. 
ACHD patients could benefi t from this type of 
imaging because they frequently have regional 
myocardial dysfunction. Further study in this 
area could eventually lead to improved under-
standing of ventricular function in these patients.   

    Phase Contrast MRI 

 Hemodynamic assessment is an essential com-
ponent of imaging patients with ACHD. These 
patients are at risk for valvular regurgitation and 
stenosis, arterial and venous stenosis, and intra-
cardiac and extracardiac shunting. One of the 
strengths of echocardiography has been the use 
of Doppler technology in this role. CMR can 
provide excellent image quality with cine and 
morphology imaging, but, to match the compre-
hensive utility of echocardiography, a modality 

  Fig. 3.13    VVI analysis of a cine balanced steady-state 
free precession (bSSFP) four-chambered view.  Yellow 
lines  shows ventricular deformity       
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for hemodynamic assessment is essential. Phase-
contrast CMR (PC-CMR) fi lls this role [ 45 ]. 

 PC-CMR is based on the principle that moving 
protons, as compared to stationary protons, will 
experience a phase shift when exposed to a gradi-
ent in the direction of fl ow [ 7 ]. A gradient echo 
imaging engine is used to produce an image in 
which signal intensity is proportional to fl ow veloc-
ity. The fl ow in the direction of the applied gradient 
is white and the fl ow in the opposite direction is 
black (Fig.  3.10 ). Stationary tissue appears null or 
gray. A retrospective ECG-gated GRE cine imag-
ing engine is used to apply phase contrast through-
out the cardiac cycle. Velocity can then be graphed 
as a function of time [ 46 ]. Most commonly, 
PC-CMR is performed in the through plane, or per-
pendicular to the direction of fl ow (Fig.  3.12 ). The 
integrated product of the velocities and cross-sec-
tional area of the fl ow column determines the fl ow 
rate. Integration of the area under the curve allows 
for measurement of forward and reverse volume 
[ 46 ]. In plane phase contrast imaging, which is 
 parallel to the direction of the gradient fi eld can 
also be used. This is not ideal for quantifi cation of 
fl ow but can allow for visualization of the location 
of maximal fl ow acceleration (Fig.  3.14 ).

   PC-CMR is applied in the through plane by 
fi rst setting the imaging plane perpendicular to 
the vessel or valve to be assessed. A cine MRI 
image is fi rst obtained perpendicular to the area 
of interest by using double orthogonal views 
(Fig.  3.13 ). The location of the cine image is cop-
ied as the image location to be used for phase- 
contrast CMR. The velocity encoding threshold 
(VENC) is then set. If the velocity of fl ow in the 
image exceeds the VENC, then aliasing of fl ow 
will occur, and the protons which exceeded the 
VENC will then be assigned a negative signal, 
thereby compromising the accuracy of the mea-
surement [ 47 ]. It is also essential to set the VENC 
close or slightly above to the true maximal veloc-
ity. The greater the VENC exceeds the true maxi-
mal velocity of the image, the less accurate the 
measurement [ 6 ]. Determining the correct VENC 
can be time consuming and diffi cult for a breath- 
holding patient. When the maximal velocity is 
unknown, the VENC will be set at what is thought 
to be an appropriate level and the sequence will 
be run without a breath hold. If aliasing occurs, 
sequences will be run without a breath hold until 
the correct VENC is determined. A breath-hold 
sequence with the appropriate VENC is then 
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  Fig. 3.14    ( a ) In plane phase image of the aortic arch in a 
patient with coarctation of the aorta. Note the dephasing 
( dashed red line ) in the area of the coarctation of the aorta. 

( b ) Time velocity diagram of a through plane image of the 
descending aorta distal to the area of stenosis ( dark line ) 
showing increased velocity       
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 performed and this is used for measurements. 
Alternatively, a sequence with multiple averages 
can be used in free-breathing patients. The fi n-
ished sequence is then evaluated at a separate 
workstation using a vendor-specifi c clinical work 
station. 

   Shunting 
 Many ACHD patients, both repaired and unre-
paired, have intracardiac or extracardiac shunt-
ing. This shunting can be left to right, right to 
left, or mixed. When discussing cardiac shunting, 
the relationship of pulmonary and systemic fl ow 
is usually expressed as a Qp/Qs (Qp = pulmonary 
fl ow, Qs = systemic fl ow). When Qp/Qs exceeds 
1, pulmonary fl ow exceeds systemic fl ow and 
systemic-to-pulmonary or left-to-right shunting 
exists. On the contrary when Qp/Qs is less than 1, 
pulmonary fl ow is less than systemic fl ow and 
pulmonary-to-systemic fl ow or right-to-left 
shunting exists. Left-to-right shunting results in 
normal oxygen content, symptoms of pulmonary 
overcirculation, and, ultimately, Eisenmenger’s 
physiology. Right-to-left shunting results in 
diminished oxygen content. 

 In clinical practice, the gold standard for the 
measurement of Qp/Qs and intracardiac shunt-
ing has been the Fick equation determined by 
invasive oximetry. Qp/Qs can also be determined 
by echocardiography; however, this method is 
dependent on good echocardiographic windows 
[ 13 ]. Echocardiographic determination of Qp/Qs 
does not directly measure fl ow but assumes that 
the fl ow is equal throughout the fl ow column. 
Echocardiography also is limited in that the 
measurement of the diameter of the vessel is 
obtained at a different time than the Doppler 
evaluation of fl ow velocity [ 7 ]. PC-CMR can 
overcome these limitations in that CMR is not 
limited by echocardiographic windows, fl ow 
across a vessel is directly measured, and the 
cross-sectional area and velocity measurement 
are obtained simultaneously [ 7 ]. PC-CMR deter-
mination of Qp/Qs has compared well with 
Doppler echocardiography and volumetric 
assessment of right and left ventricular stroke 
volume [ 48 – 51 ]. PC-CMR has also been found 
to agree with the Fick equation in patients with 

left-to-right shunt who underwent simultaneous 
PC-CMR and cardiac catheterization [ 52 – 56 ]. 

 With PC-CMR, Qp is usually measured at the 
main pulmonary artery or pulmonary valve. This 
is especially useful in the setting of an atrial sep-
tal defect, ventricular septal defect, or partial 
anomalous pulmonary venous return. In the set-
ting of additional sources of pulmonary blood 
fl ow such as a patent ductus arteriosus, aortico-
pulmonary collaterals, and surgical aorticopul-
monary shunt, alternative strategies are required. 
Flow in the patent ductus arteriosus or surgical 
aorticopulmonary shunt can be measured directly 
and added to the main pulmonary artery fl ow to 
calculate Qp. Flow in both branch pulmonary 
arteries distal to the patent ductus arteriosus or 
surgical shunt can be measured and added to cal-
culate Qp (assuming that the measurement is 
made proximal to any branch points of the right 
and left pulmonary arteries) [ 56 ]. Flow in all pul-
monary veins can also be measured and added to 
measure Qp. 

 Qs is usually measured at the ascending aorta 
or aortic valve. Qs can also be obtained by measur-
ing fl ow in the superior vena cava and inferior 
vena cava and adding the two. In patients with pat-
ent ductus arteriosus, aorticopulmonary surgical 
shunts, or aorticopulmonary collaterals, Qs can be 
obtained by performing PC-MRI in the descend-
ing aorta distal to the area of left-to-right shunting 
and in the superior vena cava before the entrance 
of the azygous and adding the two [ 57 ,  58 ]. 

 There has been increased interest in the assess-
ment of left-to-right shunting from aorticopulmo-
nary collaterals in the setting of single-ventricle 
physiology and tetralogy of Fallot [ 57 ,  59 – 61 ]. 
Whitehead et al. and Glatz et al. have quantifi ed 
aorticopulmonary fl ow in single-ventricle 
patients with one of two methods: in one method, 
aorticopulmonary fl ow = aorta − (SVC + IVC) and 
in the other method aorticopulmonary fl ow = (LP
V − LPA) + (RPV − RPA) [ 57 ,  59 ,  60 ]. Tetralogy 
of Fallot patients with pulmonary atresia and aor-
ticopulmonary collaterals also present a unique 
approach to PC-MRI. The clinical course and 
surgical timing are often determined by the 
amount and distribution of pulmonary blood 
fl ow. Historically, many of the most complex 
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patients with this disease were not offered surgi-
cal repair, and some of these patients have sur-
vived to adulthood with profound cyanosis [ 62 ]. 
Grosse-Wortmann et al. described a method of 
quantifying pulmonary blood fl ow with PC-CMR 
in these patients which would predict postopera-
tive right ventricular systolic pressure. They 
determined Qs by measuring fl ow in the descend-
ing aorta distal to all collateral vessels and added 
this to the SVC fl ow. They calculated Qp by 
direct measurement or by subtracting descending 
aortic fl ow from ascending aortic fl ow [ 61 ]. 

 There are also multiple methods for calculat-
ing Qp/Qs in patients with atrial septal defects 
[ 12 ,  54 ,  63 ]. A widely used method is to measure 
pulmonary blood fl ow at the level of the pulmo-
nary valve or main pulmonary artery and Qs at 
the aortic valve or ascending aorta. Our institu-
tion has described an alternative method which 
had better correlation with Qp/Qs calculated by 
the Fisk equation. This method involves obtain-
ing an en face view of the atrial septal defect by 
planning from double orthogonal views. A 
PC-CMR through plane image is performed in 
this position. This allows for visualization of the 
size of the defect, additional defects, and deter-
mination of defect rims (Fig.  3.10 ). Quantifi cation 
of fl ow through the defect can then be performed. 
Qp is calculated by adding Q ASD  to Qs. Qs is mea-
sured in the ascending aorta [ 12 ].  

   Regurgitation 
 Valvular dysfunction and regurgitation is a fre-
quent fi nding in ACHD. Some common diagno-
ses in which regurgitation can be seen are 
bicuspid aortic valve, Ebstein’s anomaly, and 
repaired tetralogy of Fallot. One of the more 
widespread uses of CMR in the evaluation of 
ACHD has been the assessment of pulmonary 
valve regurgitation and right ventricular dilation 
in repaired tetralogy of Fallot [ 64 ,  65 ]. PC-CMR, 
in addition to cine MRI, is essential to the assess-
ment of the severity of regurgitation. In plane 
PC-MRI can be used to visualize regurgitant jets. 
This can allow for subjective assessment of 
regurgitation severity and assist with determina-
tion of the mechanism of regurgitation. Semilunar 
valve regurgitation can be assessed by through 

plane PC-CMR at the level of the valve or great 
artery proximal to the fi rst branch. Forward and 
reverse volumes are measured. A regurgitant 
fraction is then calculated by using the equation: 
Regurgitant fraction = reverse volume/total for-
ward volume. When performing PC-CMR at the 
level of the valve, inaccuracies can occur when 
the plane of the regurgitant jet is eccentric and at 
an angle to the imaging plane. Because of this our 
institution frequently performs PC-CMR within 
the associated great artery: ascending aorta prox-
imal to the innominate artery for the aortic valve 
and main pulmonary artery for the pulmonary 
valve (Fig.  3.12 ). When assessing aortic insuffi -
ciency, it can be benefi cial to perform PC-CMR 
in the descending aorta. The presence of fl ow 
reversal can be used to help assess severity. 

 Quantifi cation of atrioventricular valve regur-
gitation is also an important component of the 
PC-CMR assessment of the ACHD patient. 
Atrioventricular valve regurgitation can be mea-
sured directly by aligning a through plane 
PC-CMR image at the level of the plane of the 
valve. The forward and reverse volume can be 
measured and regurgitant fraction calculated: 
Regurgitant fraction = reverse volume/forward 
volume. This method can be problematic as it can 
often be diffi cult to align the PC-CMR with the 
plane of the valve and regurgitant jet. In the 
absence of semilunar valve regurgitation, atrio-
ventricular valve regurgitant fraction can be cal-
culated by dividing the reverse volume (directly 
measured) by the ventricular stroke volume. This 
can also be done by measuring the forward vol-
ume in the associated semilunar valve or great 
artery and the ventricular stroke volume. 
Regurgitant fraction of the atrioventricular valve 
can then be calculated by using the following 
equation: Regurgitant fraction = (ventricular 
stroke volume − forward volume of semilunar 
valve)/ventricular stroke volume.  

   Stenosis 
 Valvular stenosis is a frequent fi nding in ACHD. 
Pulmonary stenosis, tetralogy of Fallot, bicuspid 
aortic valve, and repaired atrioventricular septal 
defects are common diagnosis with valvular ste-
nosis. PC-CMR semilunar valve assessment is 
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accomplished by performing a through plane 
image at the level of the valve leafl et tips. To 
ensure accuracy, it is imperative to set the VENC 
at the minimum value above which aliasing 
occurs. On the phase-contrasted image, the semi-
lunar valve outfl ow should be traced to include 
all of the pixels in the outfl ow column, but no 
others. The peak velocity of the fl ow can then be 
measured. The modifi ed Bernoulli equation, 
pressure gradient = 4 v  2 , can then be applied to 
calculate a gradient across the valve. Previous 
studies have revealed correlation with spectral 
Doppler echocardiography and cardiac catheter-
ization [ 66 ,  67 ]. 

 Evaluation of atrioventricular valve stenosis 
can also be performed by PC-CMR [ 68 ]. Mitral 
and tricuspid valve stenoses are frequent fi ndings 
in a number of ACHD constellations. PC-MRI of 
the atrioventricular valve is accomplished with a 
PC-CMR image at the level of the atrioventricu-
lar valve leafl et tips [ 68 ]. The VENC should 
again be set properly to the minimum value 
above which no aliasing occurs. The infl ow of the 
phase-contrast image can be traced, the peak 
velocity measured, and a mean velocity calcu-
lated from the area under the curve. 
Atrioventricular valve stenosis is commonly 
reported as a mean gradient, and the modifi ed 
Bernoulli equation can be used to calculate this 
gradient [ 13 ]. 

 Evaluation of arterial stenosis is critical in 
patients with branch pulmonary artery stenosis 
and coarctation of the aorta. ACHD patients, espe-
cially those with tetralogy of Fallot and transposi-
tion of the great arteries following arterial switch, 
frequently have branch pulmonary artery stenosis. 
Branch pulmonary artery stenosis can be mea-
sured directly with PC-CMR. A PC-MRI image 
perpendicular to the long axis of the vessel can be 
done at the level of the stenosis and a peak velocity 
and gradient calculated. Flow evaluation of the 
proximal branch pulmonary arteries can be per-
formed. The fl ow and forward volume into each 
branch pulmonary artery can be measured. These 
values can be compared to each other and to the 
main pulmonary artery. The percentage of fl ow to 
each lung can be calculated. This is analogous to a 
nuclear lung perfusion scan and studies have 

 confi rmed that this modality correlates well with 
nuclear lung perfusion measurements [ 69 ,  70 ]. 
Patients with coarctation of the aorta, both repaired 
and unrepaired, require PC-CMR appraisal of ste-
nosis. It is often advisable to perform in plane 
PC-CMR in a plane visualizing the aortic arch in 
an orthogonal sagittal plane with a relatively low 
VENC. This can allow for visualization of the area 
of most severe stenosis as identifi ed by the area of 
maximal aliasing (Fig.  3.14a ). A through plane 
image can be planned at this location and a peak 
velocity calculated [ 71 ]. Through plane PC-CMR 
can also be performed in the descending aorta. A 
patient with more severe stenosis can have a fl ow 
pattern with diminished amplitude and antegrade 
fl ow in diastole (Fig.  3.14b ). Collateral volume 
can be quantifi ed by measuring forward volume in 
the descending aorta below the level of obstruction 
and collaterals and proximal to the area of the ste-
nosis. The proximal value is then subtracted from 
the distal value and the collateral volume calcu-
lated [ 72 – 76 ]. 

 Venous stenosis can also be assessed with 
PC-CMR. Stenosis of the superior vena cava 
(SVC) can be a complication of surgical repair of 
superior sinus venosus atrial septal defects. A 
PC-CMR perpendicular to the long axis of the 
SVC can allow for measuring the peak and mean 
velocity across the vessel. Stenosis of the supe-
rior systemic limb of the atrial baffl e in a transpo-
sition of the great arteries patient can also occur 
and can be evaluated in this manner [ 77 ]. 
Pulmonary venous stenosis can also be a compli-
cation of ACHD. Double orthogonal PC-CMR at 
the orifi ce of the pulmonary veins can allow for 
detection of stenosis [ 78 ,  79 ]. This imaging plane 
is often best planned by using an angiogram. The 
area under the fl ow curve can be integrated and 
mean velocity and gradient calculated. 

 Patients with single-ventricle physiology who 
have undergone Fontan completion can also be 
evaluated for areas of stenosis and fl ow quantifi -
cation. Measurements can be performed in the 
superior vena cava, inferior vena cava, Fontan 
baffl e or conduit, and both branch pulmonary 
arteries. This allows for the detection of areas of 
stenosis or disturbed fl ow and also allows for the 
evaluation of distribution of fl ow [ 80 – 83 ].  
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   New Techniques 
 New techniques involving 3D or 4D fl ow have 
been developed [ 84 – 89 ]. These techniques hold 
promise for the evaluation of fl ow hemodynam-
ics in ACHD. Studies have begun to evaluate the 
utility of these modalities in the evaluation of 
aortic stenosis, coarctation of the aorta, and 
Fontan patients. Single-ventricle patients with 
Fontan circulation hold particular promise. These 
modalities allow for the study and assessment of 
fl ow patterns within the Fontan circuit. This can 
hopefully allow for optimizing the surgical tech-
niques of the Fontan allowing for improved 
hemodynamics [ 90 ]. These modalities are not 
widely used in clinical practice at this time, but 
hold great promise for the future.    

    Delayed Enhancement Imaging 

 Delayed enhancement CMR (DE-CMR) is used 
extensively to evaluate infarction, cardiomyopa-
thy, and infi ltrative disease in adults with struc-
turally normal hearts [ 91 – 97 ]. The adaptation 
of this imaging modality to ACHD patients has 
not been as proliferative. Nevertheless, ACHD 
patients are at risk for myocardial fi brosis and 
scar. Abnormal loading conditions, both pres-
sure and volume overloading, can lead to an 
increased risk of myocardial fi brosis. An exam-
ple is the systemic right ventricle in patients 
with transposition of the great arteries (TGA) 
following an atrial switch operation [ 98 ]. 
ACHD patients also often have a history of mul-
tiple prior cardiac interventions. This can lead 
to hyperenhancement of repaired or patched 
areas such as a VSD patch or transannular patch 
in repaired tetralogy of Fallot (TOF). Many 
ACHD patients have congenital coronary artery 
abnormalities or undergo surgeries involving 
reimplantation of the coronary arteries. These 
patients are at increased risk of myocardial 
infarction in the perioperative period or later in 
life. Finally, as ACHD patients age, they will 
begin to develop coronary artery disease from 
traditional risk factors. This is an area that will 
need to be better studied and characterized as 
these patients continue to age. 

 DE-CMR is based on differences in signal 
intensity of abnormal and normal myocardium 
following the administration of gadolinium con-
trast. Infarcted or fi brotic myocardium has 
increased interstitial volume compared to normal 
myocardium. When gadolinium is administered, 
the volume of distribution in the abnormal myo-
cardium is increased, resulting in greater signal 
intensity. Imaging is performed 10–15 min fol-
lowing the administration of a gadolinium-based 
contrast [ 91 ,  99 ]. This is most commonly per-
formed with a gradient echo imaging engine with 
an inversion recovery prepulse to provide 
increased T1 weighting. Image readout occurs in 
mid-diastole to minimize cardiac motion. 
Imaging occurs every other heartbeat in order for 
longitudinal relaxation to recover prior to the 
next prepulse [ 7 ,  91 ]. The TI is selected so that 
normal myocardium will appear black or “null” 
and areas of infarction or fi brosis will hyperen-
hance and appear bright [ 99 ]. Abnormal myocar-
dium appears bright because it will have a more 
rapid decay of longitudinal magnetization than 
normal myocardium (Fig.  3.15a, b ). These 
images require a breath hold to minimize respira-
tory motion.

   An ultrafast real-time DE-CMR technique 
using a single-shot SSFP imaging engine has also 
been developed [ 100 ,  101 ]. This allows for rapid 
imaging of the myocardium without breath hold-
ing. These images have lower spatial resolution 
than segmented gradient echo imaging 
(Fig.  3.15b ). A study by Sievers et al. has demon-
strated that these images can be rapidly obtained 
and are highly accurate, although with a reduced 
sensitivity when compared to segmented gradient 
echo imaging [ 101 ]. This sequence can be espe-
cially useful in patients who cannot perform 
breath holding, are uncooperative, or have 
arrhythmias [ 101 ]. 

 Five minutes following the administration of 
contrast, single-shot SSFP delayed enhancement 
images can be performed with the TI set to 500–
600 ms. This results in all tissues except throm-
bus and calcifi cation having equal signal intensity 
and appearing gray. This sequence can be used to 
screen for thrombus, and thrombus will appear 
black in these images (Fig.  3.15c ). In the setting 
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of ischemic heart disease, this method has been 
shown to be superior to transthoracic echocar-
diography and cine MRI [ 102 ,  103 ]. This imag-
ing modality can be useful in ACHD patients at 
risk for thrombus. Single-ventricle patients who 
have undergone the Fontan operation and have 
low velocity fl ow within the Fontan are a particu-
larly high-risk group [ 104 ]. 

 The use of DE-CMR in patients with ACHD is 
still very much in its infancy. In 2004, Prakash 
et al. fi rst reported the feasibility of DE-CMR in 
congenital heart disease [ 105 ]. Harris et al. dem-
onstrated that DE-CMR could detect fi brosis 
both in unrepaired congenital heart disease and 
associated with surgical repair [ 106 ]. Repaired 
tetralogy of Fallot is one of the more common 
diagnosis studied with DE-CMR [ 107 – 110 ]. 
These patients are at risk for fi brosis because of 
volume and/or pressure loading from pulmonary 
regurgitation or residual right ventricular outfl ow 
tract obstruction. Transannular patch repair can 
lead to an aneurysmal right ventricular outfl ow 
tract with thinned, scarred myocardium. VSD 
patches can distort the interventricular septum. 
Oosterhof et al. demonstrated abnormal DE 
within the right ventricular outfl ow tract and cor-
related an increased amount of hyperenhance-
ment with increased right ventricular volumes 
[ 107 ]. Babu-Narayan performed DE-CMR in 
patients with repaired TOF and found abnormal 

DE within the right and left ventricles. Increased 
abnormal DE was associated with multiple 
adverse clinical outcomes such as ventricular 
failure, arrhythmia, exercise tolerance, and neu-
rohumoral activation [ 108 ]. Wald et al. used 
DE-CMR, among other modalities, to evaluate 
areas of regional right ventricular dysfunction in 
repaired TOF. They found that a greater extent of 
regional dysfunction led to reduced global right 
ventricular function and exercise tolerance [ 109 ]. 
Patients with repaired TOF often have frag-
mented QRS morphology. Park et al. found that a 
fragmented QRS was associated with more 
extensive abnormal DE and dysfunction of the 
right ventricle [ 110 ]. 

 Patients with two-ventricle physiology and a 
systemic right ventricle, such as TGA following 
an atrial switch operation and congenitally cor-
rected TGA, have been evaluated for right ven-
tricular fi brosis. Several studies have evaluated 
for the presence of fi brosis by DE-CMR [ 98 , 
 111 – 114 ]. Fratz et al. and Preim et al. evaluated 
patients with systemic right ventricles and found 
that abnormal DE was a rare fi nding [ 111 ,  112 ]. 
On the other hand, other groups have demon-
strated that this is a common fi nding [ 98 ,  113 , 
 114 ]. Babu-Narayan et al. demonstrated that the 
extent of abnormal DE in TGA following atrial 
switch operation correlates with adverse clinical 
parameters [ 98 ]. 

a cb

  Fig. 3.15    ( a ) Segmented delayed enhancement short 
axis image of a patient with tricuspid atresia. Note the 
subendocardial hyperenhancement in the inferior wall 
which would be consistent with an infarction. ( b ) Two-
chambered single- shot delayed enhancement image. 
Note the apical transmural hyperenhancement which 

likely represents operative injury at the site left ventricu-
lostomy. ( c ) “High TI” (600 ms) single-shot delayed 
enhancement two-chambered long axis view of the left 
ventricle. Note the large thrombus in the left ventricular 
apex. Note gray signal of the normal myocardium in high 
TI sequence       
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 Single-ventricle patients have unique hemo-
dynamic demand placed on the ventricular myo-
cardium. Rathod et al. studied DE-CMR patterns 
in single-ventricle patients with a history of a 
Fontan operation. They found increased ventricu-
lar fi brosis, and this fi brosis was associated with 
ventricular dysfunction and nonsustained ven-
tricular tachycardia [ 115 ]. Harris et al. evaluated 
six patients with hypoplastic left heart syndrome 
with DE-CMR and found abnormal delayed 
enhancement at the site of the Norwood recon-
struction [ 106 ]. 

 Patients with congenital aortic stenosis have 
also been found to have abnormal DE-CMR of 
the left ventricle [ 116 ,  117 ]. Robinson et al. noted 
left ventricular subendocardial delayed enhance-
ment in several patients who had undergone aor-
tic balloon valvuloplasty [ 116 ]. Lasalvia et al. 
also found left ventricular subendocardial hyper-
enhancement in a patient with severe congenital 
aortic stenosis who eventually had ventricular 
failure and orthotopic heart transplant. The histo-
logical specimens of the explanted heart were 
compared to the DE-CMR images and were 
found to correlate [ 117 ]. 

 There are many more ACHD patient popula-
tions which have yet to be studied by DE-CMR. 
A thorough evaluation of many ACHD patient 
populations is limited by heterogeneous patient 
populations and small patient numbers. Studies 
evaluating DE-CMR patterns in ACHD need to 
be validated by histology. There are many poten-
tial roles for DE-CMR in ACHD which could 
lead to improved diagnosis, prognostic informa-
tion, and treatment.  

     Stress Imaging 

 Assessment of the heart during exercise can 
be invaluable for diagnosis and clinical man-
agement. Imaging the heart during exercise or 
stress can allow for assessment of global ven-
tricular function, wall motion abnormalities, 
inducible ischemia, and intracavitary gradients. 
Historically, imaging modalities such as nuclear 
perfusion imaging and echocardiography have 
been used to image the heart during exercise/

stress [ 118 ,  119 ]. CMR also has an important role 
in diagnostic stress imaging. 

 Stress CMR imaging is predominantly used in 
adults with structurally normal hearts for the 
assessment of coronary artery disease. However, 
there are uses for stress CMR in ACHD. ACHD 
patients can have an increased risk of coronary 
artery disease as a result of congenital coronary 
artery anomalies, history of coronary artery reim-
plantation, coronary artery injury associated with 
prior surgical repair, or standard risk factors. 
Stress CMR can also be used to assess responses 
to exercise/stress in ACHD patients without sus-
pected coronary artery disease. 

 CMR stress testing can be performed by two 
methods: (1) cine MRI with exercise or pharma-
cologic stress and (2) stress perfusion CMR with 
pharmacologic stress. Cine MR images of the 
ventricle can be obtained with exercise or phar-
macologic stress to assess ventricular function 
and wall motion abnormalities. Exercise testing 
can be performed using an MRI safe, supine, or 
upright bicycle ergometer. The patient can exer-
cise while in the bore of the magnet or outside of 
the bore and then moved in immediately follow-
ing exercise [ 120 – 123 ]. In theory, exercise 
should be preferred to pharmacologic stress 
because pharmacologic stress mimics exercise 
but does not reproduce all physiological vari-
ables [ 120 ]. However, motion artifacts and gating 
issues associated with exercise and hyperventila-
tion can make imaging diffi cult. Because of these 
limitations, pharmacologic stress is often used to 
mimic exercise. Dobutamine is the most com-
monly used agent. Dobutamine increases myo-
cardial oxygen demand. It acts as an inotropic 
agent and at higher doses acts as a chronotropic 
agent as well. Dobutamine has a short half-life 
(2 min); therefore, it is administered as a continu-
ous infusion. The dose is usually started at 
2.5–5 ug/kg/min and increased every 3–5 min 
until the target heart rate of 85 % of predicted is 
reached or the maximum dose of 40 ug/kg/min is 
reached [ 120 ]. Contraindications to a dobuta-
mine infusion include an obstruction to systemic 
infl ow or outfl ow, heart block, or ventricular 
tachycardia [ 120 ]. A stack of cine short axis 
images can be obtained at rest and with exercise/
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stress. Ventricular volumes and ejection fractions 
can be measured at rest and with exercise/stress 
and compared. The ventricles can also be assessed 
for wall motion abnormalities. Abnormalities 
observed with exercise/stress, but not rest, are 
consistent with inducible ischemia. 

 Stress perfusion imaging can also be used in 
the CMR assessment of coronary artery disease. 
The patient is given a pharmacologic agent which 
acts as a coronary vasodilator. Adenosine is most 
commonly used. Adenosine dilates unobstructed 
coronary arteries. A patient with a fi xed coronary 
stenosis who is given an adenosine infusion will 
have a perfusion mismatch between the area of 
distribution of the affected coronary artery and 
other areas of myocardium. Adenosine has a very 
short half-life so it must be given as a continuous 
infusion (0.14 mg/kg/min). At our institution 
adenosine is given for 2 min or until the patient 
experiences typical symptoms of fl ushing, tachy-
cardia, chest discomfort, shortness of breath, diz-
ziness, and headache [ 7 ]. Once the patient is felt 
to have an adequate physiological response to 
adenosine, gadolinium is administered and the 
imaging sequence is initiated. Adenosine is con-
traindicated in patients with reactive airway dis-
ease, second- or third-degree heart block, and in 
patients taking dipyridamole [ 120 ]. Caffeine and 
theophylline should also be avoided as they act as 
an adenosine receptor antagonists. Dipyridamole 
can also be used for CMR stress testing. 
Dipyridamole inhibits the reuptake of adenosine 
by endothelial cells, therefore indirectly causing 
coronary vasodilation by increasing adenosine 
levels [ 120 ]. Regadenoson can also be used for 
CMR stress testing [ 124 ]. It indirectly causes 
coronary vasodilation because of its action as a 
selective adenosine A 2A  receptor antagonist. 
Regadenoson can be given as a single bolus, 
eliminating the need for a second IV, and it also 
has a reduced side effect profi le because of its 
action as a selective adenosine A 2A  antagonist 
[ 125 ,  126 ]. 

 CMR stress perfusion imaging is designed 
to produce a movie of the fi rst-pass perfusion 
of gadolinium contrast through the myocardium 
[ 7 ]. This allows for the identifi cation of perfu-
sion defects representing areas of distribution of 

obstructed coronary arteries. Perfusion imaging is 
performed at stress and at rest, separated by 15 min 
to allow for contrast washout (Fig.  3.16 ). Defects 
which are matched on stress and rest imaging may 
represent an artifact or an area of infarction which 
can be confi rmed with DE-CMR. Defects which 
occur at stress, but not rest, represent inducible 
ischemia and coronary artery disease. Imaging is 
performed with a gradient echo imaging engine or 
gradient echo-echo planar hybrid imaging engine 
with a parallel imaging modifi er in a single-shot 
mode. Four to fi ve short axis slices are obtained 
with ECG gating every cardiac cycle during the 
fi rst pass of perfusion [ 7 ]. CMR vasodilator myo-
cardial stress perfusion is sensitive and specifi c 
for diagnosing coronary artery disease [ 127 – 135 ]. 
The American College of Cardiology Foundation 
Appropriateness Criteria Working Group has con-
cluded that stress perfusion CMR is “appropriate” 
for chest pain syndromes in patients who have 
intermediate risk of coronary artery disease and 
for determining the physiological signifi cance of 
indeterminate coronary artery lesions [ 7 ,  136 ].

   Rest perfusion imaging is also frequently used 
to evaluate a cardiac mass for vascularity [ 137 , 
 138 ]. A gradient echo imaging engine is used and 
image position is planned to best visualize the 
mass. 

 The adaptation and use of stress CMR in con-
genital heart disease has been increasing. The 
majority of this experience has been with cine 
MRI. Several studies have performed stress cine 
MRI in patients with transposition of the great 
arteries who have undergone an atrial switch 
operation [ 139 – 143 ]. These studies reveal that 
these patients do not increase right ventricular 
stroke volume in response to exercise/stress, and 
this is felt to be secondary to impaired ventricular 
fi lling with exercise as a result of atrial baffl es 
[ 139 – 143 ]. The majority of stress cine MRI stud-
ies in this population were performed with dobu-
tamine [ 140 – 143 ]. Roest et al. performed stress 
cine MRI using a supine bicycle ergometer [ 139 ]. 
Oosterhoff et al. performed exercise and dobuta-
mine stress cine MRI and found that the tests 
were not interchangeable in this patient popula-
tion. With dobutamine stress testing, ejection 
fraction, end-diastolic volume, and end-systolic 
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volume were increased, but stroke volume was 
unchanged. With exercise stress testing, ejection 
fraction decreased while ventricular volumes and 
stroke volume were unchanged [ 142 ]. 

 Patients with congenitally corrected TGA 
(CC-TGA) also have a systemic morphologic 
right ventricle. There have been several studies 
assessing the right ventricle with stress cine MRI 
and comparing to the systemic right ventricle of 
patients with complete transposition of the great 

arteries that have undergone an atrial switch 
operation [ 141 ,  143 ,  144 ]. Fratz et al. and Dodge- 
Khatami et al. performed dobutamine stress cine 
MRI and found that these patients have a normal 
response of the right ventricle to exercise with an 
increase in right ventricular stroke volume [ 143 , 
 144 ]. Tulveski et al. also performed dobutamine 
stress cine MRI and found that right ventricular 
ejection fraction increased but stroke volume was 
unchanged [ 141 ]. 

a b

c d

  Fig. 3.16    Adenosine stress/rest perfusion and delayed 
post-contrast images in a patient left ventricular hypertro-
phy due to stenotic bicuspid aortic valve are shown. ( a ) 
Stress perfusion shows diffuse subendocardial hypoperfu-

sion. ( b ) Rest perfusion shows normal myocardium. ( c ) 
Delayed post-contrast image shows no abnormal myocar-
dial enhancement. ( d ) Cine frame shows severe aortic 
stenosis       
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 Another ACHD population which has been 
studied with stress cine MRI is repaired tetralogy 
of Fallot [ 35 ,  122 ,  145 – 147 ]. Roest et al. per-
formed exercise cine MRI (supine bicycle ergom-
eter) and found that pulmonary valve regurgitation 
was reduced and that there was an abnormal right 
ventricular response to exercise. There was no 
change in right ventricular end-systolic volume 
(indexed) or ejection fraction with exercise. Left 
ventricular response to exercise was normal 
[ 122 ]. Roest et al. also assessed ascending aortic 
fl ow measurements during exercise and con-
cluded that there was an abnormal recovery of 
left ventricular stroke volume following exercise 
[ 145 ]. Van den Berg et al. performed dobutamine 
cine MRI and measured pulmonary and tricuspid 
fl ow curves at rest and with stress to assess right 
ventricular fi lling. They concluded that patients 
with forward fl ow in end diastole had an abnor-
mal response to stress with worsening of ventric-
ular fi lling [ 35 ]. In another study, van den Berg 
et al. also used dobutamine stress cine MRI to 
assess right ventricular systolic function. In con-
trast to Roest et al., they found that patients with 
repaired tetralogy of Fallot have a normal right 
ventricular response to exercise with a decrease 
in right ventricular end-systolic volume and an 
increase in stroke volume [ 146 ]. Tulveski et al. 
performed dobutamine stress CMR in patients 
with pulmonary stenosis (repaired tetralogy of 
Fallot, pulmonary stenosis, pulmonary hyperten-
sion) and in patients with pulmonary stenosis and 
regurgitation. With stress, they found that, in 
both groups, patients had reduced stroke volume, 
impaired relaxation, and no change in ejection 
fraction [ 147 ]. 

 ACHD patients with single-ventricle physiol-
ogy and a history of a Fontan operation have been 
studied during stress with cine MRI and CMR 
fl ow assessment [ 123 ,  148 – 152 ]. Hjortdal et al. 
performed exercise stress with a bicycle ergome-
ter in patients with a history of a Fontan operation. 
Velocity fl ow measurements of the inferior vena 
cava and aorta were performed and increased fl ow 
in the inferior vena cava and aorta was noted, but 
not the superior vena cava [ 148 ,  149 ]. Pederson 
et al. also performed bicycle ergometer exercise 
stress CMR in this group of patients. Velocity 

fl ow measurements of the inferior vena cava and 
branch pulmonary arteries revealed a doubling of 
inferior vena cava fl ow and equal distribution to 
both pulmonary arteries [ 123 ]. Ventricular func-
tional response to exercise in Fontan patients has 
been assessed with dobutamine stress CMR. 
Robbers-Visser et al. and Schmitt et al. have dem-
onstrated that stroke volume does not increase 
with exercise and that cardiac output is increased 
with exercise predominantly with an increase in 
heart rate [ 151 ,  152 ]. 

 ACHD patients can be at risk for coronary 
artery disease as a result of congenital coronary 
artery anomalies, coronary artery reimplanta-
tion, perioperative injury, and standard risk fac-
tors. Stress CMR can be used for the evaluation 
of ACHD patients at risk for coronary artery dis-
ease. Experience in this fi eld has been limited, 
but is growing as these modalities are applied to 
more ACHD patients. Taylor et al. performed 
adenosine cine MRI in patients with aortic ste-
nosis and transposition of the great arteries fol-
lowing arterial switch operation. They measured 
volumes and fl ows and noted increased cardiac 
output during adenosine infusion. They also con-
cluded that adenosine could be safely adminis-
tered to patients with congenital heart disease 
[ 153 ]. Strigl et al. reported their experience per-
forming dobutamine stress cine MRI in pediatric 
congenital heart disease patients with suspected 
coronary artery disease. They found that the 
incidence of positive fi ndings was low, but that 
performing dobutamine stress cine MRI is fea-
sible [ 154 ]. Cook et al. performed adenosine 
stress perfusion in a group of adult patients with 
a history of repaired coarctation of the aorta. 
They did not identify inducible ischemia, but did 
note decreased myocardial perfusion reserve 
[ 155 ]. Buechel et al. reported they experience 
performing adenosine stress perfusion CMR in 
pediatric patients with suspected congenital 
heart disease. They compared adenosine stress 
perfusion CMR to coronary angiography in 
some of their patients. They concluded that 
 adenosine stress perfusion CMR is feasible and 
accurate in pediatric patients with suspected 
coronary artery disease and congenital heart 
 disease [ 156 ]. 
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 The use of stress CMR is very much in its early 
stages. There is much more experience with these 
modalities in adults with structurally normal hearts 
and coronary artery disease. As the ACHD popu-
lation ages, the use of these modalities to identify 
coronary artery disease will increase. Currently, 
there are select ACHD patients at high risk for 
coronary artery disease that can benefi t from these 
modalities. Further research is needed to under-
stand the physiological responses to exercise/
stress in patients with congenital heart disease. A 
better understanding will lay the foundation for 
improved clinical utility in these patients.     
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        The clinical use of magnetic resonance 
 angiography (MRA) has rapidly expanded as tech-
nological advances in both hardware and imaging 
techniques overcome previous limitations. This is 
particularly true for imaging of patients with con-
genital heart disease (CHD), who are often 
younger and frequently require continued, lifelong 
imaging follow-up. In this chapter, we will review 
recent developments in contrast-enhanced (CE) 
MRA and non-contrast-enhanced (NCE) MRA 
techniques applicable to CHD. 

    Contrast-Enhanced MRA 

 In general, CE MRA techniques are preferred 
because they are typically faster with a much 
larger fi eld of view than NCE MRA techniques. 
In addition, CE MRA is less susceptible to infl ow 
and pulsatility artifacts. Two complementary 
approaches to CE MRA are used for imaging 
the thoracic vasculature: “static” CE MRA and 
time- resolved CE MRA. Both approaches use 
gadolinium- based contrast agents (GBCAs) to 
increase the contrast between the vasculature and 
surrounding soft tissues. With static CE MRA, the 
image acquisition is timed to correspond to when 
there is maximum enhancement of the vessels of 

interest – either determined a priori with a test 
bolus injection (Fig.  4.1 ) or in real time with 
bolus tracking. Time-resolved CE MRA, on the 
other hand, does not require any specifi c timing 
of image acquisition. Static CE MRA techniques 
usually have higher spatial resolution and greater 
volumetric coverage than time-resolved CE 
MRA sequences, particularly with use of parallel 
imaging techniques. However, time-resolved CE 
MRA provides additional dynamic information 
on blood fl ow that is less apparent or absent on 
static CE MRA acquisitions. Further details on 
these two approaches to CE MRA will be dis-
cussed in the following sections.

      High-Resolution Static CE MRA 

 High spatial resolution CE MRA is performed 
using a 3D spoiled gradient-recalled echo 
sequence, timed such that the central k-space 
lines are acquired during peak enhancement of 
the vessels of interest. Because of the high spatial 
resolution that can be achieved using modern 
sequences, typically ≤1.5 mm isotropic, these 
sequences are used to delineate the complex ana-
tomical structures in patients with CHD (Fig.  4.2 ). 
Although previously limited to relatively narrow 
3D volumes, improvements in software and hard-
ware design discussed in subsequent paragraphs 
have enabled substantial accelerations in image 
acquisition so that it is now possible to obtain 
high-resolution CE MRA images of the entire 
thorax (Fig.  4.3 ) within a short breath hold.
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       Contrast Administration 
 For the majority of CE MRA applications, a sin-
gle dose of standard, extracellular GBCA 
(0.1 mmol/kg) is suffi cient. Contrast is injected 
intravenously (IV) through a catheter (preferably 

through an 18–22 gauge catheter in an antecubi-
tal vein) at a variable rate (i.e., 0.5–4.0 mL/s), 
depending upon the size of the catheter, the qual-
ity of the patient’s veins, and the length of the 
acquisition. However, caution should be used 
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  Fig. 4.1    ( a ) Time-resolved CE MRA with fast temporal 
resolution (≤2 s/image) is used to determine time-to-peak 
enhancement in the vessel of interest, in this case the 
aorta. This can be done visually or quantitatively by draw-
ing a region of interest over the aorta ( yellow circle ) and 

assessing the signal intensity–time curve ( b ) to determine 
the precise time-to-peak enhancement. Typically, a diag-
nostic delay (~4–6 s) is added to the time to peak from the 
test bolus injection due to different amounts of contrast 
injected between the test bolus and actual 3D CE MRA       

a b

  Fig. 4.2    High-resolution 3D CE MRA in 28-year-old 
male with Alagille syndrome causing multiple branch pul-
monary artery stenoses ( arrowheads ). Because of the iso-
tropic spatial resolution, it is possible to generate 

high-quality ( a ) coronal, ( b ) sagittal, and ( c ) axial multi-
planar reformatted and ( d ) volume-rendered images to 
assess the anatomy and morphology of the cardiovascular 
system       

 

 

C.J. François



57

when injecting high relaxivity GBCA because 
when injecting at a high rate, the concentration of 
GBCA can be high enough to cause T2-star arti-
fact, reducing the overall signal intensity within 
the vasculature during the fi rst pass (Fig.  4.4 ). As 
indicated previously, the image acquisition is 
timed such that the center of k-space is acquired 
during maximum enhancement of the vessels of 
interest, because the center of k-space contributes 
to the overall signal and enhancement of the 
image, while the peripheral of k-space contrib-
utes to the detail or sharpness of the images 
(Fig.  4.5 ). The time-to-peak enhancement of the 
vessels of interest can be done using a test bolus 
injection to determine the transit time of a con-
trast injection from the peripheral IV to the area 
being imaged [ 1 ]. Alternatively, with centric 
k-space ordering, where the center of k-space is 
acquired at the beginning of the scan, real-time 
bolus tracking can be used so that the acquisition 
can be started precisely when the contrast bolus 
arrives in the vessels of interest [ 2 ]. When the 
acquisition is not timed appropriately to the pas-
sage of the contrast bolus, a variety of different 
artifacts can occur, including decreased signal-
to- noise ratio (SNR), truncation artifact, and 
edge blurring [ 3 ]. Ideally, the contrast bolus 
injection duration should be equal to the length of 
acquisition (Fig.  4.6 ). A benefi t of CE MRA, 
relative to CT angiography (CTA), is that if the 

  Fig. 4.3    Maximum intensity projection image from 3D 
CE MRA of the entire thorax in patient with repaired tetral-
ogy of Fallot and partial anomalous venous return from the 
left upper lobe ( arrow ). The anomalous pulmonary vein 
drains into the left brachiocephalic vein ( arrowhead )       

c d

Fig. 4.2 (continued)
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a b

  Fig. 4.4    ( a ) T2-star effects of rapid GBCA injection 
decrease the signal intensity in the left brachiocephalic 
vein ( arrows ). ( b ) During recirculation, when contrast has 
been diluted with non-enhanced blood, enhancement of 

the venous structures is more uniform without any central 
decrease signal intensity ( arrows ).  MPA  main pulmonary 
artery,  Ao  aorta       

  Fig. 4.5    K-space ( top row ) and image space ( bottom 
row ) images from contrast-enhanced MRA illustrating the 
differences between fully sampled k-space ( left ), central 
k-space ( middle ), and outer k-space ( right ) data. The cen-
tral k-space data contributes to the overall signal of the 

image, which for contrast-enhanced MRA provides the 
signal in the vasculature. However, the corresponding 
image is very blurry. The outer regions of k-space encode 
for the edges, resulting in images that have sharp vessel 
defi nition, but with very little vascular enhancement       
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image quality is insuffi cient to make the diagno-
sis, the acquisition can be repeated with a second 
injection (Fig.  4.7 ) with little to no harm to most 
patients because GBCA is less nephrotoxic and 
MRA does not require the use of ionizing 
radiation.

      At our institution, we dilute a single dose of 
GBCA [i.e., 0.1 mmol/kg of gadobenate dimeglu-
mine (Multihance, Bracco Diagnostics Inc. 
Princeton, NJ, USA) or 0.03 mmol/kg of gado-
fosveset trisodium (Vasovist, ABLAVAR, EPIX 
Pharmaceuticals, Inc. Cambridge, MA, USA)] 
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  Fig. 4.6    Effects of contrast bolus duration on edge blur-
ring. ( a ) Enhancement time diagram demonstrating two 
injection strategies. In injection  1 , contrast is injected rap-
idly, resulting in rapid upslope in enhancement and rapid 
washout. Although there is bright signal during the early 
part of the acquisition, resulting in intense contrast 
enhancement, the later stages of the acquisition occur dur-
ing diminished enhancement. The loss of signal during 
the acquisition of the outer regions of k-space results in 
blurring of the vessels in which the contrast has washed 
out ( b ). When the contrast is injected more slowly, as in 

strategy  2 , there is more uniform enhancement throughout 
the acquisition of k-space. The persistence of enhance-
ment throughout the acquisition, including the higher-
order k-space lines, results in improved vascular sharpness 
( c ). In (b), the acquisition was 18 s and the bolus duration 
was 8 s. Although the pulmonary veins ( arrowhead ) are 
bright and very sharp, the pulmonary arteries ( arrow ) are 
blurry and poorly enhanced. In (c), the acquisition was 
18 s and the bolus duration was 20 s. In this case, pulmo-
nary arteries ( arrow ) and pulmonary veins ( arrowhead ) 
are very sharp and suffi ciently enhanced       
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with normal saline to achieve a total volume of 
30 mL to inject in two phases. We inject 5 mL of 
diluted contrast at 2 mL/s, resulting in a 2.5 s con-
trast bolus which we expect to prolong to 3–4 s by 
the time it gets to the pulmonary circulation, for 
the time-resolved CE MRA (which has a “tem-
poral resolution” of 3–4 s). We then inject 25 mL 
at 1.5 mL/s, resulting in a 16–17 s contrast bolus 
which we expect to prolong to ~20 s by the time it 
reaches the pulmonary circulation, for the high-res-
olution 3D CE MRA, which is about 17–20 s long.  

    ECG Triggering 
 Conventional three-dimensional (3D) CE MRA 
can be performed without or with ECG trigger-
ing. ECG-triggered CE MRA (Fig.  4.8 ) is pre-
ferred for imaging patients with diseases of the 
ascending aorta to minimize artifact from cardiac 
motion [ 4 ]. Furthermore, when making measure-
ments of the aorta, or other vessels, it is critical to 
make double-oblique measurements perpendicu-
lar to the vessel long axis (Fig.  4.8b ) rather than 
simply using axial images to avoid overestimating 
the true size of the vessel [ 5 ]. Equally important 
is to use a consistent method of defi ning how the 
measurements are being made, especially when 
using MRA-derived measurements in comparison 
with prognostic data obtained using other imaging 
modalities [ 6 ]. A limitation of ECG- triggered CE 

MRA techniques is that they require more time to 
acquire and is therefore potentially problematic in 
patients who have diffi culty  holding their breath. 
Acquisition times for ECG- triggered CE MRA 
can be decreased by limiting the coverage to a thin 
slab over the aorta or by using parallel imaging.

       Parallel Imaging 
 A major advance in improving the speed of MR 
image acquisition has been the use of parallel 
imaging [ 7 – 9 ]. This has been enabled through 
changes in image reconstruction from undersam-
pled k-space data and use of multichannel receiver 
coils [ 10 ]. With these multichannel receiver coils, 
each individual coil is used to simultaneously 
receive the MR signal. The use of parallel imag-
ing to accelerate data acquisition can be used to 
shorten the scan times to image the same volume 
[ 11 ] or to increase anatomical coverage during the 
same acquisition time [ 12 ]. Using advanced par-
allel imaging techniques, it is now possible to 
scan the entire thoracic vasculature within 15–20 s 
with high, isotropic spatial resolution (Fig.  4.9 ).

       CE MRA at 3.0T 
 A major motivation for scanning at higher fi eld 
strengths is that the SNR is proportional to the fi eld 
strength. Therefore, at 3.0T SNR is approximately 
twice that at 1.5T. The advantage in SNR at 3.0T, 

a b

  Fig. 4.7    ( a ) Image quality of the initial CE MRA is non-
diagnostic due to respiratory motion during the acquisi-
tion. ( b ) The CE MRA was repeated after instructing the 

patient to hold their breath during the entire acquisition, 
resulting in very high-quality CE MRA with very sharp 
vessels       
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relative to 1.5T, can be used to increase spatial res-
olution, decrease scan time, or a combination of 
these while obtaining images of relatively similar 
or better quality as those at 1.5T [ 13 ]. In addition, 
because of the differences in T1 effects of GBCA at 
3.0T, there is actually greater vascular contrast, 
relative to surround soft tissues, at 3.0T compared 
to 1.5T. Therefore, CE MRA at 3.0T can be per-
formed with smaller doses of GBCA [ 14 – 17 ]. In 
fact, recent data suggests smaller volumes of 
GBCA result in higher- quality arterial phase MRA 
than with larger volumes of GBCA [ 18 ]. 

 MRI at 3.0T results in signifi cant challenges 
and limitations due to the stronger magnetic fi eld 
that have not yet been fully overcome. At 3.0T, 
the resonance frequency of water protons is dou-
ble that at 1.5T. Because the frequency and 
wavelength are inversely related, the radiofre-
quency (RF) wavelength of water protons at 

3.0T is half that at 1.5T. This shortened wave-
length can span the dimensions of the fi eld of 
view for body imaging, especially in those with 
a large body habitus [ 19 ]. When RF waves over-
lap within the imaging fi eld, destructive or con-
structive interference results in areas of 
darkening or brightening, respectively. RF fi eld 
homogeneity can be improved by (A) using 
advanced coil designs, such as multi-coil trans-
mit coils, which can help to suppress eddy cur-
rents [ 20 ] or (B) implementing new pulse 
sequences, such as 3D RF pulses [ 21 ]. 

 Another potential limitation with performing 
MRA at 3.0T is that the specifi c absorption rate 
(SAR) increases at higher fi eld strengths due to 
constructive and destructive interference due to 
RF fi eld inhomogeneity. RF pulses transfer energy 
to protons within the patient and ultimately gener-
ate heat as energy is released. To avoid  overheating 

a b

  Fig. 4.8    Electrocardiographic (ECG) gated CE MRA in 
patient with aortic root aneurysm. Use of cardiac gating 
results in acquisition of images free of cardiac motion 
artifact. ( a ) On the maximum intensity projection image, 

the entire ascending aorta, including the aortic root, is 
well defi ned with very sharp vessel walls ( arrows ). This is 
critical when making double-oblique measurements to 
quantify the maximum dimensions of the aorta ( b )       
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within the patient, which can have detrimental 
physiologic effects, the SAR is carefully moni-
tored during scanning. The FDA currently limits 
the total body heating to 4 W/kg during a 15-min 
period [ 22 ,  23 ]. The SAR estimates the energy 
transfer to the tissue by the RF pulse and is pro-
portional to the square of the resonance frequency. 
Therefore, in going from 1.5 to 3.0T, where the 
resonance frequency is doubled, the SAR 
increases fourfold for the same sequence, assum-
ing all parameters are equal [ 24 ]. As a result, the 

pulse sequences, acquisition techniques, and 
hardware designs are modifi ed to work within the 
allowable constraints of the increased SAR. 
Parallel imaging helps alleviate this problem by 
decreasing scan time and the number of RF pulses 
necessary to acquire an image.  

   Blood-Pool Contrast Agents 
 Most CE MRA, as with most CE MRI, is per-
formed with GBCA that are not purely intravas-
cular. Rather, most GBCAs do distribute 

a b

c
d

  Fig. 4.9    Thirty-two-year-old male with d-TGA status 
post Mustard procedure. ( a ) Coronal, ( b ) sagittal, and ( c ) 
axial MPR images from whole chest CE MRA acquired 
using 2D parallel imaging to accelerate image acquisition 
~3.75×. With advanced parallel imaging, acquisition 
times are decreased suffi ciently to acquire images of the 

entire chest within a short breath hold. Data are isotropic 
in all three dimensions, enabling high-resolution multipla-
nar reformation and 3D maximum intensity projection 
images ( d ) to be generated.  LV  left ventricle,  LA  left 
atrium,  RV  right ventricle,  RA  right atrium,  SVC  superior 
vena cava,  MPA  main pulmonary artery,  Ao  aorta       

 

C.J. François



63

throughout the extracellular space. For vascular 
imaging, however, this can be problematic in 
achieving the greatest contrast between the ves-
sels and their surrounding soft tissues. 
Intravascular GBCAs are, therefore, another 
recent advance that has enabled improvement in 
CE MRA spatial and contrast resolution. 
Gadofosveset trisodium, the currently only FDA- 
approved blood-pool GBCA, is a protein-binding 
intravascular contrast agent that is approved for 
the evaluation of patients with aortoiliac occlu-
sive disease [ 25 ]. Protein binding is what pro-
longs the intravascular half-life of gadofosveset 

trisodium relative to other GBCAs. Another fac-
tor contributing to its advantage for CE MRA is 
that gadofosveset trisodium has a higher relaxiv-
ity than other GBCAs [ 26 ]. Due to its intravascu-
lar distribution and greater contrast enhancement, 
smaller volumes of gadofosveset trisodium are 
necessary than other GBCAs to achieve the same 
image quality [ 27 ,  28 ]. Furthermore, the pro-
longed intravascular half-life extends the amount 
of time available for scanning during vascular 
enhancement. Therefore, very high spatial and 
contrast resolution CE MRA images are feasible 
during the steady state (Fig.  4.10 ) which may be 

a

c

b

  Fig. 4.10    Steady-state CE MRA using navigator respira-
tory triggering after administration of blood-pool contrast 
agent. ( a ) Axial, ( b ) sagittal, and ( c ) coronal reformatted 

images delineate anatomy of extracardiac Fontan ( arrows ) 
in this patient with double outlet right ventricle ( RV ).  RA  
right atrium       
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benefi cial in detecting additional fi ndings not 
present on fi rst-pass CE MRA [ 29 ,  30 ]. In addi-
tion, the prolonged intravascular enhancement 
with blood-pool contrast agents implies that 
high-quality imaging can be performed during 
free breathing using respiratory navigators or bel-
lows for triggering to the same part of the respira-
tory cycle. This is particularly useful in patients 
that have diffi culty holding their breath [ 29 ]. CE 
MRA during the steady state can also be particu-
larly helpful in patients with cavopulmonary 
shunts because during the fi rst pass, unenhanced 
blood from the inferior vena cava will dilute the 
contrast entering the pulmonary circulation from 
the superior vena cava.

        Time-Resolved CE MRA 

 Time-resolved CE MRA can help overcome 
some of the limitations of static 3D CE MRA 

techniques. A major advantage of time-resolved 
sequences is the lack of need for precise tim-
ing of the acquisition relative to the contrast 
bolus because data are acquired continuously 
during the passage of GBCA from the IV cath-
eter throughout the vasculature (Fig.  4.11 ). 
There are now multiple methods of accelerat-
ing image acquisition to achieve high temporal 
resolution CE MRA. One method of achieving 
sub-second temporal resolution is through the 
use of three- dimensional, asymmetric k-space 
undersampling combined with thicker slice 
thickness in the slice-encoding direction [ 31 ]. 
However, because of the relatively thick slice 
thickness, these acquisitions do not lend them-
selves to high-quality multiplanar reformations 
necessary to evaluate the complex anatomy in 
patients with CHD. To acquire time-resolved 
data while preserving relatively high spa-
tial information, other approaches are used to 
accelerate data acquisition based on k-space 

  Fig. 4.11    Twenty-year-old male with d-TGA status post 
Mustard procedure. Maximum intensity images recon-
structed from multiple datasets from a time-resolved con-
trast-enhanced MRA acquisition show asymmetric 

perfusion of the lungs, with greater perfusion of the right 
lung than the left lung.  LV  left ventricle,  RV  right ventri-
cle,  RPA  right pulmonary artery,  LPA  left pulmonary 
artery,  Ao  aorta       
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undersampling. These are based on acquiring 
the higher spatial frequencies less frequently 
[ 32 – 35 ]. As indicated previously, the central 
k-space data contributes to the high vascular 
signal, while the outer k-space data contributes 
to vessel sharpness. Therefore, by updating the 
center of k-space more frequently and “sharing” 
the outer regions of k-space between multiple 
updates of the center of k-space, it is possible 
to generate images with high contrast, high 

 temporal  resolution, and high spatial resolu-
tion. To improve the vascular enhancement and 
SNR of time-resolved CE MRA, a fully k-space 
sampled non-contrast dataset, or mask, is typi-
cally acquired fi rst (Fig.  4.12a ). Undersampled 
k-space images are the acquired during the 
administration of GBCA (Fig.  4.12b ). To gen-
erate images with purely vascular signal, the 
mask images are subtracted from these contrast-
enhanced datasets (Fig.  4.12c ).

a

c

b

  Fig. 4.12    In time-resolved CE MRA, a mask dataset ( a ) 
is acquired fi rst, prior to the administration of contrast 
material. Data is then acquired continuously after the 
injection of contrast to obtain multiple contrast-enhanced 
MRA datasets ( b ). To remove the background signal, the 

mask is subtracted from each of the contrast-enhanced 
dataset to generate images with purely intravascular sig-
nal ( c ).  RV  right ventricle,  LV  left ventricle,  PAPVR  partial 
anomalous pulmonary venous return       
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    In patients with CHD, time-resolved CE MRA 
is useful because of the dynamic information that 
can be obtained from these datasets including 
transit times through the lungs [ 36 ,  37 ] and rela-
tive pulmonary perfusion [ 38 ]. This functional 
information is complementary to the high spatial 

resolution information obtained from the static 
3D CE MRA acquisitions [ 39 ]. The relative 
 temporal resolution of time-resolved CE MRA 
can be adjusted by changing the different param-
eters to achieve the desired balance between tem-
poral and spatial resolution (Fig.  4.13 ).

  Fig. 4.13    Time-resolved contrast-enhanced MRA (TR 
CEMRA) with ( a ) 1-s and ( b ) 4-s reconstructed temporal 
resolution. While the faster temporal resolution TR 
CEMRA provides greater information on the high fl ow 

dynamics through the anomalous artery going to the right 
lower lobe sequestration ( arrow ), the lower temporal reso-
lution TR CEMRA has higher spatial resolution and can be 
used to provide more precise measurements of the vessels         

a
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        Non-Contrast-Enhanced MRA 

 Long acquisition times and artifacts from cardiac 
and respiratory motion have traditionally limited 
the use non-contrast-enhanced (NCE) MRA for 
cardiothoracic applications. However, improve-
ments in MR software and hardware, as well as 
concerns over the safety of GBCA in high-risk 
patient groups, have fostered a renewed interest 
in NCE MRA. Research linking the administra-
tion of GBCA to the development of nephrogenic 
systemic fi brosis (NSF) in patients with reduced 
renal function [ 40 – 42 ] has been a primary moti-
vation for expanding the use of NCE MRA for a 
variety of applications, including thoracic MRA. 
NCE MRA is also of clinical interest in  evaluating 
patients with other contraindications to GBCA, 
including poor IV access, pregnancy, or prior 

allergic reactions to GBCA. Although time-of- 
fl ight (TOF) sequences are still used routinely for 
cervical and intracranial MRA, with diagnostic 
comparable to CTA and DSA [ 43 ,  44 ], their use 
in the thorax is markedly limited. In this section, 
we will review the two main NCE MRA 
sequences used for cardiothoracic applications, 
balanced steady-state free precession (bSSFP) 
and phase-contrast (PC) MRA. 

    3D bSSFP 

 For cardiothoracic NCE MRA, 3D bSSFP 
sequences (Figs.  4.14  and  4.15 ) are most often 
used because of (a) inherently high signal of 
blood compared to surround soft tissues and (b) 
relative blood fl ow independence [ 45 ]. Image 

bFig. 4.13 (continued)
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contrast of bSSFP sequences are determined by 
the ratio of T2 to T1 of the tissues, which results 
in the very bright blood-pool signal. Standard 3D 
bSSFP techniques will produce images that have 
bright arterial and venous signal, which is typi-
cally not a problem for assessment of the larger, 
central vessels like the aorta, main pulmonary 
arteries, or pulmonary veins [ 46 – 49 ]. 3D bSSFP 
MRA is also widely used for coronary MR angi-
ography [ 50 ,  51 ]. These sequences are typically 
performed using respiratory triggering or naviga-
tion to minimize respiratory motion artifacts and 
ECG triggering to minimize cardiac motion arti-
facts. However, a limitation of the bSSFP 
sequence is its susceptibility to fi eld inhomoge-
neities which occur at the lung–soft tissue inter-
faces and around metallic implants or devices.

    For quantitative measurements of vessel size in 
the thorax, 3D bSSFP MRA performs very well in 
comparison with CE MRA. In a comparison of 

3D bSSFP and CE MRA, François et al. [ 46 ] 
reported that thoracic aortic measurements were 
essentially equivalent between the two methods 
with better delineation of the aortic root with 3D 
bSSFP. Similar results have been reported for 
aorta and pulmonary artery measurements in 
patients with CHD [ 49 ].  

    4D Flow MR 

 Flow-sensitive, or phase-contrast (PC), MR sig-
nal is proportional to the velocity of blood fl ow 
and the value set for the velocity encoding 
(VENC). The VENC is the maximum velocity 
that can be imaged accurately without aliasing, 
analogous to aliasing seen with Doppler ultra-
sound when the maximum Doppler frequency is 
greater than one half the sampling frequency. 
Time-resolved, ECG-triggered, two-dimensional 

  Fig. 4.14    3D balanced SSFP MRA performed without 
IV contrast and during free breathing using respiratory 
navigator triggering. High contrast-to-noise and spatial 
resolution enable accurate assessment of anatomy in this 
patient with congenitally corrected transposition of the 

great arteries. The diagonal bands of low signal intensity 
crossing the right lobe of the liver ( arrowheads ) are 
related to the navigator.  LV  left ventricle,  LA  left atrium, 
 RV  right ventricle,  RA  right atrium,  SVC  superior vena 
cava,  MPA  main pulmonary artery,  Ao  aorta       
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(2D) PC MR is routinely used in cardiac MR to 
quantify blood fl ow through the great arteries and 
cardiac valves [ 52 ,  53 ]. 

 PC NCE MRA is achieved by using a 3D PC 
sequence with three-directional fl ow sensitivity 
[ 54 ]. Traditionally, 3D PC MRA was performed 
without any temporal information to create an 
angiogram based on the average fl ow during the 

acquisition, or a “complex-difference” image 
[ 55 ,  56 ]. When time-resolved 3D PC MRA data 
is acquired, based upon binning of the PC data to 
different phases of the cardiac cycle, it is possible 
to generate 4D fl ow-sensitive MR datasets, fre-
quently referred to as “4D fl ow” [ 57 ]. Without 
the use of any data acquisition acceleration, scan 
times for 4D fl ow MRA are very long because of 

  Fig. 4.15    3D balanced SSFP MRA performed without 
IV contrast and during free breathing using respiratory 
navigator triggering. High contrast-to-noise and spatial 
resolution enable accurate assessment of anatomy in this 
patient with a history of Mustard procedure to repair 
D-transposition of the great arteries. There is a surgical 

baffl e ( dashed line ) connecting the vena cava ( SVC ,  IVC ) 
to the left atrium ( LA ), which is connected to the left ven-
tricle ( LV ) and then the main pulmonary artery ( MPA ). 
Pulmonary venous return is directed to the right atrium 
( RA ), right ventricle ( RV ), and into the aorta ( Ao )       
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the need to collect data with 3-directional veloc-
ity encoding, 3-dimensional spatial encoding, 
and registration with the cardiac cycle. As a 
result, currently used 4D fl ow sequences use a 
variety of methods to accelerate image acquisi-
tion including parallel imaging [ 58 ] and 3D radial 
undersampling [ 59 ]. Although these sequences 
can be used for NCE MRA [ 60 ], the greatest 
potential impact of 4D fl ow techniques is in their 
use for quantitative hemodynamic analyses. 

 Flow quantifi cation with 4D fl ow is simplifi ed 
because fl ow through any number of vessels of 
interest included in the imaging volume is done 
post priori [ 61 ]. In patients with CHD, this is par-
ticularly useful because it is often necessary to 
quantify fl ow through multiple vessels and valves 
[ 62 – 69 ]. In addition to quantifying the velocity 

or volume of blood fl ow, the three-directional 
fl ow information acquired with 4D fl ow MR can 
be used to qualitatively assess changes in the 
complex fl ow patterns within the heart or vascu-
lature [ 58 ,  69 – 74 ]. This is typically performed by 
viewing these very large datasets in advanced 
graphics visualization software. The time- 
resolved 3D velocity data can be displayed in a 
variety of manners, including velocity vector 
fi elds, time-resolved particle traces (Fig.  4.16 ), or 
streamlines (Fig.  4.17 ) [ 57 ]. Because 4D fl ow 
data are quantitative, additional hemodynamic 
parameters, beyond velocity and volume, can be 
quantifi ed. These include pressure gradients 
(Fig.  4.18 ) [ 75 – 79 ], wall shear stress [ 61 ,  80 – 85 ], 
pulse wave velocity [ 86 ,  87 ], and turbulence 
[ 88 – 91 ].

a

c

b

  Fig. 4.16    4D fl ow MRI acquisition in patient with bidi-
rectional Glenn. Particle traces from three phases of the 
cardiac cycle. In early diastole ( a ), there is brisk fl ow 
through the tricuspid valve ( TV ) into the right ventricle 
( RV ). During late diastole ( b ), a large vortex forms in the 

RV ( curved, dashed arrow ). There is also increased fl ow 
through the Glenn shunt. During systole ( c ), blood fl ows 
from the RV into the pulmonary arteries and retrogrades 
into the superior vena cava ( SVC ).  RPA  right pulmonary 
artery       

 

C.J. François



71

a b

c
d

  Fig. 4.17    ( a ) CE MRA timed to maximum systemic ven-
tricle enhancement and ( b – d ) 4D fl ow MRI in a patient 
with history of Norwood I–III for hypoplastic left ventri-
cle. CE MRA provides excellent detail of the anatomy of 
the left atrium ( LA ), right ventricle ( RV ), aorta ( Ao ), and 

RV to Ao conduit ( arrow ). 4D fl ow with streamline pre-
sentation showing the path of blood fl ow through ( b ) the 
whole heart, ( c ) the total cavopulmonary shunt, and ( d ) 
the systemic side of the heart ( arrow )       
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          Summary 

 Recent improvements in MRI hardware and 
software have resulted in dramatic changes to 
how MRA is performed, particularly for tho-
racic applications. These include the use of 3.0T 
scanners to achieve higher SNR and CNR to 
increase spatial resolution or to improve tempo-
ral resolution through the use of advanced paral-
lel imaging methods. Intravascular contrast 
agents have also led to substantial changes in 
spatial resolution and the ability to perform 
high-resolution CE MRA during free breathing. 
NCE MRA methods, especially 3D bSSFP, have 
also undergone major developments and have 
had a signifi cant impact on how we analyze the 
complex anatomy of the heart and thoracic vas-
culature in patients with CHD. Lastly, 4D fl ow 
sequences offer the potential to provide addi-
tional hemodynamic information important in 
the assessment and management of patients 
with CHD that currently is obtained using only 
invasive methods.     
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        The traditional imaging modality for the pre- and 
postoperative evaluation of patients with con-
genital heart disease (CHD) had been catheter 
angiography but had been replaced by echocar-
diography for most conditions [ 1 ]. However, 
several anatomical structures including the pul-
monary vasculature, the aortic arch, and the 
right ventricle are sometimes diffi cult to evalu-
ate with transthoracic echocardiography. Albeit 
these structures are better visualized with trans-
esophageal echocardiography, the method is lim-
ited in patients with pulmonary enlargement [ 2 ]. 
Moreover, the diagnostic quality and interpreta-
tion of echocardiography highly depends on the 
operator and the presence of an adequate acous-
tic window. In recent years, magnetic resonance 
imaging (MRI) has been introduced in the diag-
nostic armamentarium for patients with CHD 
because of its noninvasiveness, the accurate mor-
phological and functional information provided, 
and that neither iodinated contrast agent nor ion-
izing radiation is required. Therefore, MRI is 
considered an excellent diagnostic tool particu-
larly for the evaluation of young children with 
CHD, because they may require several follow-
up examinations during their lifetime. As a draw-

back, the utilization of MRI may be  limited in the 
many patients who have  undergone surgical cor-
rections of CHD and those who have implanted 
pacemakers or cardioverter- defi brillator. In addi-
tion, the long examination time of MRI often 
requires lengthy period of patient sedation. 

 Since its introduction in the 1970s, computed 
tomography (CT) has become an important diag-
nostic tool in medicine with a widespread utiliza-
tion for imaging of all body regions and an 
estimated 72 million scans performed in the 
United States in 2007 [ 3 ]. Visualization of the 
heart has been of great interest for radiologists 
since the early beginning of CT. In his novel 
prize lecture in 1979, Sir Godfrey N. Hounsfi eld 
has had hypothesized on the future of CT for car-
diac imaging:

  […] Various attempts have been made to achieve 
useful pictures of the heart. The time available for 
taking a picture of the heart is obviously longer 
than one heartbeat. Some experiments were con-
ducted some time ago using conventional CT 
machines but in which the traverse of the detectors 
was synchronized to the heart beat via an electro- 
cardiograph, passing over the heart in diastole 
(when the heart movement is at a minimum). […] 
The heart chambers can be discerned by a little 
intravenous injected contrast media. […] A further 
promising fi eld may be the detection of the coro-
nary arteries. It may be possible to detect these 
under special conditions of scanning. […] [ 4 ]. 

   Another 30 years of technical development 
were required to achieve the current state of mod-
ern CT systems being robust and accurate for 
 cardiac imaging. 
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 Due to improvements in medical management 
and surgical procedures, it is estimated that 85 % 
of the children with CHD will survive to adult-
hood [ 5 ] and around 50 % of these children will 
require follow-up examinations in adult life [ 6 ]. 
Thus, precise follow-up imaging of these patients 
is important not only for monitoring the lesions 
and their functional status but also to provide 
accurate information on the anatomical relation-
ship of the coronary arteries as well as cardiac 
and extracardiac structures to plan possible surgi-
cal reinterventions. Disadvantages of CT are the 
exposure of the patients to ionizing radiation and 
the cumulative radiation exposure during lifetime 
as well as the risks inherent in the application of 
iodinated contrast agent. Accounting for these 
drawbacks, patients should be carefully selected 
for CT imaging, and strategies for the reduction 
of the radiation exposure need to be applied. 

    Parameters Defi ning a CT 
System’s Performance 

 Visualization of the moving heart and the coronary 
arteries requires the highest technical demands of 
any imaged body region because of the small size 
and tortuous course of the coronary arteries and 
the continuous motion during the cardiac cycle. 
Therefore, fi rst, the CT system used needs to pro-
vide a high temporal resolution to compensate for 
the rapid and continuous cardiac movement. 
Second, a high spatial resolution is required to 
accurately visualize small cardiac structures of 
interest (e.g., small atrial septal defects) and the 
coronary arteries for possibly associated coronary 
malformations. And third, the CT system should 
facilitate a high coverage speed in the  z -axis direc-
tion and consequently a short acquisition time 
which reduces the breath- hold time and may omit 
the requirement of patient sedation. In addition, 
CT imaging at very high volume coverage speed 
using a second- generation 128-slice dual-source 
CT system with pitch values of 3.2 may avoid the 
necessity for electrocardiographic (ECG) synchro-
nization as it has been recently reported for CT 
imaging of the aortic root and the proximal parts 
of the coronary arteries [ 7 ]. 

    Spatial Resolution 

 The spatial resolution of a CT system depends on 
the physical width of the detector in the longitu-
dinal direction. Ideally isotropic voxel imaging 
should be achieved. That means that a voxel has 
the same size in all dimensions. Isotropic voxels 
are required to reconstruct images in all planes at 
the same high quality. Current CT systems pro-
vide an isotropic spatial resolution of up to 
0.4 mm [ 8 ]. Importantly, as CT slice thickness is 
typically 0.5–0.6 mm, the spatial resolution in the 
longitudinal  z -axis may not be completely isotro-
pic with the in-plane resolution resulting in vol-
ume averaging of data with the reconstruction of 
longitudinal structures in a minor degree but usu-
ally do not substantially infl uence the quality of 
multiplanar reformations (MPR). Further, 
improved spatial resolution at a level of 0.2 mm 
had been advocated for a detailed evaluation of 
small structures or severely calcifi ed arteries [ 9 ]. 
However, a further increase in spatial resolution 
will require a higher radiation exposure to main-
tain suffi cient signal-to-noise ratio [ 9 ]. 

 A good illustration for the effect of spatial 
resolution is the analogy to the fi lm grain in pho-
tography. High-grain fi lms [ CT :  low spatial reso-
lution ] are usually more sensitive to the incoming 
light [ CT :  radiation exposure ] but have lower 
detail resolution. In contrast, small-grain fi lms 
[ CT :  high spatial resolution ] are less sensitive to 
the light [ CT :  radiation exposure ] but have a 
higher resolution. The effects of fi lm grain can be 
objectionably noticeable in an over-enlarged fi lm 
photograph (Fig.  5.1a, b ). In digital cameras, an 
image sensor with more elements [ CT :  smaller 
detector size ] will result in an image with better 
resolution like small-grain fi lms.

       Temporal Resolution 

 The temporal resolution depends on the gantry 
rotation time. For artifact-free imaging of the 
beating heart and the coronary arteries, a tempo-
ral resolution of less than 100 ms is desirable to 
permit reliable evaluation of these structures 
even at elevated heart rates [ 9 ]. 
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 In order to compensate for motion artifacts of 
the beating heart, the CT data acquisition is com-
monly synchronized with the ECG signal. The 
most commonly used approach for synchroniza-
tion is retrospective ECG gating in which images 
are acquired throughout the cardiac cycle, and 
those time points depicting the coronary arteries 
without motion artifacts are retrospectively 
selected for image reconstruction. The projection 

data of a half gantry rotation is then required for 
image reconstruction (half-scan reconstruction), 
and thus, the temporal resolution corresponds to 
the half of the rotation time. Modern CT systems 
provide a gantry rotation time of down to 270 ms 
with a resulting temporal resolution of 135 ms. 
When using a mono-segment half-scan recon-
struction method, further improvements in gantry 
rotation time are mandatory to achieve a  temporal 

a

b

  Fig. 5.1    ( a ) Analogy of 
photography for spatial 
resolution: High-grain fi lms 
(low spatial resolution) are 
more sensitive to incoming 
light (radiation exposure) but 
have lower detail resolution. 
( b ) Small-grain fi lms (high 
spatial resolution) are less 
sensitive to light (radiation 
exposure) but have higher 
detail resolution       
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resolution of better than 100 ms. However, the 
mechanical forces increase with higher gantry 
rotation times. CT systems with a gantry rotation 
time of 330 ms are associated with a mechanical 
force of around 28 g. Therefore, rotation times of 
less than 200 ms required for a temporal resolution 
of 100 ms in a mono-segment half-scan recon-
struction appear to be beyond today’s mechanical 
limits (i.e.,  mechanical forces  >  75 g ) [ 9 ]. 

 The temporal resolution can be improved by 
using the scan data from more than one heart cycle 
for reconstruction of the images (multi-segment 
reconstruction) [ 10 ]. The images are then recon-
structed using the partial scan data of projection 
sectors from multiple consecutive heart cycles 
resulting in a temporal resolution of up to a quarter 
of the rotation time when using two consecutive 
heartbeats and up to a sixth of the rotation time 
when using three heartbeats and so forth. Despite 
the theoretically improved temporal resolution, 
multi-segment reconstruction does not necessarily 
improve image quality as this algorithm is sensi-
tive to changing heart rates. Therefore, the use of 
partial data from more than two consecutive heart-
beats is usually not practical. 

 Another approach for improving temporal 
resolution at a given gantry rotation time is the 
dual-source CT system. A dual-source CT sys-
tem consists of two X-ray tubes and two detec-
tors mounted on the gantry with an angular offset 
of 90° working simultaneously. Therefore, only a 
quarter of rotation of each tube instead of a half 
of rotation with single-source CT is necessary to 
acquire the required projection data for image 
reconstruction. The temporal resolution improves 
to one quarter of the rotation time using only a 
single heartbeat for image reconstruction [ 8 ]. 

 In photography, the shutter speed is analogous 
to the temporal resolution of CT. The shutter 
speed or exposure time is the effective length of 
time the camera’s shutter is open. Images taken at 
a low shutter speed, meaning a long exposure 
time [ CT :  low temporal resolution ], will result in 
blurred display of moving structures (Fig.  5.2 ). 
Using a high shutter speed, meaning a short 
exposure time [ CT :  high temporal resolution ], 
will result in a frozen display of the moving 
structure [ CT :  the heart ].

        Z -Axis Coverage Speed 

 The coverage speed in  z -axis is related to the 
 longitudinal axis covered by the detector array, 
the gantry rotation speed, and the pitch value 
used. The higher the coverage speed in the  z -axis, 
the shorter is the acquisition time. The scan time 
becomes important in CT imaging of patients 
being unable to hold their breath for a longer time 
or who are unable to cooperate (e.g., toddlers). 
One important benefi t of short acquisition time is 
the lower occurrence of heart rate variability: 
A long breath-hold is frequently accompanied 
with tachycardia at the end of acquisition causing 
a considerable variability in the length of heart 
cycles [ 11 ]; a shorter breath-hold time reduces 
heart rate variability and may improve image 
quality of the images acquired during the end of 
the scan. In addition, when the scan time is 
reduced, there is also a shorter period required 
for the contrast opacifi cation of the cardiac struc-
tures and consequently permits a smaller volume 
of contrast media to be used.   

    Recent Developments in CT 
Imaging 

 CT imaging has undergone a rapid technical 
improvement – in particular in the last 10 years. 
Modern CT systems provide high scan speed and 
high temporal and high spatial resolution. Thus, 
CT combines the advantages of widespread 
availability and short acquisition time. When 
being synchronized to the ECG signal, CT accu-
rately delineates rapid moving cardiac structures 
and allows the assessment of the anatomical 
relationship of the coronary arteries to the adja-
cent structures and associated coronary artery 
anomalies [ 12 ]. 

    Single-Slice Helical CT 

 The introduction of the single-slice helical CT 
into clinical practice was an important step 
toward the widespread utilization of CT in 
clinical routine improving the image quality 
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in  general and rendering CT fast enough for 
daily clinical routine. The gantry rotation time 
of single- slice helical CT was around 0.8 s 
which leads to a temporal resolution of 400 ms 
by using a half-scan reconstruction technique. 
The reconstructed slice thickness was about 
3–5 mm. Although a better temporal resolution 
of 50–100 ms was available in the early 1980s 
with electron beam CT, single-slice helical CT 
established itself for cardiac imaging due to 
its availability in many institutions worldwide. 
In addition, newly introduced postprocessing 
techniques, including segmentation algorithms 
of the cardiac cycle, allowed to investigate a 

particular cardiac phase. When using a single-
slice  helical CT, occasionally the diagnosis of 
coronary artery stenosis in large proximal ves-
sels [ 13 ], cardiac thrombus [ 14 ], and congenital 
heart disease [ 15 ] could be established under 
optimal conditions with very slow heart rates. 
However, most often the coronary arteries were 
displayed as “dancing vessels” or “ghosts” 
due to limitations in temporal resolution. 
Nevertheless, in consideration of the expected 
improvements of the temporal and spatial reso-
lution, it became evident that cardiac CT imag-
ing will become a practical and valuable tool 
despite the  limitations present in these days.  

a

b

  Fig. 5.2    ( a ) Analogy of 
photography for temporal 
resolution: Images taken at 
a low shutter speed (1/25 s), 
meaning a long exposure 
time (low temporal resolu-
tion), result in blurred 
moving structures. ( b ) 
Images taken at a high shutter 
speed (1/500 s), meaning a 
short exposure time (high 
temporal resolution), will 
result in a sharp moving 
structures       
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    Multi-Slice CT 

 The next step of CT evolution on the way to 
 cardiac imaging was the implementation of 
multi- slice CT technology – coupled with a 
decreased size of the single detector element, the 
faster gantry rotation speed, and the increased 
volume coverage. 

 Since 1999 4-slice CT systems became clini-
cally available providing gantry rotation times of 
500–800 ms, resulting in a temporal resolution of 
250–400 ms. The spatial resolution in  z -axis was 
1.0–1.25 mm and  z -axis coverage was around 
2 cm. The CT examination of the entire heart 
was feasible within a 40–50 s acquisition time – 
unfortunately being longer than most patients 
could hold their breath. Therefore, preoxygen-
ation was often used to reduce breathing artifacts. 
Despite optimal preparation, only the proximal to 
mid coronary artery segments could be depicted 
without artifacts [ 16 – 24 ]. Images of distal seg-
ments and side branches suffered from the 
insuffi cient quality, and up to 32 % of coronary 
segments had to be excluded from analysis in the 
published 4-slice CT studies [ 22 ]. Therefore, the 
4-slice CT system was still not robust enough to 
be implemented into daily clinical practice for 
cardiac CT imaging. 

 In 2001 16-slice CT systems became avail-
able. They provided gantry rotation times of 
380–500 ms, resulting in a temporal resolution of 
190–250 ms, and images were reconstructed with 
a slice thickness of 0.5–0.75 mm. The examina-
tion of the entire heart could be fi nished within a 
single breath-hold of around 20 s omitting the 
previous requirements of preoxygenation. In 
contrast to the 4-slice CT systems, even small 
coronary segments and side branches could be 
reliably evaluated [ 11 ,  25 – 34 ]. Nevertheless, 
29 % of coronary artery segments remained not 
evaluative due to insuffi cient contrast attenuation 
in 52 %, to coronary artery motion artifacts in 
45 %, to small vessel caliber in 31 %, to breath-
ing artifacts in 19 %, and due to severe calcifi ca-
tions in 5 % [ 35 ]. Therefore, 16-slice CT systems 
were still not robust enough for cardiac imaging 
in all patients. 

 In 2004 64-slice CT systems became 
 available. They provided gantry rotation times 
of 330–400 ms, resulting in a temporal 
 resolution of 165–200 ms. The slice thickness 
was 0.5–0.625 mm, and detector covered 
19.2–40 mm. The 64-slice CT systems allowed 
an examination of the entire heart within less 
than 10 s. Even detailed evaluation of small-sized 
branches of less than 1 mm in diameter was pos-
sible. The improvements in temporal resolution 
and the  z -axis coverage speed allowed a precise 
characterization of the morphology and function 
of the aortic [ 36 – 40 ] and the mitral valve [ 40 ,  41 ]. 
Therefore, the 64-slice CT has been considered 
the fi rst CT system being robust enough for 
 cardiac CT imaging in daily clinical practice 
[ 42 – 50 ]. Despite its improved temporal resolu-
tion, the 64-slice CT system still needed a low 
and stable heart rate for optimal image quality 
[ 51 ], making a premedication with beta-blockers 
prior to coronary CT angiography frequently 
required. However, a precise morphological and 
functional evaluation of the heart of CHD patients 
could be commonly performed without medica-
mentous heart rate control.  

    State-of-the-Art CT Systems 

 The remaining challenges of temporal resolution 
and detector coverage have led to the develop-
ment of the latest CT systems: 256-/320-slice CT 
and dual-source CT. 

    Large Volume Coverage CT 
(256-Slice CT/320-Slice CT) 
 In order to overcome limitations of CT for coro-
nary visualization in patients with irregular heart 
rhythm, Toshiba introduced in 2006 the fi rst CT 
system capable of covering the entire heart within 
a single heartbeat, using a large detector system 
with a 256-slice detector array and a spatial reso-
lution of 0.5 mm resulting in a  z -axis coverage 
of 128 mm. These technical improvements per-
mit coverage of the entire heart in a single gantry 
rotation. On the other hand, because of increasing 
weight of the rotating elements, this CT system is 
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limited by its long gantry rotation time of 500 ms. 
Nevertheless, initial results from small patient 
cohorts show great promise for assessing coro-
nary artery stenosis with the 256-slice CT system 
[ 52 ,  53 ]. In 2007 Philips introduced another 256-
slice CT system but with a lower gantry rotation 
time of 270 ms. Later, a 320-slice CT system with 
a detector coverage of 160 mm and a gantry rota-
tion time of 350 ms was introduced by Toshiba. 
First results show great promise for imaging the 
coronary arteries within a single heartbeat [ 54 ]. 
Large volume coverage CT might open the fi eld 
for new cardiac imaging applications, including 
observation of evolving processes such as coro-
nary contrast fl ow and whole heart perfusion.  

    Dual-Source CT 
 In 2005 Siemens introduced a CT scanner with 
two X-ray tubes and two corresponding detectors 
mounted onto the rotating gantry with an angu-
lar offset of 90°, the so-called dual-source CT [ 8 ] 
(Fig.  5.3 ). Each detector array of the fi rst genera-
tion of dual-source CT is capable of acquiring 64 
slices. This construction led to a reduction of the 
rotation needed to acquire the required projection 
data for image reconstruction from half a rotation 

in single-source CT to a quarter of a rotation in 
dual-source CT. Thus, the gantry rotation time of 
330 ms results in a temporal resolution of 83 ms in 
a mono-segment reconstruction mode that is con-
sistent throughout various heart rates owing to indi-
vidual adaptation of the table pitch. Due to the high 
temporal resolution, several studies demonstrated a 
high diagnostic accuracy of dual- source CT for the 
assessment of coronary artery stenosis combined 
with a low rate of nonevaluative coronary segments 
[ 55 – 62 ] and permits coronary imaging even at high 
heart rates [ 8 ,  63 ,  64 ]. In addition, by operating 
both tubes at different tube voltages, dual-energy 
cardiac CT can be performed, which may help to 
identify myocardial perfusion defects [ 65 ].

   Recently, Siemens introduced the second- 
generation dual-source CT which is capable of 
acquiring 2 × 128 slices. The gantry rotation time 
has been reduced to 280 ms, leading to a tempo-
ral resolution of 75 ms. In contrast to the other 
CT systems, where a low pitch is needed for 
overlapping data acquisition, the second- 
generation dual-source CT can achieve gapless 
 z -axis sampling even at a pitch value of up to 3.2. 
Therefore, it enables coverage of the entire heart 
in a single heartbeat.    

  Fig. 5.3    Dual-source CT: 
Two corresponding detectors 
are mounted onto the rotating 
gantry with an angular offset 
of 90°       
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    Development of Technical 
Parameters 

 The development of multi-slice CT scanners led 
to an enormous improvement of the technical 
parameters defi ning the cardiac imaging 
capabilities. 

    Development of Spatial Resolution 

 Compared to 64-slice CT systems, the temporal 
resolution has not substantially improved with 
256-slice/320-slice or dual-source CT systems. 
Interestingly, blooming artifacts of severely cal-
cifi ed vessels walls are less pronounced in dual- 
source CTCA than in 64-slice CTCA [ 55 ]. Given 
that the spatial resolution of single-source 
64-slice CT and dual-source CT is the same, this 
difference in calcifi cation dependency could 
indicate that blooming artifacts may be some-
times superimposed by additional motion arti-
facts [ 55 ] and thus be dependent on the temporal 
resolution. Therefore, artifacts from clip material 
and devices might be reduced in CT imaging of 
CHD patients after surgery when using state-of- 
the-art CT systems.  

    Development of Temporal Resolution 

 A gantry rotation time of less than 100 ms is 
required to overcome the challenge of motion 
artifacts at high heart rates. In order to achieve 
this goal, two different approaches have been 
developed: the multi-segment reconstruction 
algorithm and the dual-source concept. 

 In the multi-segment reconstruction concept, 
small portions of projection data are selected 
from two or more heart cycles, and all projec-
tions are combined to obtain suffi cient data for 
image reconstruction. The maximal achievable 
temporal resolution is half of the gantry rotation 
time and divided by the number of heart cycles 
averaged for image reconstruction. Although 
effectively improving the temporal resolution, 
the multi-segment reconstruction approach may 

be a cause of additional motion artifacts. The 
cardiac position in the thoracic cage is not abso-
lutely fi xed and depends on the actual ventricular 
fi lling and function, even at a steady heart rate. 
Due to merging of data from two or more con-
secutive cycles, the resulting image data do not 
exactly match together, leading to motion arti-
facts. These motion artifacts are even seen in 
patients with regular heart rate and more pro-
nounced in patients with variable heart rate and 
result in an increased vessel blurring [ 51 ,  66 ,  67 ]. 
These disadvantages have even been reported for 
modern CT systems with high temporal resolu-
tion [ 68 ]. 

 The other approach to improve the temporal 
resolution is the dual-source CT concept. Because 
images are obtained in a quarter of the rotation, 
the temporal resolution is around 75–83 ms using 
a mono-segment reconstruction from a single 
heartbeat for the individual image thereby avoid-
ing artifacts from averaging projection data from 
several consecutive heartbeats. Several studies 
have shown improved image quality by reducing 
motion artifacts without administration of beta- 
blockers for heart rate control [ 55 – 57 ,  61 ].  

    Development of  Z -Axis Coverage 

 The  z -axis coverage speed has tremendously 
increased during the CT development. While 
acquisition of the entire heart needs more than 
40 s with a 4-slice CT and around 20 s with a 
16-slice CT, the acquisition with current 64-slice 
CT systems takes less than 10 s. With the most 
advanced CT systems (e.g., 320-slice CT and 
second-generation dual-source CT systems), the 
entire heart is imaged within a single heartbeat. 

 The increase in  z -axis coverage speed led to a 
concomitant decrease in the amount of contrast 
media required for cardiac CT. The contrast 
media amount was reduced from 160 mL in the 
beginning of cardiac CT with 4-slice CT systems 
[ 69 ] to around 50–80 mL with 320-slice CT and 
dual-source CT [ 54 ,  55 ,  57 ,  61 ,  64 ,  70 ]. Therefore, 
state-of-the-art CT systems have the potential to 
reduce the risk of contrast-induced nephropathy.   
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    CT Imaging Protocols in CHD Patients 

 All protocols and recommendations within this 
section are valid for current dual-source CT sys-
tems but might be easily adapted to other CT sys-
tems. The CT imaging protocol should be adapted 
according to the suspected cardiac defect, the type 
of previous surgical repair, and the patient’s compli-
ance. The relevant CT parameters for CHD imag-
ing in adult patients are summarized in Table  5.1 .

      Patient Preparation 

 Good image quality is one of the key factors for a 
good diagnosis and additionally reduces the time 
needed for interpretation of the cardiac CT study. 
Therefore, every patient preparation should be 
optimized for the scan to be successful. Many of 
the steps that ensure a good image quality take 
place even before the scanning begins. 

 Patient preparation includes instruction to the 
patient, correct positioning of the patient on the 
CT table, ECG lead placement if ECG synchroni-
zation is intended, and placement of a peripheral 
venous catheter for the contrast agent. The size of 
the venous access line depends on the CT proto-
col. For high-quality CT angiographic images, an 
18-gauge or larger catheter is the preferred 
administration route. A right-arm injection is 
preferable to avoid artifacts from undiluted 
 contrast agent in the left brachiocephalic vein. 

 Although the rate of not-evaluative coronary 
segments has been markedly declined when 
using modern scanner types, a low and particu-
larly regular heart rate is still one of the major 
determinants for good image quality. Thus the 
patient should be imaged in a calm and comfort-
able ambience to avoid infl uences on the heart 
rate by anxiety or agitation. We give patients 
explicit breathing instructions and practice cor-
rect breathing without pressuring before the scan. 
The patient is instructed to suspend respiration at 
the appropriate time and to hold still during the 
scan. The patient is also informed about the pos-
sible instantaneous effects of contrast material 
including warmth, pelvic tingling, and a metallic 
taste in the mouth to minimize worry during the 
examination.  

    When to Use ECG 
Synchronization and When Not? 

 Data acquisition in cardiac CT can be performed 
non-ECG-synchronized or synchronized to the 
ECG signal by retrospectively gated or prospec-
tively triggered techniques. In general, ECG 
synchronization leads to a reduction of motion 
artifacts but increases the radiation exposure [ 71 ]. 
For most instances, the non-ECG- synchronized 
technique is suffi cient, while ECG synchroni-
zation is mandatory in patients with a complex 
cardiac abnormality or a small-sized intracardiac 
abnormality or communication or when the coro-
nary arteries need to be investigated. 

    Non-ECG-Synchronized CT 
 Non-ECG-synchronized cardiac CT provides a 
fast acquisition of the cardiac and extracardiac 
structures, but due to heart motion artifacts, it is 
less suited for the detailed visualization of small 
cardiac and coronary structures. Using a pitch 
of around 1 is usually a good balance between 
acquisition time, radiation dose, and image 
quality. To reduce radiation dose and improve 
image quality in non-ECG-synchronized CT, 
thicker detector collimation is preferred, at the 
expense of reduced visualization of small-sized 

   Table 5.1    Relevant CT parameters for imaging adult 
patients with congenital heart disease using a dual-source 
CT system   

 Slice 
collimation 

 Thin collimation: 2 × 64 × 0.6 mm 
 Thick collimation: 2 × 24× 1.2 mm 

 Tube 
voltage/tube 
current 

 BMI ≤25 kg/sqm: 100 kVp/150 mAs 
 (ECG-synchronized: 100 kVp/220 mAs) 
 BMI >25 kg/sqm: 120 kVp/180 mAs 
 (ECG-synchronized: 120 kVp/330 mAs) 

 Gantry 
rotation time 

 330 ms 

 Pitch  1 (non-ECG-synchronized CT) 
 0.2–0.5 (retrospective ECG-gated CT; 
pitch depending on the heart rate) 
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structures. Furthermore, when using a thicker 
collimation, the acquisition time is lower, and 
thereby, the respiratory motion artifacts might 
be reduced. If possible, non-ECG-synchronized 
CT in patients with CDH is performed during 
breath- hold. If this is not possible, the CT exam-
ination could be performed in free-breathing 
technique, avoiding excessive respiratory excur-
sion. In modern CT systems, respiratory arti-
facts are less pronounced. It has been reported 
in non-ECG- synchronized CT acquisitions that 
82 % of patients with CHD, the origins and 
proximal segments of the coronary arteries are 
evaluative [ 72 ]. The radiation dose of this scan 
technique in young children is usually less than 
1 mSv [ 73 ].  

    ECG-Synchronized CT 
 The synchronization of the CT data acquisition 
with the ECG signal is important for suffi cient 
compensation of cardiac motion artifacts and is 
of utmost importance for the evaluation of small- 
sized cardiac structures, intracardiac communi-
cations, and the coronary arteries and commonly 
improves visualization of the aortic root. The 
ECG synchronization can be performed with 
three different acquisition modes: retrospectively 
ECG-gated helical CT ( single- and dual-source 
CT ), prospectively ECG-triggered sequential CT 
( single -  and dual - source CT ), and prospectively 
ECG-triggered high-pitch helical CT ( only dual - 
source   CT ). 

   Retrospective ECG Gating 
 For a long time, retrospective ECG gating has 
been the standard acquisition mode for helical 
cardiac CT. In retrospective ECG-gated CT, the 
data acquisition is performed with continuous 
scanner table motion and spiral acquisition with 
overlap of the radiation beam on each spiral syn-
chronized to the ECG (Fig.  5.4a ). Thus, low pitch 
values are necessary for gapless data acquisition, 
and radiation dose are substantial higher than 
when using non-ECG-synchronized CT as each 
portion of the heart is imaged more than once, 
while ECG is recorded. Then, in the retrospec-
tive, images are reconstructed in the optimal 
phase of the cardiac cycle providing the least 

motion artifacts and used for the interpretation. 
The surplus of information across different 
phases of the cardiac cycle can be used for ven-
tricular functional analysis.

      Prospective ECG Triggering 
  If there is a high  probability that just a single 
reconstruction in the diastole is required for a 
diagnostic image, usually in patients with a low 
and stable heart rate, prospectively ECG- 
triggered sequential CT is an alternative acquisi-
tion mode. Using this mode, the CT table is 
stationary during image acquisition and moves in 
the following heartbeat to the next position for 
the next sequential scan (“step-and-shoot mode”) 
(Fig.  5.4b ). With a 64-slice CT, complete cover-
age of the heart requires 5–8 heartbeats, with a 
128-slice dual-source CT 2–3 heartbeats and 
with a 320-slice CT only a single heartbeat. The 
radiation dose of prospectively ECG-triggered 
sequential CTCA is low with an effective radia-
tion dose of 1–4 mSv because there is little over-
lap between adjacent sequential scans and X-ray 
exposure is limited to a small interval in the car-
diac cycle [ 74 ,  75 ]. Prospective ECG triggering 
can be used to reduce radiation dose in other 
types of cardiac CT studies as well, such as eval-
uation of coronary artery bypass grafts [ 76 ] and 
triple-rule-out studies in acute chest pain [ 77 ]. 
Several studies have demonstrated a high diag-
nostic accuracy of prospectively ECG-triggered 
coronary CT angiography [ 74 ,  78 ,  79 ]. A heart 
rate threshold of up to 70 or 65 bpm is used in 
most of the studies performing ECG-triggered 
CTCA. Husmann et al. [ 80 ] reported that 98.9 % 
of all coronary artery segments were evaluative 
at heart rates of up to 63 bpm, while only 85 % 
were assessable at higher heart rates. Faster CT 
systems and advanced acquisition techniques 
may increase the heart rate threshold in prospec-
tively gated CT above the level of 70 bpm, at a 
similar ability to assess coronary segments as in 
retrospective ECG gating [ 81 ]. 

 In  prospective ECG - triggered CT , the patient 
is irradiated only at selectable heart phases, and 
the table is moved in a sequential manner, 
remaining stationary while data are acquired. 
This leads to smaller effective patient dose of 
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1–3 mSv in adults [ 82 ] and 0.2–0.7 mSv in 
 newborns and infants [ 83 ]. Limitations of this 
technique are the missing ability to assess the 
ventricular function and the impairment of the 
image quality in case of arrhythmia. Nevertheless, 
prospective ECG- triggered CT has almost com-
pletely replaced the retrospective ECG-gated 
acquisition in patients with CHD. For patients 
with heart rates <75 bpm, we predefi ne the data 
acquisition in the diastolic phase at 70 % relative 

to the R-R interval and for patients with a heart 
rate of more than 75 bpm in the systolic phase at 
30 %. We still perform a retrospective ECG-
gated CT – if ECG synchronization is required – 
in patients with arrhythmia and if multiphase 
functional evaluation is required. 

 Most recently, an adaptation of the prospec-
tive ECG-triggered CT technique to a dual-step 
mode has been introduced to provide ventricular 
functional analysis at low radiation dose [ 84 ].  

  Fig. 5.4    ( a ) Retrospective 
ECG gating: The data 
acquisition is performed 
with continuous scanner 
table motion and spiral 
acquisition with overlap of 
the radiation beam on each 
spiral synchronized to the 
ECG. Then, in the 
retrospective, images are 
reconstructed in the optimal 
phase of the cardiac cycle 
providing the least motion 
artifacts. ( b ) Prospective 
ECG-triggered CT: The 
patient is irradiated only at 
selectable heart phases, and 
the table is moved in a 
sequential manner, 
remaining stationary while 
data are acquired. ( c ) 
High-pitch helical 
prospectively gated CT: 
This scanning mode permits 
cardiac CT to be performed 
in a small fraction of a 
single heartbeat. Because 
the high-pitch scan is 
limited to the diastole in a 
single heartbeat, the heart 
rhythm needs to be 
prospectively predicted         
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   High-Pitch Helical Prospectively Gated CT 
 In order to gain suffi cient projection data from 
image reconstruction in retrospectively ECG- 
gated cardiac CT, pitch is usually limited to low 
values of 0.2–0.5. Higher pitch values would 
result in less projection overlap. If the pitch is 
increased to more than 1.5, projection gaps will 
occur resulting in severe artifacts. In dual-source 
CT systems, the second tube-detector combina-
tion can fi ll these projection gaps occurring at 
high pitch values. Pitch values of 3.2–3.4 are fea-
sible using a second-generation 128-slice dual- 
source CT system, leading to an acquisition time 
of approximately 250 ms (Fig.  5.4c ). This per-
mits cardiac CT to be performed in a small frac-
tion of a single heartbeat. Because the high-pitch 
scan is limited to the diastole in a single heart-
beat, the heart rhythm needs to be prospectively 
predicted. Therefore, it is essential for high-pitch 
helical prospectively gated CT to only be per-
formed in patients with low and regular heart 
rates. Radiation dose is very low due to the short 
acquisition time and the little overlap between 
spiral acquisitions. Achenbach et al. [ 85 ] evalu-
ated high-pitch helical prospectively gated CT in 
50 patients with a body weight of less than 100 kg 
and a heart rate of 60 bpm or less with a resulting 
radiation dose of 0.9 mSv. Leschka et al. [ 86 ] 
reported a high diagnostic accuracy of high-pitch 

coronary CT angiography for the assessment of 
coronary artery stenosis at a submillisievert radi-
ation dose. Alkadhi and colleagues [ 78 ] investi-
gated the diagnostic performance of high-pitch 
cardiac CT in comparison to prospectively ECG- 
triggered CT in patients with a heart rate of less 
than 70 bpm and found similar diagnostic accura-
cies for the assessment of coronary artery steno-
sis at a 30 % lower radiation dose at high-pitch 
CT. In addition, high-pitch helical prospectively 
gated CT can be used to evaluate the coronary 
artery bypass graft patency at a low effective 
radiation dose of approximately 2.3 mSv [ 87 ].    

    Selection of Protocols Depending 
on the Type of CHD 

 The scan range and the acquisition mode and 
whether ECG synchronization is performed 
depend on the type of CHD to be investigated. 
Table  5.2  provides recommendations for CT pro-
tocols for different CHDs.

       Contrast Agent Application 

 To avoid high-contrast artifacts in the left bra-
chiocephalic vein, a right-arm contrast media 
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injection is preferable. In neonates and young 
children, nonionic iodinated contrast agent is 
injected at a dose of 2 mL per kg body weight 
to a maximum amount of 100 mL. The injection 
rate is set at 1 mL/s but might be increased to 
2 mL/s in patients with a large intracardiac com-
munication. In adults, 1.5 mL/kg body weight 
is injected at a rate of 3–4 mL/s. A saline bolus 
should be applied after the injection of the con-
trast media to reduce the artifacts from undiluted 
contrast media and to reduce the total amount 
of contrast media. To determine the scan delay 
in ECG-synchronized CT, the bolus-tracking 
technique is advantageous. For this purpose, 

the region of interest (ROI) in pediatric patients 
is placed in the left ventricle, and a threshold 
attenuation of 200 HU is set. However, when in 
doubt about the intracardiac connections and the 
timing of the contrast attenuation of the differ-
ent cardiac chambers, in the individual patient 
monitoring the arrival of contrast material in the 
cardiac chambers and manually starting the CT 
 acquisition is often the safer way for suffi cient 
contrast attenuation of the cardiac cavities and 
adjacent arteries and veins. In adult patients, 
the ROI is placed in the ascending or descend-
ing aorta, and the attenuation threshold is set at 
140–180 HU. 

     Table 5.2    Recommended scan range and ECG synchronization depending on the congenital heart disease type   

 Congenital heart 
disease type  Scan range 

 ECG synchronization
required?  Comment 

 Aortic coarctation  Aortic arch
to diaphragm 

 No  Thin collimation is recommended 
for identifi cation of collateral 
pathways 

 Anomalous pulmonary
venous return 

 Aortic arch
to diaphragm 

 No  Scan range should be extended
to the level of the kidneys in the 
infracardiac type 

 Patent ductus 
arteriosus 

 Aortic arch
to diaphragm 

 No  Thin collimation is recommended 
for identifi cation of small ductus 
arteriosus 

 Persistent superior left
vena cava 

 Aortic arch
to diaphragm 

 No 

 Atrial septal defect  Below tracheal bifurcation 
to diaphragm 

 Yes  ECG synchronization may be 
benefi cial for small intracardiac 
shunts 

 Ventricular septal 
defect 

 Below tracheal bifurcation 
to diaphragm 

 Yes  ECG synchronization may be 
benefi cial for small intracardiac 
shunts 

 Tetralogy of Fallot  Above the pulmonary 
bifurcation to diaphragm 

 No  – 

 Common aortic-
pulmonary
trunk 

 Above the pulmonary 
bifurcation to diaphragm 

 No  – 

 Transposition of the 
great arteries 

 Above the pulmonary 
bifurcation to diaphragm 

 No  – 

 Univentricular heart  Below tracheal bifurcation 
to diaphragm 

 No  No saline chasing bolus should be 
used to avoid washout 

 Double outlet ventricle  Above the pulmonary 
bifurcation to diaphragm 

 No  No saline chasing bolus should be 
used to avoid washout 

 Isomerism  Below tracheal bifurcation 
to diaphragm 

 Yes  ECG synchronization is 
recommendable for morphological 
identifi cation of the atrial 
appendages to determine sideness; 
the scan range must include the 
thorax and spleen for identifi cation 
of extracardiac abnormalities 

 Coronary artery 
anomaly 

 Below tracheal bifurcation to 
diaphragm 

 Yes  Thin collimation and ECG 
synchronization are mandatory 
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 When performing a non-ECG-synchronized 
CT in pediatric patients, a fi xed scan delay is usu-
ally suffi cient. The start delay is set on 12 s for 
peripheral injection and on 8 s for central venous 
injection.  

    Image Reconstruction and 
Postprocessing 

 On the axial images, the oblique orientation 
of the heart often leads to unfavorable cutting 
angles and partial volume effects. The image 
reconstruction technique used depends on the 
diagnostic task, and usually a combination of 
different visualization techniques is required. 
In addition, to facilitate the communication 
between the radiologist and the referring physi-
cian, the presentation of the fi ndings should be 
adapted to the fi eld of the referring physician. For 
example, while surgeons will prefer realistic 3D 
images simulating a surgical view, cardiologists 
are used to conventional angiographic images. To 
generate the desired presentation, axial data need 
to be processed. 

    Multiplanar Reformation (MPR) 
 MPR is a 2D postprocessing technique allowing 
to display one plane inside the original 3D image 
volume (Fig.  5.5 ). This plane may be orthogo-
nal to the axial slices of the image volume (i.e., 
coronal or sagittal MPR), oblique, or replaced by 
an arbitrary curved surface (i.e., curved MPR). 
In cardiac CT oblique, MPR is often used to 
show the four-chamber view and the short-axis 
view. To display the complete course of a ves-
sel in a single 2D image, curved MPR enables 
to align a course along the vessel centerline. 
Current dedicated workstations permit an auto-
matic defi nition of the vessel centerline after 
the user has selected one or more seeding point 
inside the lumen of the vessel. A drawback of the 
curved MPR technique is that only a single ves-
sel branch may be displayed at any time. MPR 
is the most popular method of reconstruction 
in cardiac CT. Due to its easy handling, MPR 
is least susceptible to wrong operation by the 
radiologist among all postprocessing techniques. 

Nevertheless, continuous adaptation of the 
reformatted planes is required to avoid improper 
plane orientation which might introduce false or 
mask pathological fi ndings.

       Maximum Intensity Projection (MIP) 
 MIP is the simplest 3D postprocessing technique. 
A virtual camera sends multiple beams through 
the 3D volume dataset, whereas only the highest- 
attenuation voxels are retained, allowing a fast 
display of a part of the total dataset. The param-
eters that have to be chosen are the window set-
ting and the beam angulation which determine 
the viewing orientation. MIP is suited to display 
vascular structures in a single image (Fig.  5.6a ). 
Sometimes, the signifi cant information reduction 
in MIP proves to be a disadvantage. When applied 
to the entire image volume, the vascular struc-
tures can be overlaid and therefore be obscured 
with the cardiac cavities fi lled with contrast 
agent, high-attenuation pericardial metallic clips, 
or bones of the chest (Fig.  5.6b ). Thin-slab MIP 
is a technique to remove high-attenuation voxels 
of surrounding structures from the rendering by 
cutting planes in front and behind a vessel. In 
defi ance of these shortcomings, MIP has become 
an important complementary tool for the 
 visualization of thoracic vasculature.

  Fig. 5.5    Multiplanar reformation (MPR) technique in a 
patient with an aortic coarctation displaying one plane 
inside the original 3D image volume       
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       Direct Volume Rendering (DVR) 
 As in the MIP technique, a virtual camera sends 
multiple beams through the 3D volume dataset, 
but, in contrast to the MIP technique, a physically 
based model defi nes the attenuation properties of 
each voxel density encountered along the beam. 
A transfer function maps Hounsfi eld units to col-
ors and opacities that are then integrated along the 
beam. Therefore, a color defi nes a distinct struc-
ture, and separate tissues can be classifi ed and 
rendered from completely transparent to com-
pletely opaque. To enhance the 3D impression, 
the image volume usually is illuminated with a 
virtual external light. Direct volume rendering 
technique is able to produce realistic images 
and provides a good overview of the anatomy 
(Fig.  5.7a, b ). In general, the multitude of param-
eters renders DVR a computationally intensive 
and time-consuming postprocessing technique. 
Albeit DVR being an excellent “nature-like” dis-
play of the cardiac and extracardiac structures 
for the referring physician, DVR is very suscep-
tible to wrong operation by the radiologist and 

 inappropriate setting may mask or artifi cially 
 display a pathological fi nding.

         Radiation Dose Issues 

 In any CT study, the ALARA principles (“as low 
as reasonable achievable”), i.e., dose reduction to 
the lowest value maintaining image quality at a 
diagnostic level, should be followed. The balance 
between low radiation dose and diagnostic image 
quality is the most crucial step in radiation dose 
reduction. If the CT study loses its diagnostic 
capability to answer the clinical question of inter-
est due to excessive dose reduction, there is no 
benefi t for the patient [ 88 ]. However, the applica-
tion of more radiation dose than needed to answer 
the clinical question will unlikely increase the 
diagnostic capability of the study and may harm 
the patient [ 88 ]. The goal is to acquire at least 
diagnostic image quality and not best achievable 
image quality. To achieve this goal, familiarity 
with more noisy images is a must. 

a b  Fig. 5.6    ( a ) Maximum 
intensity projection (MIP) 
technique applied to the 
entire image volume in a 
patient with aortic coarcta-
tion. The bones obscure the 
vascular structures. ( b ) 
Thin-slab MIP in the same 
patient: The high-attenuation 
voxels of the bones are 
removed, leading to an 
improved visualization of the 
vascular structures and the 
collateral circulation in aortic 
coarctation       
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 PROTECTION I, a large international 
 multicenter trial, has identifi ed several predictors 
of higher radiation exposure in cardiac CT [ 89 ]. 
They included 1965 CT coronary angiography 
studies from 50 centers and estimated a median 
effective radiation dose of 12 mSv. Several pre-
dictors of higher radiation dose have been identi-
fi ed, such as increased body weight (5 % increase 
in radiation dose for a 10 kg increase in body 
weight), larger scan length (5 % increase in radia-
tion dose for each cm scan length), or unstable 
heart rhythm (10 % increase in dose compared 
to sinus rhythm) [ 89 ]. The radiation dose saving 
potential of several techniques has been investi-
gated too, ranging from 25 to 78 % of radiation 
dose reduction [ 89 ]. These techniques included 
the different acquisition modes concerning 
ECG and supplemental radiation dose reduc-
tion strategies. Interestingly, neither the number 
of performed coronary CT angiography nor the 
experience of a particular center had any signifi -
cant effect on the radiation dose [ 89 ]. 

 Compared to conventional coronary angiogra-
phy (CCA), CT coronary angiography (CTCA) 
caused a higher radiation dose exposure. This was 
one of the most important obstacles for CTCA 

to become a standard tool in the cardiac imaging 
armamentarium. In a 16-slice CT radiation dose 
of a CTCA has been estimated of about 9 mSv 
[ 90 ]. The radiation dose substantially increased 
in 64-slice to approximately 15 mSv in men 
and 20 mSv in women [ 48 ]. The radiation dose 
estimates of CTCA were achieved when using 
common retrospective ECG triggering for phase 
synchronization. In CCA, the radiation dose is 
signifi cantly lower, approximately 2.1–7 mSv 
[ 45 ,  91 ]. Improvements in CT technique offered 
a substantial dose reduction. Tube current modu-
lation during the different phases of the cardiac 
cycle (ECG pulsing) is one possibility. During 
predefi ned phases of the cardiac cycle likely to 
be used for image reconstruction, a maximal tube 
current is applied. During the remaining phases, 
tube current is reduced [ 64 ]. Using this tech-
nique, radiation doses of 6.4 mSv for 16-slice CT 
[ 92 ], 9.4 mSv for 64-slice CT [ 92 ], and 8.8 mSv 
for dual-source CT [ 93 ] have been reported. The 
reduction of the tube voltage is another possibil-
ity to reduce radiation dose. A tube voltage of 
80 kVp in slim patients with a body weight below 
60 kg led to a dose saving potential of 88 % [ 94 ]. 
Tube voltages of 100 kVp have been successfully 

a b  Fig. 5.7    ( a ) Direct volume 
rendering (DVR) technique 
in a patient with aortic 
coarctation clearly providing 
the anatomical details. ( b ) 
Direct volume rendering 
(DVR) technique in a patient 
with aortic coarctation: The 
opacity of the bone dense 
Hounsfi eld units is reduced 
displaying them transparent, 
leading to an excellent 
visualization of the vascular 
structures       
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used in 16-slice CT [ 92 ], 64-slice CT [ 92 ], and 
dual-source CT [ 95 ,  96 ], reporting a dose saving 
potential of up to 40 %. This benefi t is indepen-
dent and incremental from radiation dose savings 
by using ECG pulsing. 

 The use of prospective ECG gating, so-called 
sequential cardiac scanning, is one of the most 
effective methods of radiation dose reduction in 
CTCA. This technique was fi rst used in electron 
beam CTCA in 1995 [ 97 ]. X-ray is turned up dur-
ing a short period of the cardiac cycle and turned 
down during rest of the cycle. It is recommended 
for patients with heart rates below 70 bpm. 
Several studies have reported excellent image 
quality [ 82 ,  98 ,  99 ] and diagnostic accuracy 
[ 74 ,  100 ] of prospectively ECG-gated CTCA at 
radiation doses of 1–3 mSv [ 74 ,  82 ,  98 – 100 ]. 

    General Strategies for Reduction 
of Radiation Exposure 

 In most pediatric patients with a congenital heart 
disease, several follow-up studies will be per-
formed during lifetime. Therefore, radiation dose 
reduction is of utmost importance in this patient 
group, even more than in adult patients. 

    Restriction of  Z -Axis Coverage 
 The  z -axis coverage is one of the largest contribu-
tors to radiation dose in CT imaging. For CHD 
patients with suspected malformations of the 
heart and the extracardiac vasculature, the CT 
acquisition could be frequently limited to a scan 
from immediately above the aortic arch to the 
bottom of the heart and does not need to cover the 
whole chest (Fig.  5.8 ). One drawback might be 

the limited ability to identify incidental fi ndings 
including pulmonary nodules. However, report-
ing of incidental noncardiac fi ndings in cardiac 
CT studies have been shown to increase surgical 
rates, costs, and patient’s anxiety, all without 
proof of improvement in outcomes [ 101 ].

   When imaging solely of the heart is intended, 
the scout view is rather inaccurate in determining 
the required  z -axis coverage. Following the fre-
quent recommendations of manufacturers to scan 
from the tracheal bifurcation to below the dia-
phragm will result in a large  z -axis coverage with 
unnecessary imaging structures above and below 
the heart. In a recent study using scan length 
adjustment methods in retrospective ECG-gated 
cardiac CT, we demonstrated a dose reduction 
potential of 0.7 mSv per 1 cm reduction in scan 
range [ 102 ]. There are several options to more 
precisely defi ne the needed scan range in  z -axis 
than the manufacturers’ recommendations. One 
possibility is to plan the scan range with the scout 
image but to start the scan from 1 to 2 cm below 
the tracheal bifurcation and to end the scan 1 cm 
below the cardiac apex. This will leave suffi cient 
but not excessive margins above and below the 
cardiac margins to compensate for breathing 
movement [ 102 ,  103 ]. In CHD patients, depend-
ing on type of abnormality, larger scan coverage 
may be required beyond the heart boundaries to 
cover the entire anatomy (Table  5.2 ).  

    Application of Dedicated 
Cardiac Bowtie Filters 
 State-of-the-art CT systems provide imple-
mented beam-shaping fi lter to limit the scan 
fi eld of view (FoV) in order to reduce radiation 
intensity in the scan plane. Using this dedicated 
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  Fig. 5.8    Restriction of  z -axis 
coverage: For patients with 
CHD CT acquisition from the 
aortic arch to the bottom of 
the heart is suffi cient. 
Average reduction in scan 
length of 12–16 cm leads to a 
radiation dose saving 
potential of around 30 %       
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cardiac bowtie fi lter in CT studies focussed on 
cardiac  pathologies permits for lower radiation 
exposure by limiting the scatter radiation of the 
X-rays toward the detectors, and it is more effi -
cient to irradiate detectors directly across from 
the X-ray tube as less photons are required [ 104 ]. 
In cardiac CT, the heart is centered within the 
chest; consequently, the scan FoV can be lim-
ited to around 25 cm. Budoff has reported a dose 
reduction of 40 % by using a small fi eld bowtie 
fi lter rather than a large fi eld fi lter [ 104 ]. Thus, 
routine use of dedicated cardiac bowtie fi lter is 
recommendable for radiation dose reduction pur-
pose and improves image quality. One drawback 
of limiting the scan FoV by small fi eld bowtie 
fi lters might be the reduced image quality outside 
the scan FoV and though of incidental noncardiac 
fi ndings. However, in our experience, an adequate 
diagnosis of associated extracardiac pathologies 
and malformations remains still feasible.  

    Protection of Radiosensitive Organs 
 Bismuth shields have been introduced for chest 
CT to reduce radiation exposure to superfi cial 
radiosensitive organs (i.e., the breast and thyroid 
glands), and signifi cant radiation dose reduc-
tions of 29–57 % have been reported using these 
shields [ 105 ,  106 ]. For cardiac CT, the available 
data of using these shields is limited. In calcium 
scoring a decrease in radiation dose of 37 % to 
the breast has been reported [ 107 ]. However, 
Geleijns and colleagues [ 108 ] demonstrated that 
the organ dose reduction can more effi ciently be 
obtained by optimizing the tube current. In addi-
tion, use of these bismuth shields may interfere 
with anatomy-based tube current modulation 
techniques with the risk of totally increased 
radiation exposure to the children. At current, no 
valid data exist of the radiation dose reduction 
potential and potential negative effects on noise 
and signal-to-noise ratio for dedicated cardiac 
CT. We therefore do not use this technique in our 
institution.  

    Optimization of Tube Voltage 
 The effects of changing the tube voltage set-
tings are less predictable than those of changing 
the tube current. Changes in tube voltage affect 

the peak photon energy and radiation exposure 
approximately varies with the square of the peak 
tube voltage. The effect of lower tube voltage 
on image quality and radiation dose has been 
investigated by several studies. Abada et al. [ 94 ] 
used an 80-kVp tube voltage setting in 11 slim 
patients with a body weight of less than 60 kg 
and reported a radiation dose reduction of 88 % 
compared to the standard 120-kVp tube voltage. 
Leschka et al. [ 95 ] reported a dose reduction 
of 25 % in 100 kVp retrospectively ECG-gated 
cardiac CT in normal- weighted patients (BMI 
<25 kg/sqm). In the PROTECTION I trial 
[ 89 ], the radiation dose of 100-kVp cardiac 
CT was associated with a radiation dose reduc-
tion of 46 % compared to 120- kVp studies. 
Interestingly, tube voltage reduction does not 
only affect the radiation dose but additionally 
affects the contrast attenuation of iodine and 
consequently the contrast opacifi cation of the 
coronary arteries. This effect is caused by an 
increase in the photoelectric effect and a decrease 
in Compton scattering. As a consequence, the 
attenuation of the contrast in the coronary arter-
ies is approximately one quarter to one third 
higher at 100 kVp than it is at 120 kVp, lead-
ing to a higher signal-to-noise ratio (SNR) [ 95 ]. 
The increased contrast opacifi cation offers the 
possibility to reduce the amount of intravenous 
contrast medium by around one third. Likewise, 
the higher SNR in low kVp examinations can 
be used to additionally reduce the tube current 
by accepting more image noise because of the 
higher SNR and thereby further reducing the 
radiation dose [ 95 ].  

    Optimization of Tube Current 
 The tube current directly affects the number of 
generated photons. This leads to a predictable 
effect on radiation dose and image noise. In fact, 
the tube current alterations are approximately 
proportional to the radiation dose and the image 
noise. Therefore, tube current optimization offers 
an effective opportunity to reduce the radiation 
dose. In most CT systems, the vendor’s default 
settings often use too high tube current for best 
image quality at the expense of the radiation dose 
[ 104 ]. In obese patients, standard tube  current 
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needs to be increased in order to compensate for 
higher photon scatter and higher image noise. 
In contrast, thinner patients are exposed to an 
unnecessary high dose if standard tube current 
settings are used because X-ray attenuation is 
lower in slim patients. 

   Anatomy-Based Tube Current Modulation 
 Anatomy-based tube current modulation has 
been developed for body CT [ 109 ]. It modulates 
the radiation dose according to the patient’s mor-
phology in the scan plane or in the  z -axis or both 
(Fig.  5.9 ) thus aiming to facilitate the optimiza-
tion of image quality and radiation exposure and 
thereby eliminating arbitrary selection of tube 
current by CT technologists and radiologists. The 
user only selects the reference noise index (i.e., 
GE), the reference image acquisition (i.e., 
Philips), the reference tube current-time product 
(i.e., Siemens), or the reference standard devia-
tion of attenuation (i.e., Toshiba) and then the 
tube current is adjusted so that all images will 
have a similar user-selected quantum noise level 
independent of patient size and anatomy. The 
tube current modulation for each anatomic region 
is automatically determined with calculations of 
patient density, size, and shape (beam attenua-
tion) performed by using a single scout projec-
tion acquired before the actual examination and a 
set of empirically determined noise prediction 

coeffi cients. A dose reduction of up to 40 % has 
been reported in chest CT [ 110 ].

      ECG-Based Tube Current Modulation 
  For retrospectively ECG - gated  cardiac CT, the 
full tube current can be restricted to a certain part 
of the cardiac cycle because data from the high 
movement periods of the cardiac cycle (ventricu-
lar contraction in mid- to end-systole and atrial 
contraction in end-diastole) are frequently not 
required for image reconstruction. The ECG- 
controlled tube current modulation (“ECG puls-
ing”) considers this by limiting the nominal full 
tube current to a predefi ned interval within the 
cardiac cycle while reducing the tube current in 
the remaining part of the cardiac cycle to 20 % or 
less of the normal output [ 111 ]. The image qual-
ity is impaired by noise outside the full tube cur-
rent window thereby rendering those phases of 
the cardiac cycle inadequate for detailed morpho-
logical evaluation but provide suffi cient image 
quality for ventricular functional analysis. Due to 
technological advances of CT systems, especially 
the higher temporal resolution, the ECG- 
controlled tube current modulation is appropriate 
for daily use. In the PROTECTION I trial, ECG 
pulsing was used in 73 % of studies with a dose 
reduction of 25 % [ 89 ]. In another study, ECG 
pulsing was used in 82 % of patients in daily 
 routine without substantial impairment of image 

  Fig. 5.9    Anatomy-based 
tube current modulation: The 
tube current is automatically 
and real-time adjusted based 
on the noise of the previous 
image       
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quality [ 92 ]. Unfortunately, the anatomy-based 
tube current modulation is not completely com-
patible with ECG-synchronized protocols due to 
interference with the ECG pulsing [ 104 ,  112 ]. 

 Patients with irregular or high heart rate 
might not benefi t from ECG-controlled tube cur-
rent modulation because optimal reconstruction 
might not be predefi ned in the case of premature 
heartbeat or additional systolic reconstruction 
might be required in high heart rate. Advanced 
ECG pulsing algorithms automatically detect 
heart rhythm irregularities, and then stopping 
ECG pulsing in real time during acquisition is 
currently provided by different vendors of CT 
systems. Otherwise, there needs to be a trade-off 
between ECG pulsing settings and the heart rate. 
For patients with higher heart rates, automatic or 
manual adjustment of the full tube current width 
of ECG pulsing are available in order to widen 
the pulsing width in patients at higher heart rates 
to include the systole [ 64 ]. In contrary, at low and 
stable heart rates pulsing width can be used as 
narrow as possible in the mid-diastole [ 64 ]. 

 The effi ciency of ECG-controlled tube current 
modulation for radiation dose reduction depends 
on the heart rate and on the number of sources 
(single- or dual-source CT). In single-source 
CT, ECG pulsing is most effi cient at a low heart 
rate, while in higher heart rate, the effi ciency 
decreases because of subsequent widening of 
the full tube current window. In contrast, in dual-
source CT higher heart rates are associated with 
a lower radiation dose because the negative effect 
of higher pulsing width is compensated by the 
heart rate-adapted pitch of dual-source CT with 
a pitch of 0.5 at above 80 bpm compared to a 
pitch of 0.2 at below 60 bpm [ 93 ]. Optimal ECG 
pulsing window settings for cardiac CT depend 
on the patient’s heart rate and have been recom-
mended as follows [ 64 ]: 60–70 % of the R-R 
interval at heart rates ≤60 bpm, 60–80 % at heart 
rates of 60–70 bpm, 55–80 % at heart rates of 
70–80 bpm, and 30–80 % at heart rates >80 bpm. 
The ECG pulsing technique has been reported to 
reduce the radiation dose by up to 64 % [ 113 ]. 
Figure  5.10  provides a schematic demonstration 
of the tube current application in the different 
acquisition modes.

        Iterative Reconstruction 
 Recently, iterative image reconstruction 
 algorithms have been introduced into CT imaging 
by different vendors. The commonly used fi ltered 
back projection technique for image reconstruc-
tion has limitations regarding image noise and 
requires a higher amount of photons to achieve 
adequate signal-to-noise ratios [ 88 ]. In contrast, 
iterative reconstruction algorithms provide higher 
fl exibility for accurate physical noise modeling 
and geometric system description [ 114 ]. Leipsic 
and colleagues [ 115 ] demonstrated an image 
noise reduction of up to 43 % when using itera-
tive instead of fi ltered back projection recon-
struction. By using iterative reconstruction with 
lower image noise than fi ltered back projection, 
tube current can be reduced by approximately 
the same rate to keep relative image noise main-
tained, while radiation dose is reduced. A recent 
multicenter trial performed in 1,202 consecutive 
patients demonstrated that iterative reconstruc-
tion permits a radiation dose reduction of 44 % 
in average compared to fi ltered back projection, 
while image interpretability and SNR were simi-
lar between both reconstruction techniques [ 116 ].   

    Practical Approach to the Use of 
Radiation Dose Reduction 
Techniques 

 Patient-specifi c parameters such as body habitus 
and heart rate need to be used in clinical routine 
for effi cient application of radiation dose reduc-
tion strategies without sacrifi cing the diagnostic 
capability of the cardiac CT study. 

    Selection of the Acquisition Mode 
 Non-ECG-synchronized CT is commonly suffi -
cient for CT work-up of most CHD types 
(Table  5.2 ). When ECG synchronization is 
required, the most important parameter for selec-
tion of the acquisition mode is the heart rate. If 
available, high-pitch prospectively ECG-gated 
helical CT should be performed in patients with a 
heart rate of 60 bpm or less and when the heart 
rate is stable (i.e., maximum of 2 bpm changes in 
heart rate between heartbeats). Prospectively 
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ECG-gated sequential CT can be used for all 
patients with a heart rate of 70 bpm or less and 
when there is only minor heart rate variability 
(i.e., maximum of 4 bpm changes in heart rate 
between heartbeats). 

 Retrospectively ECG-triggered helical CT 
remains the alternative CT mode in all patients 
with a heart rate above 70 bpm or in patients with 
severe heart rate irregularities. Modern CT sys-
tems are capable of compensating heart rate 
irregularities when ECG pulsing is applied. 
Therefore, ECG-controlled tube current modula-
tion should be used whenever retrospective ECG- 
triggered cardiac CT is performed. In addition, 

retrospectively ECG-triggered helical CT is the 
preferred acquisition mode when ventricular 
functional analysis is required.  

    Individual Adaptation of Tube Current 
and Tube Voltage Settings 
 A practical approach for individual adaptation of 
tube current and tube voltage for radiation dose 
reduction is to divide patients into three catego-
ries (slim, normal weight, and overweight) and 
defi ne parameters for each category. Manual 
selection of scanning parameter settings for indi-
vidual patients might be based on the body 
weight [ 117 ], body mass index (BMI) [ 96 ], the 
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  Fig. 5.10    ( a ) Retrospective ECG triggering without 
ECG pulsing: Full tube current is applied during the 
entire cardiac cycle. Images can be reconstructed in any 
phase of the cardiac cycle at the same image noise level. 
( b ) Retrospective ECG triggering with ECG pulsing: 
Full tube current is only applied in predefi ned parts of 
the cardiac cycle and reduced in the remainder. Images 
can be reconstructed at low noise level in the full tube 

current parts but at higher noise in the cardiac cycle 
parts with reduced tube current output. ( c ) Prospectively 
 ECG-triggered sequential CT: The CT table is station-
ary during image acquisition and moves in the following 
heartbeat to the next position for the next sequential scan 
(“step-and-shoot mode”). The reconstruction time point 
within the cardiac cycle has to be defi ned prior to the 
image acquisition       
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anteroposterior chest diameter [ 118 ], or on the 
image noise from previous scans [ 112 ]. 

 Jung and colleagues [ 117 ] demonstrated by 
using an individually weight-adapted examina-
tion protocol in retrospectively ECG-gated car-
diac CT a dose reduction of 18 % for men and 
26 % for women, while constant image noise 
was achieved and diagnostic image quality was 
preserved. 

 The chest diameter is a strong indicator of 
higher radiation dose with a difference of 5 cm in 
the diameter corresponds to a factor of two or 
more higher radiation dose required for the same 
image noise [ 119 ]. Rogalla et al. [ 118 ] investi-
gated the use of the anteroposterior diameter for 
selection of tube current in cardiac CT and found 
a lower interindividual image noise variation 
when using the diameter instead of the BMI for 
tube current adaptation. However, there are con-
siderable differences in chest attenuation between 
men and women, and there are large interindi-
vidual differences in fat distribution. 

 Paul and Abada [ 112 ] have introduced a 
noise- based approach for the adaptation of tube 
current and tube voltage in cardiac CT. Their 
principle is to calculate the noise from a low-dose 
pre- control scan (120 kVp, 20 mAs) at the bot-
tom part of the heart as reference and then adjust 
tube voltage and tube current in six different set-
tings to acquire cardiac CT with suffi cient image 
quality for interpretation at a low dose level. This 
approach might be the most practical and dose 
effi cient for adaptation of tube current and tube 
voltage because individual body morphology at 
the heart level is directly translated into scanning 
parameter settings.  

    Combined Approaches 
 In general, the highest radiation dose reduction 
is obtained when the radiation dose reduction 
techniques are used in a combined approach. 
LaBounty and colleagues [ 120 ] prospectively 
evaluated patients before and after initiation of 
different dose reduction techniques including 
BMI and heart rate-based protocols and scan 
length reduction and found 20 % reduction 
in radiation dose for each 100-mA reduction in 
tube current. Raff et al. [ 121 ] evaluated a large 

cohort of 4,995 patients and applied several 
dose  reduction techniques such as scan length 
reduction, heart rate reduction, ECG-controlled 
tube current modulation, and reduced tube volt-
age and reported a more than 50 % reduction in 
radiation dose compared with the control period, 
while overall image quality was maintained. One 
simple and straightforward approach has been 
published by Alkadhi and colleagues [ 96 ]. The 
authors used the heart rate and the BMI to select 
the acquisition mode and the tube current and 
tube voltage settings. In 150 consecutive patients, 
the radiation dose potential was up to 88 % in 
selected patients with low heart rate and low BMI 
and was more than 50 % in average for the study 
population compared to an otherwise applied 
retrospectively ECG-gated standard cardiac CT 
protocol.    

    Specifi c Considerations for CT 
Imaging in Pediatric Patients 
with CHD 

 Imaging of pediatric patients is for some reasons 
different from imaging adult patients with CHD 
including the patient preparation procedure, the 
contrast agent application, and the CT scanning 
parameters and acquisition mode. Notably, radia-
tion dose reduction is of utmost importance in 
children because they have greater radiosensitiv-
ity, a longer life expectancy, and might require 
several follow-up studies during lifetime. 

    Patient Information and Preparation 

 Preprocedure preparation is the most important 
step of the examining pediatric CHD patients. 
Failure and ambiguity in the preparation will pre-
vent a successful CT study. The specifi c factors 
that have to be taken into account in preprocedure 
preparation are:
•    The age and developmental stage of the child 

or young person  
•   Previous experiences with CT imaging  
•   Anxiety level and coping styles  
•   The role and anxiety of the parents    
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 For the children, the CT study can be a 
 situation of high psychological stress, as the 
examination procedure might be unknown to 
the children and is performed in an unfamiliar 
technical environment and in the presence of 
unknown persons. In addition, painful sensa-
tions might occur before and during the CT 
study including the placing of the IV access 
line and the contrast agent injection. Therefore, 
preparation of the children for the CT examina-
tion should include a psychological preparation 
to provide information and reduce anxiety. One 
of the most important goals in the preprocedure 
preparation of children is to attain its agreement 
to perform the CT study, and this could in our 
experience only be obtained by gaining a confi d-
ing relationship to the child. 

 For the parents, the CT study of their children 
could be a distressing event as well, because they 
have to experience their children lying in the CT 
system, and they may fear the result from the 
examination. The radiologist should take some 
time to explain the CT examination to the parents 
and to answer all questions that may arise. One 
has to bear in mind that anxiety of the parents is 
easily transferred to the children. Information to 
the parents and children should be provided 
about the imaging procedure itself (i.e., steps that 
the children must perform and steps that health- 
care professionals will perform), and the sensa-
tions the children can expect to feel (e.g., pain 
when placing the IV access, warmness, and taste 
sensations when the iodinated contrast agent is 
injected). The information for the parents should 
also include information of the applied radiation 
exposure and the potential risk for the children. 
Parents are frequently informed from press 
releases about the potential risk of CT imaging 
and are often concerned about the increased life-
time risk of cancer. Larson and colleagues [ 122 ] 
investigated how parents’ understanding and 
willingness to permit their children to undergo 
CT imaging change after receiving information 
regarding radiation exposure and potential risk. 
Of the 100 parents who have been surveyed, their 
willingness to have their child undergo the CT 
examination did not signifi cantly changed, and 
62 % of patients reported no change in level of 

concern after reading the handout [ 122 ]. In our 
experience, a brief informational handout or a 
one-on-one interview with the radiologist can 
improve the parental understanding of the poten-
tial risk of cancer related to pediatric CT without 
causing parents to refuse the CT study recom-
mended by the referring physician. 

 The preparation and information of the chil-
dren needs to be age-dependent. In our experi-
ence, it is often very helpful to simulate the CT 
examination prior to the image acquisition with 
the children or his favorite toy in order that the 
children becomes used to the procedures and the 
ambience. In addition – especially when imag-
ing young children – the technical environment 
can be made more appropriate for children by 
using painted curtains, wall paintings, or plac-
ing stuffed animals around the CT machine. In 
our experience, the children’s agreement to per-
form the CT study is increased when the differ-
ent steps of the procedure are explained to them 
by their parents – after detailed instruction of 
the parents by the radiologist. The presence of 
one or both of the parents in the CT room will 
help the children to feel as safe and secure as 
possible.  

    Sedation 

 Sedation of pediatric patients is not recom-
mended on a routine basis but depends on the 
children’s age and anxiety. 

    Infants (0–12 Months Old) 
 In this age, CT examination can be frequently 
done without medical sedation using the “natural 
sleep” phase, which may be induced by feeding 
in a serene and comfortable environment begin-
ning 30–40 min prior to the CT study. The pres-
ence of familiar objects such as a favorite blanket, 
toy, or pacifi er can help comfort the children. 

 Sleeping infants will be covered in a pre- 
warmed cotton blanket and placed in a lateral 
position on the CT table with the head placed on 
a soft pillow. Additional cotton blankets will be 
positioned close to the front and back of the 
infant to avoid movement. In small infants, in 
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whom the feeding-induced natural sleep failed, 
the need of medical sedation could be frequently 
prevented by short-time fi xation using a vacuum 
pillow. This pillow is composed of an airtight 
fl exible cover fi lled with small solid polystyrene 
balls which can easily be wrapped around the 
baby and provides fi rm but soft fi xation [ 123 ]. 
However, the medicolegal and ethical aspects of 
short-time fi xation versus medical sedation being 
different among countries need to be addressed. 
In addition, the advantages and disadvantages of 
a short-time fi xation versus medical sedation 
need to be discussed with the parents.  

    Toddlers and Preschool Children 
(1–5 Years Old) 
 Toddlers and older children are placed in a 
supine position on the CT table. Warm blan-
kets on the side will help to attain the children 
in a  comfortable position and thereby reduce the 
ability to move during the data acquisition often 
without the children is being aware of this ‘fi xa-
tion’ (Fig.  5.11 ). In this age, the parents have 

commonly the best access to their children, and 
the preprocedure information talk with the par-
ents should help the parents to assure the children 
to perform the CT study. Nevertheless, in this 
age group, there is the largest need of sedation. 
If sedation is necessary, we prefer a short-term 
bodyweight-adapted sedation with midazolam 
hydrochloride via the rectal route (Table  5.3 ).

        School Age and Older (6+ Years) 
 One of the most important steps in preparing 
children of this age is to attain its agreement to 
perform the CT study. In common, this agree-
ment is not obtained  via  the parents like in 
younger children but by the performing radiolo-
gist directly convincing the children. In this age 
group, there are also more gender-specifi c differ-
ences in the information talk: While girls are 
more likely convinced with the consideration of 
 looking inside their body , boys are usually more 
interested to learn about the  secrets of the tech-
nique  of the CT system. In general, sedation 
could be most often avoided in this age group.   

  Fig. 5.11    A 2-year-old 
preschool child is placed 
in a comfortable position 
and “fi xed” in warm blankets 
for the CT acquisition. In 
this case, no medicamentous 
sedation was required       
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    Radiation Dose Issues 

 In common, ECG-synchronized CT is not used in 
the pediatric work-up due to its higher radiation 
dose. The larger cardiac structures are affected by 
motion only to a minor degree; therefore, ECG 
synchronization does not signifi cantly improve 
the image quality. Moreover, ECG-synchronized 
CT is associated with a longer scan time, and 
therefore, motion artifacts due to respiration or 
body motion might be more crucial than the ben-
efi cial effects of cardiac motion suppression in 
pediatric patients. 

 CT imaging for CHD in neonates and children 
should always be performed at an 80-kVp set-
ting. Cardiac CT with a tube voltage of 80 kVp 
has been successfully performed in adults with a 
body weight below 60 kg [ 94 ]. In children, CT 
with 80 kVp provides suffi cient image quality 
when the tube current output is adapted to the 
patient’s body weight (Table  5.4 ). Besides the 
advantage of saving radiation dose, the 80-kVp 
setting provides to reduce the total amount of 
contrast agent because iodine has a higher atten-
uation at lower energy. In addition, non-ECG- 
synchronized CT is the preferred CT technique 
in neonates and children because of the higher 
heart rates in those patients and the shorter acqui-
sition times of non-ECG-synchronized CT which 
results in fewer respiratory artifacts. If an ECG 
synchronization technique is required, the CT 
protocol should be performed with very narrow 
ECG pulsing window width to limit the radiation 
exposure.
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        Echocardiography (echo) remains the primary 
imaging modality for the anatomical and basic 
functional assessment of the heart with congenital 
defects. As with many techniques shared between 
adult and pediatric cardiology, echo imaging has 
been adapted to imaging pediatric subjects and 
concentrates heavily on the structural delineation 
of cardiac anatomy, both normal and abnormal. 
Adult echo imaging, alternatively, concentrates 
primarily on the functional characterization of 
cardiac structures owing largely to the fact that 
the majority of adult hearts are structurally  normal 
to begin with. The application of echo imaging to 
adult congenital heart disease (ACHD) patients 

requires a strong integration of both approaches 
to and applications of echo imaging. 

 In this chapter, the basic application of echo 
will be discussed as it relates to imaging congeni-
tal heart disease (CHD). This discussion will begin 
with a review of the general application of trans-
thoracic echo imaging in ACHD and expand to 
include additional imaging tools including color 
Doppler imaging, tissue Doppler imaging (TDI), 
transesophageal echo (TEE), 3- dimensional (3D) 
imaging, and intracardiac and intravascular echo 
(ICE and IVUS). Finally, the limitations of echo 
will be discussed within the context of combin-
ing the echo and advanced imaging modalities 
to comprehensively evaluate structural and func-
tional features of hearts with newly diagnosed, 
unrepaired, and repaired forms of CHD. 

   History of Ultrasound 

 The use of sound waves to determine location 
and movement of sound-generating objects in 3D 
space has existed in nature but has only been 
integrated into man-made technology within the 
last century. The use of ultrasonic sound waves as 
well as the development of the piezoelectric crys-
tal resulted in the ability to use this science in a 
broad array of applications. The fi rst use of ultra-
sound (US) in medical imaging occurred in 1941, 
when Karl Dussik of Austria performed US 
imaging of the brain ventricles [ 1 ]. Dr. Helmet 
Hertz and Dr. Inge Edler of Sweden were the fi rst 
physicians to use the pulse-refl ect US method to 
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examine cardiac structures in 1953 [ 2 ]. This 
method progressively developed into echo or the 
application of US imaging techniques to the eval-
uation of cardiac structure and function. Today, 
echo has become a vital and necessary compo-
nent to the clinical practice of modern cardiol-
ogy. Certainly, echo has become integral to the 
detection and serial evaluation of patients with 
CHD. Thus far, no other noninvasive imaging 
modality is capable of matching the quickness, 
versatility, and cost-effectiveness of echo in 
imaging cardiac structures and function with 
both high spatial and temporal resolution and 
minimal risk to the patient.  

   Basic Principles of Ultrasound 

 A brief and necessarily simplifi ed review of US 
principles is presented here both as an introduction 
and to provide a framework for understanding 
various echo capabilities. 

 Echo image acquisition involves placement of a 
transducer on the patient’s chest wall. US waves 
are generated and directed from the transducer as 
focused beams through the patient. As with any 
wave, sound waves are characterized by their fre-
quency, propagation velocity, wavelength, and 
amplitude (Fig.  6.1 ). In clinical echo, sound waves 
with a frequency of 2–8 MHz are used. As the US 
wave propagates through the patient’s tissue, the 
tissue particles vibrate longitudinally, with alter-
nating regions of compression and rarefaction. 
The velocity of the propagation is approximately 
1,540 m/s in blood. Diagnostic US utilizes wave-
lengths of 0.15–1.5 mm, which determines image 
resolution (1–2 wavelengths). Sound waves with 
short wavelengths have high image resolution but 
poorer penetration compared to longer wave-
lengths. Conversely, longer wavelengths have bet-
ter tissue penetration but poorer image resolution. 
Amplitude is a measure of the strength of the 
sound wave and is measured in decibels.

   US waves interact with internal tissue struc-
tures via refl ection, refraction, and attenuation. 
Refl ection consists of specular and scattered vari-
eties. Specular refl ection occurs when US waves 
interact with anatomic structures with a lateral 

dimension larger than the wavelength of US, 
such as tissue interfaces or valve leafl ets. The US 
refl ects off of these tissue boundaries and returns 
to the transducer. The amount of sound wave that 
returns to the transducer (i.e., the signal strength) 
depends on the angle of refl ection between the 
tissue interface and the transducer. The optimal 
angle with the maximal amount of refl ected US 
occurs when the tissue interface is perpendicular 
to the transducer. When the tissue interface is 
parallel in alignment to the transducer, no US 
wave returns to the transducer and signal dropout 
occurs. Scattered refl ection results in the charac-
teristic speckle pattern of tissues seen on US 
images. These speckles are the result of construc-
tive and destructive US interference backscat-
tered from Rayleigh scatterers, which are 
anatomic structures with a lateral dimension 
smaller than the wavelength of US. Signals pro-
duced by scattered echoes are considerably lower 
in comparison to specular echoes, because the 
overall percentage of energy refl ected back to the 
US transducer is much lower due to their consid-
erably smaller size. 

 Refraction occurs when US waves travel from 
one tissue to another tissue with different acous-
tic impedances. Acoustic impedance ( Z ) is an 
inherent characteristic of tissues and depends on 
the density of the tissue ( p ) and the propagation 
velocity of US within that tissue ( c ):

Z = pc

Amplitude

1 s

λ

  Fig. 6.1    Representation of sound waves. Amplitude is the 
maximum extent of an acoustic oscillation, measured from 
a position of equilibrium. Wavelength ( λ ) is the distance 
between successive sound wave crests and represents one 
sound wave cycle. Frequency is the number of cycles per 
1 s (in this example, 2) and is measured in Hertz (Hz). 
Propagation velocity (not depicted above) is the speed at 
which an acoustic signal travels through a medium       
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  This difference in acoustic impedances 
encountered by the US wave as it crosses from 
one tissue interface to another causes the beam to 
deviate at an angle away from its original straight 
line path. As impedance increases, more US will 
be refl ected, and this deviation can lead to “dou-
ble image” artifacts. 

 Attenuation occurs when signal strength is 
lost, either due to refl ection, scattering, or absorp-
tion. Absorption is the conversion of US to heat, 
which is consequently absorbed by the body tis-
sues. Air is a signifi cant source of signal attenua-
tion given its high acoustic impedance. Any air 
between the transducer and cardiac structures 
results in signifi cant signal attenuation. For this 
reason, a water-soluble gel is used to form an air-
less contact between the transducer and the 
patient’s skin, greatly facilitating the transfer of 
sound waves into and out of the body. The lungs 
are also fi lled with air, and careful manual posi-
tioning of the transducer is required to obtain 
adequate imaging of cardiac structures while 
avoiding the lung fi elds, especially in patients 
with hyperinfl ated lung conditions such as 
COPD, mechanically assisted ventilation, and 
pneumothorax. 

   Piezoelectricity 

 The piezoelectric crystal within the US trans-
ducer acts as both a signal transmitter and signal 
receiver. Most current commercial transducers 
use ceramics for the piezoelectric material. 
When an alternating electric current is applied to 
the piezoelectric crystal, it rapidly vibrates, 
emitting a high-frequency US as it expands and 
contracts. The transducer emits a short burst of 
US, lasting 1–6 μs, called the pulse length. The 
transducer then enters into a receiver mode 
referred to as “dead time,” waiting for refl ected 
US waves to return. The combined duration of a 
single pulse length time and dead time is known 
as the pulse repetition frequency. When a 
refl ected US wave returns to the crystal, it 
induces the crystalline generation of an electric 
current that is detected. This transmit-receive 
cycle is repeated temporally and spatially, and 

the differences in time delay of the refl ected 
sound waves received by the transducer are used 
to generate the US image. To create a 2-dimen-
sional echocardiogram sector image, the trans-
ducer must emit and receive at repetition rates of 
3,000–5,000 times/s.  

   Ultrasound Imaging 

 The simplest type of US imaging is based on the 
alternating pulsed transmission and reception 
along a single US beam. This is used in M-mode 
imaging, when the image obtained along a sin-
gle US beam is recorded over time in what is 
sometimes referred to as the “ice pick” view 
(Fig.  6.2a ). A phased array sector scanner must 
be used to obtain the familiar 2-dimensional 
(2D) echo images. In phased array scanners, 
numerous small piezoelectric crystals are inter-
connected electrically and arranged in an array. 
Each crystal is connected to an electrode, which 
enables each crystal to transmit and receive US 
signals. The electrical excitation of each crystal 
within the array is timed such that excitation for 
every crystal does not occur simultaneously but 
rather in a timed sequential excitation pattern, 
allowing the US beams to be “steered” through 
a sector arc to generate a 2D image (Fig.  6.2b ).

   During the transmission of US waves, the 
frequency of the original wave may be altered 
by nonlinear tissue interactions. These interac-
tions result in the generation of new frequencies 
that were not present in the original transmitted 
US beam. These new frequencies are integer 
multiples of the original signal and are known as 
harmonic frequencies. If the original sound 
wave has a frequency of f, the harmonic fre-
quencies are 2f, 3f, etc. The original US beam 
undergoes signifi cant attenuation as it propa-
gates through the patient’s tissue but generates 
new harmonic waves with higher-frequency 
oscillations than the original US beam. These 
higher-frequency waves have higher spatial res-
olution and increase in strength as the US wave 
penetrates the body. Harmonic frequencies are 
optimal at depths of 4–8 cm which is ideal for 
imaging cardiac structures. Additionally, strong 
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US waves create strong harmonic frequencies, 
while weak US waves produce almost no har-
monic frequencies. In tissue harmonic imaging, 
the refl ected signal from the original US beam is 
suppressed, and the harmonic frequencies are 
used to construct the image. The development 
of tissue harmonic imaging has been instrumen-
tal in signifi cantly improving echo image qual-
ity, particularly in the visual assessment of 
endocardial borders.  

   Doppler Echocardiography 

 Doppler echo is the detection of signals from 
anatomic structures with a lateral dimension 
smaller than the wavelength of US. Doppler 
echo is integral in the echocardiographic mea-
surement of blood velocities, tissue velocities, 
and in newer techniques measuring ventricular 
torsion and strains. For a stationary anatomic 
structure, any US waves that strike the anatomic 
structure and refl ect back to the transducer 
will have the same frequency as the originally 
 transmitted US beam. If the anatomic struc-
ture is in motion in a direction away from the 

transducer, the frequency of the refl ected beams 
will be lower than the originally transmitted 
frequency. If the anatomic structure is mov-
ing toward the transducer, the frequency of the 
refl ected beams will be faster than the originally 
transmitted signal frequency. This is the same 
sound wave phenomenon observed when a train 
moving toward an observer has a high-pitched 
whistle, which then changes to a low-pitched 
whistle as the train travels away from the 
observer. The difference in frequencies between 
the originally transmitted frequency and the 
refl ected, returning frequency is known as the 
Doppler shift. In echo, it is possible to calcu-
late the velocity of blood as it travels through 
cardiac structures by detecting the Doppler shift 
from the scattered echo’s refl ected from the 
thousands of blood cells located within the US 
beam. The velocity of the moving blood cells 
can be calculated using the equation:

 V = c(F s  – Fτ)/ (2Fτ -cosθ) 

   F  τ  is the transmitted frequency,  F  s  is the fre-
quency of the signal returning from the blood,  c  
is the velocity of sound waves in blood 
(1,540 m/s), and cos θ  is the intercept angle 

a b

  Fig. 6.2    M-mode and 2-dimensional echo imaging. 
( a ) Demonstrates an M-mode (motion mode) tracing of 
the left ventricle. M-mode is an ultrasound representation 
of the depth of echo-producing interfaces in a single sam-

pling line, displayed as a function of time. ( b ) Demonstrates 
a 2-dimensional ultrasound image of the same left ventri-
cle through combining of images acquired from multiple 
ultrasound beams in a phased array       

 

J. Detterich et al.



111

between the US beam and the direction of blood 
fl ow. In cardiac applications, care must be taken 
to align the transducer parallel to the direction of 
blood fl ow so that cos θ  = 1. Although small angle 
deviations typically result in minor underestima-
tions of blood velocity, an angle deviation of 60° 
between the US beam and the direction of blood 
fl ow can result in a 50 % underestimation of 
blood velocity. 

 There are three types of Doppler interroga-
tions performed during a typical echocardiogram 
study: continuous wave (CW) Doppler, pulse 
wave (PW) Doppler, and color Doppler (Fig.  6.3 ). 
In CW Doppler, two crystals are used. One crys-
tal is set to continuously transmit an US signal, 
and the other crystal is set to continuously receive 
return signals. Along the single US beam, every 
Doppler shift is recorded simultaneously and dis-

played in graph format as velocity versus time. 
The advantage of this method is that high veloci-
ties can be measured accurately due to the con-
tinuous US signal transmission and data 
reception. In contrast to CW Doppler which sam-
ples all velocities along the beam length, PW 
Doppler allows for the measurement of velocity 
at a prespecifi ed sample depth. A pulse of US fre-
quency is transmitted to the sample site, and after 
a specifi c time period, the receiver detects the 
refl ected signal. The specifi ed time interval is 
determined by the time it takes the US to reach 
the sample depth and return and is called the 
pulse repetition frequency. Color fl ow imaging is 
conceptually analogous to PW Doppler, but 
instead of a single sample point, numerous sam-
ple points along multiple sampling lines are 
obtained. By combining data points among the 

ca

b

  Fig. 6.3    Examples of Doppler echo imaging. ( a ) Shows 
pulse wave Doppler of a sample site within the left ven-
tricular outfl ow tract in a normal heart, demonstrating a 
narrow band of laminar spectral output ( arrow ). ( b ) Shows 
the continuous wave Doppler of the same left ventricular 
outfl ow tract demonstrating all of the various velocities 

encountered by the ultrasound beam, including the narrow 
band noted in the pulse wave Doppler example in ( a ). 
( c ) Shows color Doppler over the left ventricular outfl ow 
tract demonstrating a large, diastolic, regurgitant jet 
( arrow ) in a patient with severe aortic regurgitation       
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different sample sites, mean blood fl ow velocities 
are calculated and a 2D image of blood fl ow is 
constructed. By convention, fl ow toward the 
transducer is depicted in red, and fl ow away from 
the transducer is depicted in blue. A third color, 
typically yellow or green, may be used to indicate 
“variance” or excessive variation in velocity 
within the sample points to represent nonlaminar 
or high-velocity blood fl ow.

       Echo Application in Congenital 
Heart Disease 

 The incorporation of echo into the evaluation of 
CHD has changed the course of management 
for patients born with heart defects [ 3 – 5 ]. Prior 
to widespread use of 2D echo, diagnosis and 
follow- up evaluation of CHD was done primar-
ily by history, physical exam, chest X-ray, elec-
trocardiogram, and cardiac catheterization. 
There is still no replacement for a detailed his-
tory and physical exam, but a detailed anatomic 
and hemodynamic evaluation is necessary upon 
initial diagnosis to properly plan for both initial 
intervention and subsequent follow-up care. 
Cardiac catheterization historically had been 
the only diagnostic tool to acquire anatomic, 
functional, and hemodynamic data to guide 
management. While the information derived 
from catheterization was incredibly valuable, 
its invasive nature and lack of portability 
remained its biggest disadvantages [ 6 ,  7 ]. 
Technological advances have allowed the incor-
poration of US imaging as a noninvasive 
method of evaluating patients with CHD. The 
high temporal and spatial resolution of echo 
enables it to provide accurate and comprehen-
sive anatomic and functional diagnostic assess-
ments that, in turn, guide the management and 
follow-up of patients. For a large proportion of 
patients, a high-quality echo study provides 
suffi cient information to recommend specifi c 
surgical or percutaneous therapies without the 
need for more invasive diagnostics [ 8 ,  9 ]. 
Today, it is rare for patients with even the most 
complex cardiac defects to require catheteriza-
tion prior to initial surgery. 

   2-Dimensional Echocardiographic 
Imaging in Congenital Heart Disease 

 Cardiac pathological studies have resulted in the 
development of a structured framework for 
describing and communicating CHD lesions. The 
heart is a complex 4-dimensional (4D) structure 
that moves in both time and space. Since most 
imaging modalities are displayed on a 2D screen, 
the 3D and 4D reconstruction must occur in the 
human mind to fully appreciate the pathophysiol-
ogy. In fact, the development and application of 
3D echo in CHD is largely founded on how 
sonographers and echocardiographers are already 
mentally interpreting image slices and formulat-
ing these 3D and 4D images. In order to establish 
a clear and consistent way of describing the myr-
iad of CHD lesions and the immense intralesion 
variability, pathologists in the past developed the 
segmental approach for the description of CHD 
[ 10 ,  11 ]. The Van Praagh’s developed the three- 
level cardiac segmentation approach, which 
includes:
    1.    Visceroatrial situs   
   2.    Ventricular looping   
   3.    Great artery relationship    

  Each segment is designated by a letter, 
which delineates their position in space 
(Fig.  6.4 ). The segmental approach provides a 
uniform method of describing basic cardiac 
anatomy. Once segmentation has been estab-
lished, additional attention is then paid to 
describing the individual connections between 
respective segments and describing the specifi c 
features within each segment (i.e., chamber 
size, valve architecture, great vessel caliber, 
and course). The end result is a consistent way 
of describing all aspects of the cardiac anatomy, 
providing a way for individuals to piece 
together any defect even before performing or 
reviewing any imaging study.

   Given the superior temporal and spatial reso-
lution of echo, the 2D “sweep” of the anatomy 
begins the process of combining anatomic evalu-
ation and connection. The use of short clips in 
single planes to evaluate a single valve or struc-
ture is of limited utility in the CHD population 
given the lack of ability to create a 3D mental 
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picture of the heart. The incorporation of 
“sweeps” to the evaluation of cardiac anatomy 
applies to standard transthoracic and transesoph-
ageal approaches in CHD echo. 

 Echo “sweeps” for the imaging of CHD involve 
pivoting the transducer in standard views to obtain 
a series of imaging slices that provide left-to-right, 
superior-to-inferior, and superfi cial-to- deep con-
tour. The combination of sweeps in all standard 
views can then be used to generate mental or com-
puter-processed 3D depictions of cardiac struc-
tures. Sonographers utilize typical subcostal, 
parasternal, apical, and suprasternal notch win-
dows to acquire these sweeps. Occasionally, alter-
nate windows and modifi ed views need to be 
utilized, particularly in cases of unusual cardiac 
positioning, dextrocardia, or anomalous, aberrant, 
or hypoplastic vascular structures. 

 In TEE, sweeps are obtained by rotating the 
transducer along its axis, raising or lowering the 
probe tip to various levels within the upper gas-
trointestinal tract, and fl exing the transducer tip 
along its fulcrum, thereby acquiring image slices 
at a certain level and orientation of the transducer 
within the chest (Fig.  6.5 ). Similar to transtho-
racic imaging, these slices are then integrated 
mentally or through image processing to yield 
3D depictions of structures.

      Transthoracic Echocardiography 
in Congenital Heart Disease 

 Transthoracic echo (TTE) remains the primary 
diagnostic tool complementing history and physi-
cal examination in the evaluation of CHD, owing 
largely to its portability and high spatial and tem-
poral resolution. Infant and child heart disease is 
often easily imaged with few limitations. However, 
as the patient grows, so do the soft tissues and 
lungs, which will limit resolution of imaging and 
the ability to fi nd adequate echo windows. US does 
not travel through air, so any lung that overlies car-
diovascular structures will obscure the image, ren-
dering the structure indecipherable. Furthermore, 
disorganized scar tissue, for example, following 
cardiac surgery, and bone will obscure imaging 
and limit the reader’s ability to accurately com-
ment on the cardiovascular structural details. 

 As with standard adult echo, CHD echo incor-
porates views from the parasternal, apical, and 
suprasternal notch locations on the chest. 
Orthogonal views are obtained by rotating the 
transducer 90°. In addition, CHD echo incorpo-
rates a greater emphasis on the subcostal or sub-
xyphoid views obtained by placing the transducer 
just below the xyphoid process, in the epigastric 
space, utilizing the liver to improve image quality. 

S-solitus I-inversus

S-solitus I-inversus PosteriorA-ambiguous

D-dextro-loop

L-levo-loop

Left

D-dextropostion
L-levoposition

a b c

  Fig. 6.4    Schematic illustration of the segmental approach 
to describing cardiac anatomy. Analysis begins with evalu-
ation of visceroatrial situs ( a ) with consideration of the ana-
tomic positioning of the abdominal viscera (liver, spleen, 
stomach), inferior systemic venous drainage (i.e., IVC or 
azygous or hemiazygous continuation), and atrial anatomy 

(including which chambers receive systemic and pulmo-
nary venous drainage). Segmental description continues 
with delineation of ventricular looping ( b ; D- vs. L-looping) 
and ends with description of the anatomic relationship of 
the great arteries to each other ( c ). Each segment is labeled 
with a letter designation as listed in each panel       
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Sweeps are performed by pivoting the transducer 
at each site and in each orthogonal projection. The 
following paragraphs review the standard TTE 
views with accompanying TTE images of CHD 
lesions to provide the reader with examples of 
what is best seen and imaged from various posi-
tions along the chest and epigastrium. 

 The subcostal view provides excellent imag-
ing of the heart with CHD. Combined orthogonal 
views from this location give the echocardiogra-
pher a comprehensive overview of the entire 
heart (Figs.  6.6  and  6.7 ). Caval and pulmonary 
venous return, visceral and atrial situs, ventricu-
lar looping, and outfl ow tract arrangement are all 
demonstrable from this position. The presence of 
an interrupted inferior vena cava and either azy-
gous or hemiazygous venous continuation is best 
viewed from the subcostal location. Additionally, 

the atrial septum is best profi led by virtue of the 
more perpendicular imaging plane relative to the 
septum’s spatial lie. The ventricular sizes and 
intraventricular septum are well profi led, and all 
four valves and the outfl ow tracts are seen, per-
mitting one to determine ventricular looping and 
great arterial relationship, along with a basic 
description of the intersegmental connections. 
The subcostal short-axis view is valuable in 
assessing vena caval size and fl ow characteris-
tics, descending aortic fl ow, and inferiorly drain-
ing anomalous pulmonary veins. In palliated 
single-ventricle patients, the subcostal short-axis 
view also provides an excellent way to assess the 
IVC fl ow through the Fontan connection 
(Fig.  6.8 ).

     The parasternal view provides excellent imag-
ing of the ventricles and, in particular, the left ven-

High esophageal view

TEE probe

Esophagus

Heart

StomachDeep gastric view
Mid-esophageal view

Bicaval view

  Fig. 6.5    Schematic of transesophageal echo (TEE) imag-
ing. During TEE imaging, the imaging probe is placed 
down the esophagus and oriented to obtain 2- and 3-dimen-
sional images along with color and spectral Doppler trac-
ings. The transducer tip can be rotated to obtain orthogonal 
views from a single location within the esophagus. The 

probe is also advanced or withdrawn to acquire images at 
varying depths within the esophagus. The probe tip can 
also be fl exed and placed into the stomach for deep gastric 
imaging.  AA  aortic arch,  SVC  superior vena cava,  IVC  
inferior vena cava,  LA  left atrium,  RA  right atrium,  LV  left 
ventricle,  RV  right ventricle,  MV  mitral valve       
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tricle. Tricuspid and mitral valve architecture are 
well delineated. The ventricular septum is profi led 
extremely well given the perpendicular relationship 

between the imaging plane and septal lie (Fig.  6.9 ). 
Depending on body habitus, the right ventricle may 
be imaged to varying degrees, and one can  appreciate 

a b

  Fig. 6.6    Transthoracic imaging from the subcostal view. 
( a ) Depicts a sweep at the subxyphoid process from cau-
dal, posterior, and deep in the abdomen up to the heart 
which is cranial, anterior, and superfi cial. The sweep 
shows visceral situs with the descending aorta ( DAo ) left-
ward of the spine ( Sp ), the inferior vena cava ( IVC ) ante-
rior and rightward to the aorta, the liver ( L ) positioned to 

the patient’s right, and the stomach ( St ) on the patient’s 
left. Collectively, these structures defi ne visceral situs 
solitus. ( b ) Depicts additional subcostal imaging in an 
orthogonal plane to demonstrate superior and inferior 
vena caval ( SVC, IVC ) return to the morphologic right 
atrium, helping to confi rm atrial situs solitus       

a b

  Fig. 6.7    Transthoracic echo imaging from the subcostal 
view. ( a ) Demonstrates a subcostal long-axis slice in an 
adult with an unrepaired ventricular septal defect. 
Comprehensive imaging was necessary to ensure lack of 
other associated defects prior to performing surgical 
defect closure. Subcostal views offer the best plane for 
imaging the atrial septum as the plane of imaging is nearly 
perpendicular to the septum, resulting in the clearest 
delineation of its structure. In this example, 2-dimen-
sional and color Doppler imaging demonstrate an intact 

atrial septum ( arrow ). ( b ) Demonstrates subcostal long-
axis imaging in an adult patient with palliated single-ven-
tricle congenital heart disease (pulmonary atresia, intact 
ventricular septum, hypoplastic right ventricle). Two-
dimensional and color Doppler imaging show low-veloc-
ity fl ow from the IVC to an extracardiac Fontan conduit 
( arrow ). In addition, an atrial level defect from prior atrial 
septectomy is noted with bidirectional shunting on color 
Doppler imaging (*). Left-to-right shunting is noted in the 
image above       
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chamber size, wall thickness, and systolic function. 
The ventricular outfl ows and semilunar valves are 
imaged well, providing the sonographer with excel-
lent opportunities to assess for congenital and post-
operative status of these structures. The parasternal 
short- axis views allow for imaging of the atrial sep-
tum and pulmonary veins when sweeping near the 

base of the heart; however, this can be limited. The 
right ventricular outfl ow, main pulmonary artery, 
and proximal branch pulmonary vessels are well 
profi led from the short-axis view. Finally, the right 
ventricular size is better visualized from the short-
axis view, and septal motion is easily assessed in 
this imaging plane (Fig.  6.10 ).

a b

  Fig. 6.8    Transthoracic echo imaging from the subcostal 
view in Fontan patients. ( a ) Demonstrates a subcostal 
short- axis slice showing a normal-sized inferior vena cava 
(*) that is anastomosed directly to an extracardiac Fontan 
conduit ( bidirectional arrow ). Color Doppler demon-
strates low-velocity fl ow through the cava and conduit. 
The conduit appears more echo-bright on 2-dimensional 

imaging compared to normal vascular or cardiac tissue. 
( b ) Demonstrates a similar subcostal slice in a Fontan 
patient palliated with a variant of an atriopulmonary 
Fontan. Marked dilation of the inferior vena cava (*) and 
hepatic veins (**) is noted. Low-velocity color fl ow is 
again noted consistent with passive venous return to the 
pulmonary arteries       

a b

  Fig. 6.9    Transthoracic echo imaging of a young adult with 
repaired tetralogy of Fallot. Images from the parasternal 
long-axis view are shown. ( a ) Shows a more posterior 
angled imaging plane, profi ling the left ventricle ( LV ), 
mitral valve ( MV ), ventricular septum ( IVS ), and left ven-
tricular outfl ow tract ( LVOT ) to the ascending aorta ( AAo ). 
The patch used to close the ventricular septal defect can be 
seen ( arrow ) without gross 2-dimensional evidence of a 

residual defect. The ascending aorta is severely dilated. 
( b ) Shows a more anterior imaging plane in the same trans-
thoracic view by “sweeping” the ultrasound probe from 
deep to superfi cial along the chest wall. In this view, the 
right ventricle ( RV ) is well profi led and noted to be signifi -
cantly dilated with a chamber size that is nearly twice that 
of the left ventricle, frequently the consequence of right 
ventricular outfl ow tract and pulmonary valve pathology       
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    The apical views are most intuitive to under-
stand as all four chambers are typically displayed 
with the atrioventricular valves and outfl ow tracts 
seen reasonably well with deep to superfi cial 
sweeping of the transducer (Fig.  6.11 ). Atrial and 

ventricular septal defects can sometimes be seen 
with color fl ow, but 2D imaging may project a 
false fi nding of a defect as the septa are more paral-
lel to the imaging plane, resulting in dropout. The 
apical view provides excellent views to  evaluate 

a b

  Fig. 6.10    Transthoracic imaging using the parasternal 
short-axis sweep in a patient with repaired tetralogy of 
Fallot. ( a ) Shows a slice upon sweeping from apex to base at 
the level of the mitral valve leafl ets. The right ventricular 
chamber is noted to be severely dilated (measuring 3.62 cm 
from septum to free wall). The ventricular septal curvature 
remains rounded and bowing into the right ventricular cavity 

( curved line ) suggesting that right ventricular pressures are 
less than those in the left ventricle. ( b ) Shows a short-axis 
slice toward the basal aspect of the heart highlighting the 
right ventricular outfl ow tract. The outfl ow tract is open 
without evidence of subvalvular obstruction (*). A biopros-
thetic valve, implanted previously to address pulmonary 
insuffi ciency, is noted in the pulmonary position ( arrow )       

a b

  Fig. 6.11    Transthoracic echo imaging in the apical four-
chamber view. ( a ) Demonstrates a 2-dimensional view 
showing an example of dropout in the ventricular septum 
( arrow tip ), which gives the impression of the presence of 
a ventricular septal defect. Dropout can occur when the 
beam of imaging is parallel the structure being imaged. 

( b ) Demonstrates color Doppler assessment in the left 
atrium in the 4-chamber view. From this view, pulmonary 
venous return can be partially evaluated, as depicted in 
this example where the right upper pulmonary vein is seen 
draining correctly into the left atrium (*)       
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ventricular and atrial chamber sizes. Pulmonary 
venous return, mitral and tricuspid valve morphol-
ogy and function, and surgically created baffl es 
within the atria can be imaged reasonably well 
from this site, provided the body habitus and car-
diac size are permitting (Figs.  6.12  and  6.13 ).

     Suprasternal views allow evaluation of the 
aortic arch, superior pulmonary veins, superior 
caval return, and branch pulmonary vessels 
(Figs.  6.14  and  6.15 ). From this view, the echo-
cardiographer can obtain views of a bidirectional 
Glenn anastomosis, evaluate for aortic coarcta-
tion, and demonstrate anomalous pulmonary 
venous return, especially superiorly to the supe-
rior systemic veins. Aortic root and arch size are 
generally seen as well. While the fi ndings that 
can be seen from this view are important,  imaging 
windows are frequently limited due to body habi-
tus, lung interference, and postoperative changes 
in the CHD patient.

    Limitations of TTE multiply as the patient’s 
size increases and following multiple cardiac 
 surgeries. Bone, fat, scar, and air do not transmit 

US, so the imaging is easily shadowed in a large 
postoperative patient. The superiority of echo’s 
spatial resolution over MRI is readily apparent in 
an infant or young child; however, that quickly 
changes when the imaging windows are limited. 
Depth of penetration is dependent on transducer 
frequency, with lower-frequency transducers 
penetrating further into the chest. Despite better 
penetration, spatial resolution quickly degrades, 
and the ability to see posterior structures declines 
rapidly as body habitus increases.  

   Transesophageal Echocardiography 
in Congenital Heart Disease 

 TEE provides additional echo views of cardiac 
structures in a more invasive fashion (Figs.  6.16  
and  6.17 ). Younger patients often require seda-
tion before performance of a transesophageal 
study, and there is a small but non-ignorable risk 
of complications, namely, irritation or damage to 
the esophagus. While TEE is widely applied in 

a b

  Fig. 6.12    Apical four-chamber view of a young adult 
with previously repaired complete atrioventricular canal 
defect. ( a ) Demonstrates a 2-dimensional view highlight-
ing the repaired/constructed left-sided atrioventricular 
valve. The functional valve orifi ce is narrowed ( bidirec-
tional arrow ) resulting in mitral infl ow stenosis. The left 
atrium and pulmonary veins are visibly dilated ( arrows ), 
consistent with elevated left atrial and pulmonary venous 
pressures in the context of valve stenosis. ( b ) Demonstrates 

color fl ow across the left and right atrioventricular valves 
(repaired/constructed tricuspid and mitral valves) in the 
same patient. Note that both valves sit at the same plane 
within the heart, consistent with a prior atrioventricular 
canal defect. Tricuspid infl ow is unobstructed (*), while 
mitral infl ow demonstrates signifi cant color aliasing (**), 
consistent with stenosis and an elevated left atrium-left 
ventricular pressure gradient       
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adult patients without limitation due to size, the 
smallest of pediatric patients may be precluded 
from this imaging approach owing to the propor-
tionate large caliber of the transducer probe rela-
tive to the esophagus.

    When combined, TTE and TEE provide a near 
360° depiction of cardiac structures. Structures 
closer to the chest wall are better imaged using 
transthoracic means, while deeper structures are 
seen better when approached from a posterior 
and intrathoracic origin within the chest.  

   Color and Spectral Doppler 
in Congenital Heart Disease 

 In addition to detailed assessment of cardiac 
anatomy, basic physiological and functional 
parameters can be evaluated with the use of color 
fl ow mapping and spectral Doppler. Color fl ow 
mapping is used to evaluate fl ow disruptions, 
abnormal fl ow patterns, and directionality of 
blood fl ow. Spectral Doppler allows estimates of 

peak instantaneous velocity at a single point 
using pulse wave Doppler or over a distance 
along an US beam using continuous wave 
Doppler. The modifi ed Bernoulli equation can be 
used to convert velocity into an estimate of pres-
sure gradient by the equation:

 ΔP = 4v2 

  The modifi ed Bernoulli equation and spectral 
Doppler velocity measurement provide a nonin-
vasive method for serial measurement of stenotic 
vessels or valves. Evaluation of fl ow on top of a 
2D image provides an added layer of assurance 
that 2D anatomy corresponds with the suspected 
pathophysiology. 

 The velocity scale used for color fl ow map-
ping can be adjusted for low- or high-velocity 
blood fl ow. Venous fl ow mapping should be per-
formed at low velocity to ensure visualization of 
slow venous blood fl ow. Arterial fl ow should be 
evaluated at higher velocities. Using the correct 
velocity scale for the vascular structure of inter-
est will allow the sonographer to visualize 

a b

  Fig. 6.13    Apical four-chamber view of a young adult 
with physiologically repaired D-transposition of the great 
arteries. An atrial level switch operation (Senning proce-
dure) was previously performed. ( a ) Demonstrates pul-
monary venous return ( arrows ) to the pulmonary venous 
baffl e with channeling of fl ow to the tricuspid valve and 
systemic right ventricle (*). ( b ) Shows color Doppler fl ow 

over the systemic venous baffl e and mitral valve ( arrow ). 
Color fl ow suggests no obstruction to systemic venous 
baffl e fl ow to the mitral valve. Far-fi eld color imaging 
(**) demonstrates low-velocity fl ow within the pulmo-
nary venous baffl e, also suggesting no obstruction in this 
other surgically created atrial chamber       
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a b

c d

  Fig. 6.14    Transthoracic echo imaging from the supra-
sternal notch. ( a ,  c ) Demonstrate imaging of an adult fol-
lowing repair of a sinus venosus atrial septal defect and 
partial anomalous pulmonary venous connection. Two- 
dimensional imaging demonstrates the course of the 
innominate vein ( IV ) and right superior vena cava ( SVC ). 
The right pulmonary artery ( RPA ) and aortic arch ( Ao ) are 
also noted and are both dilated. Color imaging demon-
strates turbulent fl ow ( blue jet ,  arrow ) from the right upper 
pulmonary venous fl ow baffl ed through the repaired atrial 
septal defect into the left atrium. ( b ,  d ) Demonstrate sim-

ilar suprasternal image slices in a patient with severe neo-
aortic insuffi ciency and aortic arch aneurysm diagnosed 
decades after an arterial switch operation and arch aug-
mentation to address transposition of the great arteries 
with arch hypoplasia. Two-dimensional imaging demon-
strates the severely dilated and tortuous arch in its 
entirety. The right innominate artery is also noted to be 
dilated ( arrow ). Color Doppler during diastole shows ret-
rograde fl ow from the descending thoracic aorta coursing 
back to the aortic root ( red to blue color jet ), consistent 
with severe aortic insuffi ciency       

  Fig. 6.15    Transthoracic echo imaging from the supra-
sternal notch in a single-ventricle congenital heart disease 
patient. An orthogonal plane of imaging creates a short- 
axis view from the suprasternal notch, allowing one to see 
a cross-sectional view through the ascending aorta ( AAo ). 
The superior vena cava ( SVC ) is noted to drain to the right 
of the aorta with a direct connection to the right pulmo-
nary artery ( RPA ) in a bidirectional Glenn connection (*). 
A bidirectional Glenn anastomosis is performed during a 
second palliative operation to manage patients with 
single- ventricle lesions       
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transitions between laminar fl ow and turbulent 
fl ow, indicating areas of acute angle change or 
stenosis. In patients with CHD, this is a crucial 
link between the anatomy as seen on 2D imaging 

and the physiology of stenosis, regurgitation or 
simply directionality of fl ow. For instance, com-
plex heterotaxy syndrome can manifest as inter-
ruption of the IVC with azygous continuation to 

a b

  Fig. 6.16    Transesophageal echo imaging, bicaval view, 
of a 52-year-old patient with previously unrepaired con-
genital heart disease consisting of a sinus venosus-type 
atrial septal defect and partial anomalous pulmonary 
venous connections. ( a ) Two-dimensional imaging shows 
the defect involving the crest of the atrial septum (*) and 

an abnormally medial insertion of the superior vena cava 
overriding the septum ( bidirectional arrow ), as is 
 frequently the case with this defect. ( b ) Color Doppler 
fl ow shows streaming of caval fl ow to both the left and 
right atria ( arrows ). The patient exhibited hypoxemia with 
a room air pulse oximetry value of 92 %       

a b c

  Fig. 6.17    Transesophageal imaging in a young adult with 
physiologically repaired D-transposition of the great arteries. 
A prior atrial level switch procedure (Mustard’s procedure) 
was performed. A baffl e leak was suspected on transthoracic 
echo imaging and confi rmed with transesophageal echo prior 
to transvenous dual chamber pacemaker implantation for a 
history of sick sinus syndrome. ( a ,  b ) Demonstrate the loca-
tion of the baffl e leak (*) within the lateral aspect of the baffl e 

wall overlying the mitral valve. Color Doppler fl ow demon-
strates shunting across the leak ( arrow ) from the pulmonary 
venous to systemic venous atrial limbs, consistent with a 
physiologic left-to-right shunt. ( c ) Demonstrates the appear-
ance of the baffl e wall following deployment of an Amplatzer 
septal occluder device ( arrow ). The device is seated with the 
discs spanning the leak with color fl ow demonstrating no sig-
nifi cant residual shunting       
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the SVC or infracardiac total anomalous pulmo-
nary venous drainage below the diaphragm. On 
the initial 2D US examination, the vascular anat-
omy can be confusing as these draining vessels 
can appear in a similar region, but the direction of 
blood fl ow will clue the sonographer into which 
structure is more likely. An azygous continuation 
of the IVC will drain superiorly causing the low- 
velocity color signal to be blue (away from the 
transducer) in the subcostal imaging planes, 
whereas an inferiorly draining pulmonary venous 
confl uence will appear red (toward the trans-
ducer) in the subcostal imaging planes. Also, if 
the correct velocity is used for the color scale, 
regions of narrowing or dilation can be seen as 
turbulent fl ow as described in the prior section, 
“Doppler Echocardiography.” 

 In addition, color fl ow mapping augments 2D 
imaging when spatial limitation or imaging arti-
fact obscures structures such as small vessel con-
nections. An important example of this is in the 
case of anomalous left coronary artery off the 
pulmonary artery (ALCAPA). 2D imaging of 
anomalous coronary arteries may be limited in 
terms of concise determination of ostial origin 
and vessel course. Color Doppler permits direct 
evaluation of the directionality of blood fl ow 
within an imaged vessel, thereby providing fur-
ther confi rmatory evidence of an anomalous 
origin. 

 Evaluation of obstructed blood fl ow utilizes 
both color fl ow mapping and spectral Doppler. 
Color fl ow mapping allows the sonographer to 
visualize the specifi c region of obstruction and 
the region of highest velocity. Spectral Doppler, 
either PW or CW, is then used to estimate the 
peak and/or mean velocity, which correlate with 
the peak-to-peak gradient measured by catheter-
ization. Pre- and postsurgical valvular stenoses 
and vascular stenoses are also followed in this 
manner. 

 Limitations of color and spectral Doppler 
include incident angle of interrogation, imaging 
through bone and air, probe frequency, and choice 
of CW or PW. The incident angle of interrogation 
is the angle at which a Doppler beam contacts the 
vessel or region of interest. The beam must be 
parallel with the blood fl ow to gain maximal 

accuracy of velocity estimation. The greater the 
difference in angle between the interrogation 
beam and blood fl ow, the greater the error will be 
when estimating the velocity. Newer systems and 
probes can adjust for angle differences but if the 
beam is perpendicular to fl ow, both color fl ow 
mapping and spectral Doppler analysis will be 
diffi cult and may lead to incorrect diagnosis. 
Imaging diffi culties through air and bone are 
similar to standard 2D echo imaging; however, 
where 2D imaging can fail due to air and bone, 
color fl ow mapping and spectral Doppler can 
function well enough to be diagnostic. Spectral 
Doppler by itself does not require a 2D image 
and can be performed “blindly” as was histori-
cally the case in the early era of echo. Probe fre-
quency will affect the ability for spectral and 
color Doppler to evaluate blood fl ow of varying 
velocities as described in the previous section. 
Lower-frequency US probes offer a more robust 
assessment over a larger range of velocities com-
pared to higher-frequency probes. Finally, PW is 
limited in its capacity to evaluate high-velocity 
blood fl ow compared to CW Doppler, and this is 
related to the pulse frequency of US transmission 
as described previously.  

   Tissue Doppler in Congenital 
Heart Disease 

 TDI is employed in echo imaging for a more 
direct assessment of myocardial function. 
Whereas color and spectral Doppler assess blood 
fl ow that results from myocardial contraction, 
TDI fi lters out the high-frequency blood fl ow sig-
nal, allowing the lower-frequency motion of the 
myocardium to be measured as a myocardial 
velocity. This can be displayed in 2D color imag-
ing similar to color Doppler blood fl ow, where 
red color indicates myocardial motion toward the 
transducer and blue color indicates motion away 
from the transducer. TDI can also be displayed 
using PW Doppler at a specifi c point along the 
ventricular chamber, which will display the resul-
tant velocity change over time at that particular 
region. Further expanded applications of TDI 
include color Doppler myocardial imaging 
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(CDMI) which tracks a region of myocardium in 
space, similar to tracking two adjacent points in 
the myocardium during myocardial strain analy-
sis. The MRI equivalent to this technique is the 
use of magnetic myocardial tagging to track 
myocardial change in space over time. The ben-
efi t of TDI is direct assessment of myocardial 
motion rather than extrapolating functional 
assessment from measures of blood fl ow and 
change in cavity size (i.e., ejection fraction mea-
surement). While blood fl ow and change in 
chamber size during the cardiac cycle are impor-
tant metrics for assessing overall cardiovascular 
function, direct myocardial measurement as 
described above using TDI improves our under-
standing of the system’s component parts. 

 Since TDI measures the myocardium through-
out the cardiac cycle, it is used to assess diastolic 
function simultaneously with systolic function in 
the same beat. An example of this is the myocar-
dial performance index (MPI), which can be 
determined using both spectral Doppler and TDI. 
Utilizing spectral Doppler analysis of blood fl ow 
during systole and diastole requires a change in 
position of the acquisition cursor while imaging. 
Therefore, two separate images must be acquired 
and attention paid to heart rate consistency 
between the two images. LV myocardial perfor-
mance index (MPI), a metric that includes the 
isovolumic relaxation time (IVRT), isovolumic 
contraction time (IVCT), and LV ejection time 
(LVET), is measured by acquiring a spectral 
Doppler tracing at the LV outfl ow tract to obtain 
LVET and at the mitral valve to obtain the inter-
val between A-wave completion and onset of the 
E-wave (Fig.  6.18 ). By subtracting the LVET 
from the inter-mitral interval, one can then derive 
a combined IVCT and IVRT. Using the spectral 
Doppler approach for MPI assessment introduces 
potential for inaccurate measurements by virtue 
of the fact that multiple measurements have to be 
made during different cardiac cycles. In contrast, 
TDI allows the same measurements to be made in 
a single beat, without adjusting the cursor posi-
tion, and with superior accuracy of each compo-
nent. The IVCT and IVRT can be measured 
directly using TDI rather than extrapolating these 
intervals from spectral Doppler measurements. 

TDI provides additional utility in echo imaging 
in the evaluation of global myocardial function 
given that it is less dependent on geometric con-
straints compared to methods employed for ejec-
tion or shortening fraction calculations.

   TDI techniques vary in spatial resolution; 
however, they all share the advantage of high 
temporal resolution with frame rates as high as 
300 frames per second. The spatial resolution is 
dependent on the TDI technique being employed. 
PW Doppler examination of myocardial velocity 
suffers from a lack of myocardial tracking. Newer 
myocardial tracking of ventricular wall segments 
by CDMI provides better regional characteriza-
tion through improved spatial resolution while 
maintaining excellent temporal resolution. In this 
case the tag remains on the myocardium, similar 
to MRI tissue tagging. However, where MRI tags 
move in plane and out of plane, the echo-based 
technique only moves in 2 dimensions and, thus, 
can only provide motion characteristics in either 
a longitudinal direction or radial direction. 

 Individual TDI-derived velocities have been 
correlated with various components of myocar-
dial function. For instance, the  E / E ′ ratio is the 
ratio between peak E-wave velocity measured 
from spectral Doppler-derived mitral infl ow ( E ) 
and peak E-wave from TDI-derived mitral annu-
lar motion ( E ′). This has been correlated with the 

  Fig. 6.18    Example of measuring isovolumic relaxation 
time ( IVRT ) of the left ventricle with spectral Doppler. 
Several cardiac cycles are recorded using spectral Doppler 
at the left ventricular outfl ow tract. Additional spectral 
Doppler evaluation at the mitral valve infl ow is necessary 
to acquire additional measurements as part of determining 
the myocardial performance index (MPI)       
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pulmonary capillary wedge pressure as deter-
mined by right heart catheterization. The peak 
S-wave on TDI at the lateral tricuspid valve 
annulus has been correlated with pulmonary vas-
cular resistance. CDMI is being utilized to mea-
sure myocardial strain and strain rate on a 
regional basis, providing more detailed wall 
motion analysis.  

   Intracardiac and Intravascular 
Echocardiography in Congenital 
Heart Disease 

 ICE and IVUS have extended the US imaging 
modality further into the endocardial and endo-
vascular spaces, expanding its application in car-
diac imaging. Both imaging approaches are 
progressively incorporating other avenues of util-
ity in cardiac imaging. However, they both 
remain relatively limited for the evaluation 
of CHD. 

 IVUS imaging is frequently incorporated in 
the evaluation of vessel lumen patency during 
coronary arterial catheterization and is an impor-
tant tool to help assess coronary arterial stenoses, 
atherosclerotic plaque burden and distribution, 
vascular wall characterization, and patency of 
previously implanted stents during percutaneous 
intervention [ 12 – 16 ]. It has also become an 
important adjunct tool during percutaneous coro-
nary interventions, providing an additional level 
of assessment at the time of vessel dilation or 
stent deployment [ 14 ]. In addition to coronary 
arterial imaging, it has also been incorporated 
into diagnostic imaging of the pulmonary arterial 
vasculature in patients with pulmonary arterial 
hypertension [ 17 ]. Finally, this imaging approach 
has also been incorporated for pulmonary vein 
imaging and endovascular procedures such as 
IVC fi lter deployment [ 18 – 20 ]. 

 IVUS imaging is performed at the time of car-
diac catheterization, which requires venous or 
arterial access with long outer, introducing sheath 
support. The high-frequency (20–40 MHz) imag-
ing catheter is passed over a guide wire to the 
distal most part of the vessel of interest and is 
then slowly withdrawn (usually at a rate of 

0.5 mm/s) while acquiring images of the vessel 
wall and lumen. Due to its close proximity to the 
structures being imaged as well as use of high- 
frequency ultrasonic waves, imaging resolution 
and clarity are excellent for imaging epicardial 
coronary and smaller branch pulmonary arterial 
and venous vessels. 

 While the modality provides excellent imag-
ing in the small vessel space, this is rarely 
required for general diagnostic or therapeutic 
purposes in patients with CHD. What is imaged 
by IVUS is typically seen during an initial survey 
and characterization of CHD lesions by standard 
transthoracic and possibly transesophageal imag-
ing approaches fi rst. In addition, small vessel 
structures such as anomalous coronary arterial 
origins and courses and anomalous pulmonary 
venous drainage or stenoses typically require 
angiography or advanced imaging with cardiac 
MRI or CT, further limiting IVUS to more of a 
therapeutic adjunct tool. 

 With regard to its specifi c application in CHD, 
IVUS has been incorporated into the late assess-
ment of patients who have undergone previous 
arterial switch operation (ASO) for transposition 
of the great arteries (TGA). In this operation, the 
great vessels are switched and the coronary arter-
ies are also transferred from their native sites to 
join the aorta and left ventricle at the neoaortic 
root. IVUS was incorporated into the follow-up 
care of 22 TGA patients who had undergone ASO 
repair [ 21 ]. The youngest patient evaluated with 
IVUS in the study was 5 years old (range 
5–21.6 years). A high percentage (89 %) of ves-
sels imaged demonstrated intimal proliferation to 
varying degrees with nearly half of the patients 
having moderate-to-severe coronary arterial inti-
mal thickening based on IVUS imaging, demon-
strating its utility in follow-up for this unique and 
growing population as well as the concerning 
degree of small vessel disease that remains wor-
risome but otherwise diffi cult to quantify. 

 Our institution has incorporated IVUS in the 
anatomic and hemodynamic evaluation of cavo-
pulmonary connections in single-ventricle 
patients (Fig.  6.19 ). In select patients with atrio-
pulmonary Fontan connection variants, IVUS has 
been utilized during diagnostic  catheterization 
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for formal assessment of pulmonary arterial, 
Fontan, and caval pressures in the context of right 
heart failure and failing Fontan symptomatology. 
IVUS imaging of the anastomotic sites between 

the atrium and pulmonary artery has offered 
adjunctive assessments while limiting the amount 
of contrast and angiographic radiation that may 
have been otherwise required.

   Similar to IVUS, ICE imaging is also per-
formed at the time of cardiac catheterization. ICE 
catheters are comprised of high-frequency (greater 
than 20 MHz) transducers with either phased array 
or single crystal designs mounted at the tip of the 
catheter. Typically, venous access with at least a 
9-French sheath is required to accommodate the 
catheter. The catheter is steerable and therefore 
has some degree of maneuverability to position the 
transducer to image left and right heart structures. 
ICE imaging is generally applied in the interven-
tional and therapeutic arenas for procedures such 
as noncoronary cardiac interventions and electro-
physiologic studies involving catheter ablation. 
This imaging modality provides excellent visual-
ization of the atrial septum, making it a valuable 
tool for transseptal puncture for right atrial-to-left 
atrial access as well as percutaneous device clo-
sure of a patent foramen ovale or secundum-type 
atrial septal defects [ 22 – 25 ] (Fig.  6.20 ). ICE has 
also been used in the diagnostic and therapeutic 
aspects of prosthetic valve management. It pro-
vides a valuable extension to standard TTE and 
TEE imaging of prosthetic valves to evaluate for 
perivalvular leaks and valve vegetations and to fur-
ther expand the assessment of prosthetic valve ste-
nosis or regurgitation [ 26 ]. ICE is also being 

  Fig. 6.19    Intravascular ultrasound (IVUS) imaging in a 
43-year-old patient with palliated single-ventricle con-
genital heart disease consisting of tricuspid atresia and 
hypoplastic right ventricle. The patient had previously 
undergone Fontan palliation with a Kreutzer connection, 
incorporating a conduit between the right atrium and 
hypoplastic right ventricle, thereby bypassing the atretic 
tricuspid valve. During diagnostic catheterization, IVUS 
was used to evaluate the intraluminal characteristics of the 
Kreutzer conduit. The image above demonstrates com-
plete patency of the conduit lumen without evidence of 
pannus ingrowth or luminal kinking       

a b c

  Fig. 6.20    Intracardiac echo (ICE) imaging during percu-
taneous ASD closure. ( a ) Demonstrates ICE imaging with 
the probe tip located in the right atrium. In this imaging 
plane, the atrial septum and associated defect ( bidirec-
tional arrow ) are clearly seen. ( b ) Demonstrates imaging 
during occlusion device (*) deployment. The left atrial 
disc of the device has been released on the left atrial side 

of the defect. A fl oppy and aneurysmal septum primum 
( arrow ) is noted in conjunction with the atrial septal 
defect. ( c ) Shows the occlusion device seated across the 
atrial septal defect ( bidirectional arrow ). Both discs have 
been deployed and released with complete defect occlu-
sion. The septal rims are noted in this view as well       
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incorporated for percutaneous valve replacement 
procedures such as transcatheter aortic valve 
implantation [ 27 ,  28 ].

   In patients with CHD, ICE imaging has occa-
sionally been utilized for interventional and elec-
trophysiologic procedures [ 29 – 32 ]. ICE provides 
an additional measure of real-time imaging for 
navigating within baffl e limbs, performing trans-
baffl e punctures, and positioning catheters 
through preexisting leaks (as in the case of fenes-
trated Fontan conduits or atrial baffl e leaks). It 
also provides a way to directly image catheter 
position and contact during catheter ablation and 
to monitor for the development of pericardial 
effusions during interventional procedures. In 
addition to atrial defect closure, the use of ICE in 
Fontan fenestration closure has been anecdotally 
described, and its incorporation during percuta-
neous closure of atrial baffl e leaks in adults with 
TGA has been reported [ 33 ]. Its superiority rela-
tive to TEE for these applications remains 
debated [ 24 ,  25 ], and its incorporation in such 
applications will likely remain the individual 
decision of the practicing physician utilizing 
these imaging tools. Furthermore, the applica-
tions noted above in CHD are extensions to how 
ICE is already incorporated for atrial septal 
access and defect closure in patients with struc-
turally normal hearts. As with IVUS, ICE is gen-
erally not incorporated for the initial diagnosis 
and characterization of CHD lesions. From a 
diagnostic standpoint, it can provide adjunct 
information when standard TTE and TEE imag-
ing are limited. 

 The application of IVUS and ICE in the echo-
cardiographic assessment of CHD is limited for 
several reasons. First, the invasive vascular 
requirement for ICE and IVUS, coupled with ade-
quate TTE and TEE imaging quality for the 
majority of CHD-related structures, limits the 
regular use of IVUS and ICE for pure diagnostic 
purposes. Advanced imaging techniques often 
supplant IVUS and ICE as well given their less 
invasive approaches and ability to acquire far 
more information than these two expanded echo 
modalities can provide. Second, vascular access 
may be limited in adult patients with CHD due 
either to small patient and/or small vessel sizes or 

obstructed vessels from prior instrumentation and 
procedures. Lack of access precludes use of either 
IVUS or ICE. Third, the relatively narrow range 
of structures that these approaches are capable of 
imaging largely limits their use to interventional 
and therapeutic applications such as imaging 
catheter location and contact, assessing device 
seating and stability, and surveying the endocar-
dial wall and pericardial space during interven-
tional procedures in the event of hemodynamic 
instability (i.e., to rule out pericardial effusion).   

   Integration of Echocardiography 
with Advanced Cardiac Imaging 

 Advanced cardiac imaging using computed 
tomography (CT) and magnetic resonance imag-
ing (MRI) has become an extremely useful 
adjunct to standard echo and catheterization in 
the evaluation of CHD. In certain arenas, 
advanced imaging has served as an alternative to 
more invasive testing in the planning and recom-
mendation for therapeutic interventions as is the 
case with the application of cardiac MRI in place 
of diagnostic catheterization with angiography 
for second-stage palliative surgical planning for 
hypoplastic left heart syndrome [ 34 ]. These 
imaging modalities continue to have limitations 
though, namely, their lack of portability, costly 
maintenance, and staffi ng requirements. CT has 
the additional disadvantage of radiation exposure 
concerns. MRI is limited due to longer scan times 
and the need for sedation or possibly general 
anesthesia for younger patients or those with 
developmental impairments that may limit their 
ability to cooperate during the scan. However, 
where echo and catheterization fall short, 
advanced imaging can fi ll in the gap. In fact, the 
application of CT and MRI is growing dramati-
cally in their ability to provide high-resolution 
anatomic detail in any plane as well as physio-
logic data that would otherwise be diffi cult to 
obtain or unobtainable by either echo or catheter-
ization. The ultimate tie that binds all of these 
modalities in the diagnosis and management of 
CHD is the systematic approach to evaluating 
cardiac anatomy, connections, and physiology. 
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 The quality of anatomical assessment of CHD 
by either echo or MRI is diffi cult to compare. On 
the one hand, echo is, by far, more available but 
generally requires the interpreting physician to 
generate a mental 3D picture of the heart being 
imaged. Additionally, the quality of imaging 
declines with larger or obese body habitus or fol-
lowing cumulative cardiac surgeries. Imaging 
using MRI may be viewed as more intuitive 
given a more holistic image set that is generated, 
and high-quality imaging can be obtained in 
patients with severely limited echo windows. 
However, interpreting the images acquired from 
MRI still requires an intimate knowledge of CHD 
and the systematic approach to CHD description 
and classifi cation. 

 Cardiac function can be assessed in many 
ways using echo and MRI modalities, from 
global measures such as ejection fraction and 
cardiac output to more specifi c measures such as 
regional wall motion or isovolumic interval 
assessment. Intrinsic myocardial fi ber function is 
not assessed using echo at this time. The ideal 
assessment of function is a load-independent 
description of myocardial contractility, and the 
ideal diastolic assessment is re-creation of a dia-
stolic compliance curve. However, there is no 
single measure at our disposal that can fully 
assess both systolic and diastolic function. 
Cardiac functional assessment by echo or MRI is 
quite different, but both aim to describe similar 
features of myocardial mechanics. A comparison 
between the tools of functional assessment using 
either modality is mentioned below:
    1.    Echocardiographic global LV systolic  function 

is measured by using either a shortening frac-
tion on M-mode or by measuring ejection frac-
tion in the apical four-chamber view by modifi ed 
Simpson’s model. Both methods are incomplete 
because they make geometric assumptions that 
may not apply to the disease condition. 

 MRI provides a true ejection fraction based 
on LV end-diastolic volume and LV end- 
systolic volume that is measured using 3D 
reconstruction of the LV. Wall motion abnor-
malities can be documented, and true volume 
assessments can be made regardless of the 
geometry and regardless of imaging windows.   

   2.    Isovolumic relaxation, passive LV fi lling, and 
active/atrial systolic LV fi lling are specifi c 
portions of diastole that serve different func-
tions during ventricular diastole. Pulmonary 
vein spectral Doppler, mitral infl ow Doppler, 
TDI, and left atrial size/volume are examples 
of different assessments performed using 
echo to assess ventricular diastolic function. 
Each metric provides one aspect of diastole; 
therefore, they are utilized in combination to 
give a broader view of diastolic function as a 
whole. 

 MRI can provide similar metrics for dia-
stolic functional assessment. While echo can 
assess beat-to-beat changes due to higher tem-
poral resolution, MRI is an average over mul-
tiple cardiac cycles.   

   3.    TDI analysis on echo provides a highly repro-
ducible measure of strain and wall motion 
analysis similar to tissue characterization by 
tagged MRI scanning. The ability to track 
wall motion has gained more attention over 
the last decade with the goal of direct myocar-
dial assessment versus surrogate measures by 
blood fl ow characterization or geometric 
chamber changes.      

   Conclusions 

 In summary, echo continues to be the primary 
modality for cardiac imaging in CHD due to 
its portability and excellent temporal and spa-
tial resolution. However, in the older patient 
where US windows are limited and for adults 
with repaired or palliated CHD, MRI is play-
ing an increasing role in defi ning both anat-
omy and function in a safe manner with 
improved spatial resolution. Furthermore, 
direct and very accurate measurements of both 
RV and LV volumes can be made using MRI 
along with fl ow quantifi cation in any of the 
extracardiac vessels or across the cardiac 
valves with the ability to quantify both for-
ward fl ow and regurgitant fl ow. Both imaging 
modalities have their strengths and limita-
tions, but when combined in the appropriate 
settings, they provide an incredible wealth of 
information that is vital to the management of 
ACHD patients.     
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        With rapid development in imaging technology, 
cardiac CT and MR have become the ideal meth-
ods for the assessment of complex morphology 
and function of the conotruncal region including 
the right ventricle out fl ow tract (RVOT). Detailed 
information about the embryology and anatomy 
of RVOT provides a better understanding of the 
spectrum of diseases of this region and helps to 
narrow differential diagnosis of pathologies 
involving this important structure. This will be 
discussed fi rst in this chapter. Following to that, 
the role of CT and MR to evaluate morphology 
and function in relation to developmental malfor-
mation of the RVOT will be reviewed. A spec-
trum of conotruncal anomalies with abnormally 
positioned great arteries may arise from a pertur-
bation of RVOT formation. Complications after 
RVOT surgery in congenital heart disease are 
common, and many need follow-up imaging for 
diagnosis and surgical planning. In this regard, 

the spectrum of diseases, differential diagnosis, 
and postoperative fi ndings will be described. 

   Developmental Considerations 

 The two fi elds of cardiac progenitors are now rec-
ognized as the primary, and secondary or ante-
rior, heart fi elds [ 1 – 4 ]. It is the primary heart fi eld 
that produces the straight heart tube. In mouse, 
there is fi rm evidence that the primary heart fi eld 
gives rise to the left ventricle (LV), with the sec-
ondary fi eld forming both the RV and the outfl ow 
tract (OFT) [ 4 ]. With looping of the heart tube, 
the ventricular trabeculations start to form at the 
outer curvature, permitting identifi cation of the 
cranial part of the tube as OFT or conotruncus. 

 The initial OFT extends proximally from the 
distal ventricular groove to the pericardial refl ec-
tions and demonstrates a characteristic dogleg 
bend which divides it into two myocardial sub-
segments, a proximal subsegment or the conus 
and a distal subsegment or the truncus [ 5 ]. The 
truncus arteriosus is a short segment interposed 
between the conus and the aortic sac. The latter 
transforms into the ascending aorta and pulmo-
nary trunks. 

 The initial OFT is mainly myocardial and 
increases almost 6-fold in length between HH12 
(Hamburger–Hamilton stages) and 24 (Fig.  7.1 ) 
[ 6 ]. Subsequently the initial musculature of the 
walls of the truncus and distal conus disappears 
by apoptosis, transdifferentiation, absorption 
into the developing RV, or a combination of 
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these processes [ 7 ]. With further development, 
these new portions will be remodeled into the 
intrapericardial portions of the aorta and pulmo-
nary trunk and arterial valves and their support-
ing sinuses. In contrast, myocardial tissue is 
being added to the proximal portion of the conus. 
As development proceeds, the single OFT under-
goes remodeling into separate pulmonary and 
aortic arteries. The aorticopulmonary septation 
involves interactions between diverse cell types, 
including myocardium, endocardium, and neural 
crest cells [ 8 ]. The distal portion of aortic sac is 
also being considered as an entirely neural crest 
derivative.

   OFT undergoes rotation during its remodel-
ing. Rotation of the myocardium at the base of 
the OFT is probably essential to achieve normal 
positioning of the great arteries with respect to 

each other at the ventriculoarterial junction [ 9 , 
 10 ]. In addition to abnormal OFT septation 
caused by neural crest cell defects, a spectrum of 
conotruncal anomalies with abnormally posi-
tioned great arteries may arise from a perturba-
tion of myocardial rotation including tetralogy of 
Fallot (TOF), persistent truncus arteriosus, dou-
ble outlet right ventricle (DORV), and transposi-
tion of the great arteries (TGA) [ 10 ,  11 ]. A short 
outfl ow tract as obtained experimentally through 
secondary heart fi eld ablation may not allow a 
normal conotruncal rotation [ 4 ]. Although in 
conotruncal anomalies including TOF, the 
 infundibular septum is not always short. It is 
believed that any time the RV shows a short out-
fl ow tract, a total or partial lack of conotruncal 
rotation and remodeling is inevitably present [ 9 ] 
(Fig.  7.2 ).

Outflow tract
(SHF derived)

Neural creast derived

Truncus
(smooth muscle)

Conus
(myocardial)

Aortic sac
(smooth muscle)

HH 30

HH 12 HH 24

HH 36

LV

LV

RV

RA

VG

DVG
SV

A

V

DMB

LA

sinus

DVG = distal ventricular
groove
VG = ventricular groove
DMB = distal myocardial
border

  Fig. 7.1    The developing outfl ow tract in embryonic 
chicken hearts at stages 12, 24, 30, and 36 H/H. The area 
of the outfl ow tract (OFT) extends between distal ven-
tricular groove ( DVG ) of the right ventricle and the junc-
tion with aortic sac at pericardial refl ections and divided 
into the conus (proximal OFT shown in red) and the trun-
cus (distal OFT in  light blue ). The OFT is divided into two 
parts, conus and truncus, and the junction between the two 
will be distal myocardial border ( DMB ). The images show 
that the OFT is initially mainly myocardial ( red part ) in 
its entirety, increasing in length up to HH24. The OFT 
myocardium, subsequently, shortens as a result of ven-

tricularization, contributing to the trabeculated free wall, 
as well as the infundibulum, of the right ventricle 
( RV ). Note the absolute reduction in the length of the OFT 
between 30 and 36 H/H stages, as well as the relative 
reduction in relation to the ventricles, which have 
increased in size by cardiomyocyte proliferation. The 
OFT has also been divided by septation into pulmonic and 
systemic outfl ows, and the aortic root has rotated to a pos-
terior position, where it connects with the left ventricle 
( LV ). The dotted line around the heart indicates the peri-
cardium.  A  primitive atrium,  LA  left atrium,  RA  right 
atrium,  SV  sinus venosus,  V  primitive ventricle       
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      Anatomical Evaluation of RVOT 

   Imaging Techniques 

 Cardiac CT and MR allow comprehensive mor-
phological and functional assessment of the heart 
within a single examination. Higher spatial reso-
lution and availability of isotropic multiplanar 
data acquisition of cardiac CT angiography make 
it the preferred technique over current routine MR 
techniques for detailed anatomical study of the 
RVOT. Using new CT scanners, entire heart 
acquisition can be obtained in a short breath hold 
combined with thin slices (0.5–0.75 mm). This 

greatly reduces motion artifacts, and the thin col-
limation improves the depiction of small struc-
tures. Anatomical analysis of the RV can be 
performed with a dedicated ECG-gated right heart 
study or as part of CT coronary angiography 
[ 12 ,  13 ]. In the latter, most of the time suffi cient 
attenuation for visualization of the right heart can 
be obtained by split-bolus injection in which an 
initial bolus of contrast medium (50–75 mL) is 
followed by 50 mL of a 70 %:30 % saline-to-con-
trast medium mixture and a 30-mL saline chaser 
at a rate of 4–5 mL/s [ 13 ]. A dedicated right heart 
examination with CT requires ECG gating/trig-
gering and homogeneous enhancement of the 

  Fig. 7.2    Variations in right ventricle outfl ow tract 
( RVOT ) length. In normal example the pulmonary valve 
extends well above the coronary sinuses of the ascending 
aorta ( AA ). The RVOT has a vertical course, and the mid-
dle of noncoronary ( N ) sinus overlays the interatrial sep-
tum. In patients with single coronary artery arising from 
the right coronary sinus and tetralogy of Fallot ( TOF ), the 

RVOT is short, and the aortic root is rotated clockwise 
facing the right atrium ( RA ). The RVOT is thickened and 
narrowed in TOF. Although in conotruncal anomalies 
including TOF the infundibular septum is not always 
short, it is believed that any time the RV shows a short 
outfl ow tract, a total or partial lack of conotruncal rotation 
is present.  LA  left atrium,  MPA  main pulmonary artery       
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right atrium and ventricle to an optimum 
Hounsfi eld unit of 350–400. Scan can be started 
early (i.e., main pulmonary artery triggering) to 
include the right heart only. For certain cases with 
congenital heart disease, a modifi ed injection pro-
tocol using dual extremity contrast injections into 
the antecubital and femoral veins is described 
which provides homogeneous images of the right 
atrium and ventricle [ 14 ] (Chap.   10     for detail). 
Different sequences can be used to evaluate the 
RVOT morphology with MRI including MR angi-
ography, dark/bright blood sequences, and cine 
images. In addition to routine short- and long-axis 
cine [ECG- gated cine balanced steady-state free 
precession (SSFP)] views, transaxial and sagittal 
images may help to show the abnormality. ECG- 
triggered, double inversion recovery fast (seg-
mented or single shot) spin-echo sequence with 
blood suppression is a great technique for ana-
tomical imaging of the outfl ow tracts and major 
vessels especially in patients with metallic implant 
artifacts or those with compromised renal func-
tion and contraindication to gadolinium- enhanced 
MRI.  

   Anatomical Landmarks 

 The RV in the normal heart is the most anteriorly 
situated cardiac chamber and marks the inferior 
border of the cardiac silhouette. In contrast to the 
near conical shape of the LV, the RV appears tri-
angular when viewed from the side and crescent 
shaped when viewed in cross section [ 15 – 18 ]. 
The curvature of the ventricular septum places the 
RVOT antero-cephalad to that of the LV’s result-
ing in a characteristic “crossover” relationship 
between right and left ventricular outfl ows. This 
important spatial relationship can be lost in con-
genital heart malformations such as TGA. The 
overlap between left ventricular inlets and outlets 
puts the aortic outfl ow tract immediately behind 
the septum that separates it from the RV inlet, giv-
ing the “wedged” position of the aortic root. 

 Traditionally, the RV is divided into the sinus 
and conus parts, but in more recent decades, both 
the right and left ventricles have been described 
as having three components: the inlet, apical 

 trabecular, and outlet portions (Fig.  7.3 ) [ 15 – 17 ]. 
In the analysis of congenitally malformed hearts, 
this tripartite concept is more useful than the tra-
ditional bipartite division. The inlet portion of the 
RV surrounds the leafl ets of the tricuspid valve 
and supports its papillary muscles and tension 
apparatus. A distinguishing feature of the tricus-
pid valve is the direct attachment of its septal 
leafl et to the ventricular septum. The apical por-
tion of the RV is characterized typically by heavy 
trabeculations. Distinguishing features of the 
outlet portion of the RV include:

     Pulmonary Infundibulum 
 The pulmonary infundibulum (conus) is a tubular 
muscular structure that supports the leafl ets of 
the pulmonary valve. Its length, size, and angle 
vary. The size of the infundibulum is independent 
of the general size of the RV.  

   Supraventricular Crest 
 The posterior (paraseptal) wall of the infundibulum 
is formed by a prominent muscular ridge, known as 
the supraventricular crest (crista supraventricularis 
or ventriculoinfundibular fold) which separates the 
inlet and outlet components of the RV (Figs.  7.3 , 
 7.4 , and  7.5 ). This is in contrast to the LV where the 
aortic and mitral valves are in fi brous continuity. 
Although it looks like a ridge from the perspective 
of the RV cavity, the supraventricular crest is in fact 
an infolding of the ventricular wall (the ventricu-
loinfundibular fold) inserting into the ventricular 
septum. It is separated from the aorta by the epicar-
dial fat, and any incision through it will lead out-
side the heart into the vicinity of the right coronary 
artery (Figs.  7.3  and  7.4 ). Only the central portion 
of its inferior most part between the limbs of the 
septomarginal trabeculation contributes to the 
interventricular septum (muscular outlet septum or 
conal septum) [ 17 ] (Figs.  7.4  and  7.5 ). In the nor-
mal heart, however, this area is exceedingly small 
and can hardly be distinguished from the septomar-
ginal trabeculation by CT.

       Septomarginal Trabeculation 
 The septomarginal trabeculation is a prominent 
Y-shaped muscular strap reinforcing the septal 
surface. It bifurcates into anterosuperior and 

F. Saremi et al.

http://dx.doi.org/10.1007/978-1-4614-8875-0_10


135

inferoposterior limbs (Fig.  7.6 ) which clasp the 
supraventricular crest. The anterosuperior limb 
extends along the infundibulum to the leafl ets of 
the pulmonary valve. The posterior limb runs onto 
and overlays the ventricular septum, toward the 
right ventricular inlet, giving rise to the medial 
papillary muscle complex. The body of septomar-
ginal trabeculation extends to the apex of the ven-
tricle, where it gives rise to the moderator band 
and anterior papillary muscle before breaking up 
into the general apical trabeculations. The body of 
the septomarginal trabeculation is interventricular 
rather than supraventricular and when enlarged 
can appear as a bump on the septum on cross-sec-
tional imaging. When hypertrophied, the septo-
marginal band can divide the RV into two 
chambers (double-chambered RV) [ 19 ].

      Moderator Band 
 It is considered as part of the septomarginal tra-
beculation, supporting the anterior papillary 
muscle of the tricuspid valve and, from this point, 
crossing to the free wall of the ventricle. The 
moderator band incorporates the right atrioven-
tricular bundle, as conduction tissue fi bers move 
toward the apex of the ventricle before entering 
the anterior papillary muscle. It is usually located 
equidistant from the tricuspid valve and the apex 
and can be identifi ed in 90 % of hearts. In 40 % 
the band is a short and thick trabeculation. The 
average thickness of the band is 4.5 mm, and its 
length is 16 mm, ranging from 11 to 24 mm [ 20 ]. 
The moderator band is supplied by branches of 
the left anterior descending (LAD) artery named 
the artery of the moderator band. The artery 

a b

  Fig. 7.3    Right anterior oblique views (two chambers) of 
the right heart are shown. ( a ) Cadaveric specimen. ( b ) 
Volume-rendered images of a right heart CT. The right 
ventricle comprises of three components: the inlet, apical 
trabecular, and outlet portions. The outfl ow tract, the 
infundibulum or conus, separates the tricuspid and pulmo-
nary valves. The axis of the orifi ces of the inlet and outlet 

roughly forms an angle of 60°. The supraventricular crest 
is composite of the ventriculoinfundibular fold ( VIF ) cra-
dled between the limbs of septomarginal trabeculation. It 
is separated from the right aortic sinus by the epicardial 
fat.  AA  ascending aorta,  MPA  main pulmonary artery,  RA  
right atrium,  RAA  right atrial appendage,  SVC  superior 
vena cava,  IVC  inferior vena cava,  CS  coronary sinus       
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 supplying the band makes anastomotic connec-
tions at the base of the anterior papillary muscle 
with branches of the right coronary artery.  

   Medial Papillary Muscle of the Conus 
 The medial (septal) papillary muscle of the conus 
presents in 82 % of the hearts, while in the rest, it 
is replaced by tendinous chords [ 21 ] (Figs.  7.4  
and  7.6 ). It is a single papilla in 50 % and double 
in 30 %. It connects with the septal and anterior 
leafl ets of the tricuspid valve. It represents an 
important surgical landmark for the location of 
the right bundle branch to avoid injury to the bun-
dle during surgical correction of certain types of 
ventricular septal defects.  

   Pulmonary Valve 
 The pulmonary root is the part of RVOT that sup-
ports the leafl ets of the pulmonary valve. It con-
sists of three sinuses of Valsalva confi ned 

proximally by the semilunar attachments of the 
valvular leafl ets and distally by the sinotubular 
junction. Different nomenclatures have been 
used to defi ne the anatomical location of the pul-
monary valve sinuses base on their spatial loca-
tion in relation to the body of the heart itself 
(Fig.  7.7 ). Because of the semilunar shape of the 
pulmonary leafl ets (similar to the aortic valve), 
this valve does not have a ringlike annulus. The 
sinotubular junction of the pulmonary trunk 
marks the level of the commissures between the 
annuli (Fig.  7.7 ). Compared to the aortic root, the 
pulmonary sinotubular junction is less obvious 
on CT images. A second junction exists at the 
ventriculoarterial junction. The bases of the 
sinuses within the ventricle cross the anatomical 
ventriculoarterial junction. The anatomical ven-
triculoarterial junction forms the annulus. The 
semilunar attachment of the valvular leafl ets 
which forms the hemodynamic ventriculoarterial 

  Fig. 7.4    Sagittal views of CT and cadaveric specimen at 
the right ventricle outfl ow tract (RVOT). Note fat plane 
( dotted red line ) extending between the posterior wall of 
the RV infundibulum (supraventricular crest) ( blue 
arrows ) and the anterior wall of ascending aorta making 
surgical resection of the infundibulum possible. The 
height of supraventricular crest varies from patient to 
patient; however, most of it is separated from the aorta by 
epicardial fat and can be surgically removed without 
entering the left ventricular cavity. Only the central por-
tion of its inferiormost part may form part of the interven-
tricular septum. The term supraventricular crest is 

replaced by ventriculoinfundibular fold, representing any 
muscular structure interposed between the attachments of 
the leafl ets of the atrioventricular and arterial valves. The 
inferior central part of it is called outlet septum which is 
part of septomarginal trabeculation. The outlet septum 
above the level of medial papillary ( double headed yellow 
arrow ) muscle (mpm) is shown by yellow arrow. However, 
its true existence is questionable given the limited spatial 
resolution of CT compared with histological slices.  PV  
pulmonary valve,  L  left aortic sinus,  R  right aortic sinus, 
 RV  right ventricle,  LA  left atrium,  IVS  interventricular 
septum,  LVOT  left ventricle outfl ow tract       
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junction crosses the anatomical ventriculoarterial 
junction. The leafl ets are thickened along their 
semilunar line of attachment. The fi brous inter-
leafl et trigones are the areas of arterial wall prox-
imal to the semilunar attachments of the leafl ets 
and therefore are incorporated within the ven-
tricular cavity. Their tips point toward the com-
missures. The musculature of the subpulmonary 
infundibulum raises the pulmonary valve above 
the ventricular septum to position the pulmonary 
valve as the most superiorly situated of the car-

diac valves. This anatomical feature makes pos-
sible the safe resection of the pulmonary valve, 
including its basal attachments within the infun-
dibulum from the rest of the RVOT.

       Arterial Supply and Anatomical 
Variants 

 The conotruncal structures are normally vascu-
larized by anterior and posterior arterial branches 

  Fig. 7.5    Right ventricle ( RV ) infundibulum. The poste-
rior wall of RV infundibulum is the continuation of the 
infundibulum into the ventriculoinfundibular fold (supra-
ventricular crest). It is a free-standing wall except its mid- 
inferiormost part which contributes to the interventricular 
septum also known as the outlet septum ( yellow arrows ). 
One slice above it (second axial cut) at the orifi ce of the 
right coronary artery ( RCA ) demonstrates extension of fat 
plane between the ascending aorta and RVOT. The RCA 
can be injured at the time of pulmonary valve surgery. The 
ventriculoinfundibular fold is located between the antero-
cephalad (septal band) ( a ) and postero-caudal (parietal 
band) ( p ) limbs of the septomarginal trabeculations 

( SMT ), and its width is shown by double-headed purple 
arrows. The cradle between the SMT limbs and the ven-
triculoinfundibular fold forms the supraventricular crest. 
Note smooth surface of ventriculoinfundibular fold com-
pared to the rest of RV infundibulum which is trabecu-
lated. The anterior limb runs superiorly into the 
infundibulum and supports the leafl ets of the pulmonary 
valve ( PV ). Multiple muscular bundles that extend from 
the cephalad margin of the septomarginal trabeculation 
and run onto the parietal wall of the outfl ow tract are des-
ignated as the septoparietal trabeculations (SPT) ( red 
arrows ).  AA  ascending aorta,  AV  aortic valve,  PUV  pul-
monary valve,  MB  moderator band,  RA  right atrium       
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from the right and left coronary arteries [ 22 ]. On 
the right side, the branches arise from the conal 
branch of the right coronary artery or directly 
from the aorta. On the left side, they arise from 
the LAD, the left main, or directly from the aorta. 
The right anterior conal branch is the most con-
stant and conspicuous branch participating in the 
preconal circulation, also known as Vieussens’ 
arterial ring [ 22 ] (Fig.  7.8 ). This collateral inter-
coronary connection extends between the conus 
artery and fi rst right ventricular branch (left ante-
rior conus branch) of the LAD artery. The 

Vieussens’ arterial ring will become dilated when 
there is proximal LAD artery occlusion or, less 
frequently, RCA occlusion. Generally, three 
major collateral pathways at conotruncal level 
provide circulation between right and left coro-
nary system in all congenital or acquired forms of 
one-sided coronary occlusion and are used as the 
basis for different classifi cations [ 23 ]. These 
three collateral circulation pathways include 
preconal (precardiac), retroconal (interarterial), 
and retroaortic. In coronary ostial atresia, because 
intercoronary collaterals develop very early in 

Thick trabeculationsThin trabeculations

Normal (thin) Normal (thick) Very (thick)

  Fig. 7.6    Variation of trabeculations in RVOT. Upper 
panel: RVOT open-book dissection views. The septomar-
ginal trabeculation ( SMT ) is a muscle strap plastered onto 
the septal part. The ventriculoinfundibular fold ( VIF ) 
extends between SMT and the pulmonary valve and forms 
the paraseptal wall of the RVOT. The septoparietal tra-
beculations ( SPT ) originate from the anterior margin of 
the SMT and run round the parietal quadrant of the endo-
cardial infundibulum along the right and left septoparietal 
walls of the RVOT. These trabeculations vary in number 
(5–22 trabeculations) and thickness (2–10 mm). The 
SPTs can be fl at or prominent and may be hypertrophied 

as in pulmonary hypertension or tetralogy of Fallot, con-
tributing to muscular subpulmonary stenosis. The SMT 
continues to apex and turns into the moderator band ( MB ) 
and anterior papillary muscle.  Blue circles  demarcate 
medial papillary muscle. Lower panel demonstrates vari-
able thickness of the SMT and its SPTs. Note marked 
thickening of the RVOT in the last image in a patient with 
pulmonary valve stenosis. The right atrium ( RA ) is mark-
edly enlarged.  A  anterior,  R  right posterior, and  L  left pos-
terior are pulmonary sinuses,  LVOT  left ventricle outfl ow 
tract,  RA  right atrium,  red dotted line  denotes margin of 
the pulmonary valve leafl ets       
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life, they can be large and overall angiographic 
appearance of the anomaly can be diffi cult to dif-
ferentiate from congenital single coronary artery 
malformation. In congenital single coronary 
artery, the blood fl ow is always centrifugal from 
larger caliber arteries proximally to smaller ones 
distally. In ostial atresia the blood fl ows from the 
intact right or left coronary artery to the abnormal 
side via one or more collateral arteries whose 
caliber is smaller than that of the target vessels 
(Fig.  7.9 ). The incidence of a major coronary 
artery crossing the RVOT in TOF is between 5 
and 12 % [ 24 ]. Preoperative recognition of such 

arteries may be important in reconstructive sur-
gery of the RVOT (Fig.  7.10 ). Infundibular and 
preventricular branches should not be mistaken 
for a major coronary artery arising crossing 
the RVOT.

         Morphological Changes 
in Adult CHD 

 Major advances in cardiac surgery over the past 
50 years have resulted in a marked increase in the 
number of patients with congenital heart disease 

  Fig. 7.7    Pulmonary valve sinuses. When heart is viewed 
in attitudinal anatomical position as sitting in the thorax 
(i.e., axial views), the pulmonary leafl ets and sinuses are 
seen to be posterior ( P ), right anterolateral ( Ra ), and left 
anterolateral ( La ). However, in relation to the heart (i.e., 
short-axis views), the pulmonary sinuses can be named 
anterior ( A ), left posterior ( Lp ), and right posterior ( Rp ). 
According to their relation to the aorta, sinuses will be 
left-facing, right-facing, and nonfacing. Same rule can be 
applied to the aortic valve as seen in the above examples. 
The relationship of the pulmonary and aortic valve ( green 

and red circles ) as well as their orientation in relation to 
the body (axial) and the heart (short axis, SAX) are drawn; 
the  black line  shows the location of the interatrial septum. 
Crossover arrangement between left and right ventricular 
outfl ow tracts ( red and blue arrows  respectively) is also 
shown. The term “pulmonary annulus” denotes the semi-
lunar fi brous attachment of each of the pulmonary leafl ets. 
They are much less sturdy than the aortic annuli.  LA  left 
atrium,  N  noncoronary sinus,  STJ  sinotubular junction 
( yellow line ),  VAJ  ventriculoarterial junction ( green line )       
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reaching adulthood. In many cases initial surgery 
is indicated on the basis of echo, with catheter-
ization for physiological assessment if required. 
CT and MR have a prominent role in follow-up, 
either to monitor changes during staged surgical 
repair or to look for complications which are 
common and many need imaging for diagnosis 
and surgical planning. However, it is not unusual 
to discover an RVOT malformation for the fi rst 
time and without a history of past surgery. 

   RVOT Stenosis: Pre- and 
Postoperative Findings 

 RVOT stenosis is usually secondary to pulmo-
nary valve diseases, but stenotic lesions at sub-
valvular or supravalvular levels are not 
uncommon. Causes of RVOT stenosis are listed 
in Fig.  7.11 .

     Pulmonary Valve Stenosis 
 Isolated pulmonary stenosis (PS) is almost 
always congenital and many can be asymptom-
atic when fi rst diagnosed. It is not unusual to sus-
pect PS in a young patient on routine chest x-ray 
or CT by noticing enlarged main and left pulmo-
nary arteries. With severe PS, symptoms of dys-
pnea, fatigue, chest pain, palpitations, and 
decreased exercise tolerance may occur. Three 

morphological types are described [ 18 ,  25 – 28 ] 
(Table  7.1 ). The most common type of congenital 
PS (40–60 %) is a dome-shaped pulmonary 
valve, which is characterized by a mobile valve 
and 2–4 raphes and incomplete separation of 
valve cusps due to commissural fusion resulting 
in funnel with a small circular orifi ce (Fig.  7.12a ). 
The line of basal attachment of the domed valve 
is not semilunar; instead, the sinuses are shallow 
and the line attachment appears somewhat circu-
lar. A waist-like narrowing of the sinotubular 
junction may be seen is some cases. Dysplastic 
pulmonary valve is the second most common PS 
(20–30 %) and is associated with immobile thick-
ened cusps and in some cases a hypoplastic ven-
triculoarterial junction [ 26 ] (Fig.  7.12b ). 
Caulifl ower-like myxomatous thickening is lim-
ited to the free margin of the leafl ets, and the 
proximal part of leafl ets is intact. The commis-
sures are not fused, the sinuses are deep, and the 
lines of attachment are semilunar, all as seen in 
normal hearts. The semilunar attachment of the 
pulmonary valve leafl ets is an essential feature 
for normal function of the valve. Shallow attach-
ment and lack of “height” of the overall valvular 
apparatus can cause pulmonary stenosis due to 
limiting mobility of the free edge of the leafl ets 
even in the absence of commissural fusion. Of 
those cases with PS who require active treatment 
whether interventional or surgical, dysplastic 

a cb

  Fig. 7.8    Vieussens’ arterial ring; preconal arterial anasto-
motic rings (*) between pulmonary conus branches arising 
from the RCA and the LAD artery are shown ( a ) participat-
ing in vascular supply to infundibulum as well as the ante-

rior right ventricle. These collaterals may be enlarged in 
acquired obstructive ( b ) or congenital ( c ) coronary disease. 
 AA  ascending aorta,  MPA  main pulmonary artery,  RCA  
right coronary artery,  LAD  left anterior descending artery       
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valves would be far more common. Milo et al. 
[ 25 ] described a third morphology of PS with 
deep “bottle-shaped” sinuses and an hourglass 
deformity due to supravalvular narrowing at the 
sinotubular junction (Fig.  7.12c ). Although the 
later morphology is reported in 16 % of patients 
with congenital PS, it is not accepted as a sepa-
rate variant by every investigator [ 26 ]. Dome- 
shaped valve with dysplastic leafl ets is another 
uncommon variant. Different morphologies can 

be equally distinguished with cardiac MR and 
CT angiography. Bicuspid or multicuspid valve 
is rare [ 27 ] (Fig.  7.13 ). In bicuspid valve, one 
leafl et can be larger containing a shallow raphe or 
both leafl ets may be equal in size. Stenosis and 
post-stenostic dilatation are common. Compared 
to bicuspid valve, quadricuspid pulmonary valve 
is usually asymptomatic. Mild pulmonary regur-
gitation (PR) is not uncommon. Congenital varia-
tions can be isolated but are often associated with 

  Fig. 7.9     Upper row  shows left coronary ostial atresia 
with retroaortic ( blue arrows ) and preconal ( red arrows ) 
collaterals between the right and left coronary systems. 
 Lower row  shows right coronary ostial atresia with preco-
nal ( red arrows ) collaterals between the right and left 

coronary systems in a patient with congenital pulmonary 
valve stenosis.  AA  ascending aorta,  LA  left atrium,  LAD  
left anterior descending artery,  MPA  main pulmonary 
artery,  RVOT  right ventricle outfl ow tract,  RCA  right coro-
nary artery       
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other congenital heart anomalies. For  example, 
tetralogy of Fallot can be associated with a bicus-
pid pulmonary valve. Congenital pulmonary 
valve anomalies can also be associated with 
extracardiac anomalies as in Noonan syndrome 
and LEOPARD syndrome, which is often associ-
ated with a dysplastic pulmonary valve.

     Chronic PS results in RV hypertrophy, espe-
cially at the RVOT. When prominent, RVOT 
hypertrophy can lead to secondary dynamic sub-
valvular stenosis. Distinguishing between valvu-
lar stenosis and subvalvular dynamic stenosis 
secondary to infundibular hypertrophy can 

become challenging. Subvalvular dynamic 
obstruction (late systolic stenosis), in fact, often 
accompanies severe valvular PS and is character-
ized by a late-peaking jet in MRI similar to that 
of dynamic LV outfl ow obstruction. PS can also 
result in post-stenotic dilatation of the pulmonary 
trunk and left pulmonary artery. For symptomatic 
patients with dome-shaped pulmonary valve, bal-
loon valvuloplasty is indicated when a peak 
instantaneous gradient >50 mmHg is present 
[ 28 ]. A successful procedure is defi ned by fi nal 
peak gradient of <30 mmHg and is obtained in 
>90 % [ 29 ]. If the valve is dysplastic, surgery is 

  Fig. 7.10    Anomalous course of the coronary arteries 
next to the right ventricle outfl ow tract ( RVOT ).  Upper 
row  shows repaired RVOT in tetralogy. Anomalous course 
of the right coronary artery ( RCA ) behind the RVOT con-

duit is seen.  Lower row  shows a single RCA with preconal 
course of the left coronary ( LC ) artery.  AA  ascending 
aorta,  MPA  main pulmonary artery       
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more likely to be required; if there is annular or 
pulmonary trunk hypoplasia, a transannular patch 
may become necessary. In patients with PS and 
signifi cant pulmonary regurgitation, valve 
replacement is required. Mechanical valve 
replacement is used rarely because of thrombosis 
issues. Bioprosthetic valves and pulmonary 
homografts are preferred [ 30 ].  

   Tetralogy of Fallot 
 TOF consists of a large nonrestrictive subaortic 
ventricular septal defect (VSD), dextroposed 
aorta riding up over the septal defect, and RVOT 
obstruction (Fig.  7.14 ). TOF without PS is called 
Eisenmenger complex (Fig.  7.15 ). Subpulmonary 
stenosis, which is an essential part of TOF, is 
mainly due to anterosuperior malalignment of 
the muscular outlet septum relative to the limbs 
of the septomarginal trabeculation, coupled 
with thickened septoparietal trabeculations 

  Fig. 7.11    Causes of RVOT stenosis in adults.  TOF  tetralogy of Fallot,  MPA  main pulmonary artery,  PA  pulmonary 
artery,  PS  pulmonary stenosis,  RV  right ventricle       

   Table 7.1    Congenital pulmonary valve stenosis   

 A. Dome-shaped 
   Very common: 80–90 % of all congenital right 

ventricle outfl ow tract lesions 
  Low familial inheritance 
  2–4 raphes but no separation into valve cusps 
  Treatment: balloon valvotomy 
 B. Dysplastic 
  10–20 % 
  Trileafl et with markedly thickened leafl ets 
   Associations: hypoplastic ventriculoarterial junction. 

Noonan’s syndrome 
   Treatment: partial or total valvotomy, a transannular 

patch 
 C. Bicuspid/quadricuspid 
  Rare 
  Usually asymptomatic 
  Common with other congenital heart diseases 
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[ 17 ,  31 ,  32 ] (Fig.  7.14 ). Stenosis can also occur 
at subpulmonic level by hypertrophy of the sep-
tomarginal trabeculation or the moderator band. 
This gives the arrangement often described as 
“two- chambered right ventricle.” The subpul-
monary infundibulum itself varies markedly in 
length and can sometimes be short especially in 
Eisenmenger complex (Fig.  7.2 ). In most other 
instances of TOF, the narrowed infundibular 
chamber is normal in length but sometimes has 
considerable length. Absent pulmonary valve 
syndrome occurs in less than 3–6 % of TOF 
patients [ 17 ]. This syndrome is associated with 
signifi cant pulmonary artery dilatation and air-
way compression. Pulmonary atresia in TOF is 
also due to severe deviation of the outlet septum. 
However, isolated pulmonary atresia can rarely 
occur as a result of valve imperforation rather 
than severe stenosis. In pulmonary atresia blood 
supply to the right and left pulmonary arteries 

(if not atretic) will be provided by a large pat-
ent ductus arteriosus or multiple aortopulmonary 
collateral arteries. Extensive reconstructive sur-
gery is required in extreme cases.

    Patients with TOF have remarkable intrinsic 
histological abnormalities and reduced elasticity 
in both ascending aorta and pulmonary artery, and 
it appears that TOF repair does not improve these 
abnormalities [ 33 ,  34 ]. Aortic root dilation with 
or without aortic regurgitation is common [ 33 ]. 
Cardiac MRI or CT can address these major clini-
cal implications (Fig.  7.14 ). The concept of aortic 
overriding is shown in Fig.  7.16 . Note that mild 
overriding above the ventricular septum can be 
seen in normal instances. Greater than 50 % over-
riding falls into defi nition of DORV subgroup. 
However, in TOF there is always fi brous continu-
ity between the anterior mitral leafl et, while in 
DORV this may not be the case (Fig.  7.16 ). The 
concept of dextroposition is shown in Fig.  7.17 .

a b c

  Fig. 7.12    ( a ). Dome-shaped pulmonary valve viewed 
from the arterial aspect. It is characterized by narrow open-
ing and incomplete separation of the valve cusps. The fused 
commissures ( yellow arrows ) pull the sinotubular junction 
toward the central circular orifi ce. ( b ) Axial and sagittal CT 
appearance of a dysplastic pulmonary stenosis. Club-
shaped myxomatous thickening ( red arrows ) is limited to 
the free margin of the leafl ets, and the proximal part of leaf-

lets appears intact. Note the trileafl et thickened valve and 
no commissural fusion with hypoplastic ventriculoarterial 
junction. In dysplastic pulmonary valve, there are three dis-
tinct cusps and no commissural fusion. ( c ) Volume-
rendered and sagittal CT images in a patient with 
LEOPARD syndrome and pulmonary stenosis ( arrows ). 
Note mild thickening of the valve leafl ets and narrowing at 
sinotubular junction giving an hourglass appearance       
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       Double-Chambered Right Ventricle 
 Double-chambered RV (DCRV) is character-
ized by subinfundibular stenosis due to aberrant 
hypertrophied septomarginal trabeculations or 
abnormal moderator band that divides the RV 
cavity into a proximal high-pressure and a dis-
tal low-pressure chamber [ 19 ,  35 ,  36 ] 
(Fig.  7.18 ). The severity of the DCRV stenosis 
tends to increase with time [ 36 ]. DCRV is usu-
ally associated with a perimembranous VSD. 
MRI and CT are usually diagnostic, identify-
ing the degree and location of the obstruction 
and the presence of a VSD. The degree of ste-
nosis can be best quantifi ed with MR phase-
contrast techniques. The indications for surgery 
in DCRV are similar to those for pulmonary 
valve stenosis (peak gradients >50 mmHg). 
Muscular resection and correction of VSD 
have excellent long-term results and low rates 
of recurrence [ 37 ].

      Post-RVOT Repair Changes 
 Most TOF patients in adult life have undergone 
either palliative or total repair early in life. Total 
repair involves a patch closure of the VSD and 
relief of the RVOT obstruction. In TOF more than 
one-third of patients receive a transannular RVOT 
patch using pericardium, Dacron, or polytetra-
fl uoroethylene, and 10 % of TOF patients receive 
valved conduits, Hancock, homograft, or bovine 
jugular vein [ 38 ]. An extracardiac conduit inter-
position between the RVOT and main pulmonary 
artery or individual pulmonary branches may be 
necessary in the presence of pulmonary atresia or 
an anomalous left coronary artery crossing the 
RVOT [ 39 ] (Fig.  7.19 ). Cryopreserved valved 
aortic homografts are more popular than pulmo-
nary homografts, but accelerated aortic homo-
graft fi brocalcifi cations have been described [ 40 ]. 
The Contegra valved bovine jugular vein has 
been used as a better alternative to homografts in 

  Fig. 7.13    A 51-year-old male with mild pulmonary 
regurgitation and pulmonary hypertension. Long-axis and 
short- axis MR images of a quadricuspid valve are shown. 
The valve is shown at two different phases of cardiac 

cycle. One rudimentary extra cusp between the left poste-
rior and anterior (nonfacing) cusps ( arrows ) is seen. The 
right ventricle is hypertrophied and the main pulmonary 
artery ( MPA ) is dilated       
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RVOT reconstruction [ 41 ]. The diameter of the 
grafts ranges from 12 to 22 mm and length is 
10–12 cm. High pressure in the conduit may lead 
to aneurysmal dilatation (one-third of the con-
duits) and valve regurgitation. Dacron conduits 
are least popular for extensive fi brous sheathing 
and calcifi cations (Fig.  7.19 ). Conduit narrowing 
at the pulmonary anastomosis (distal suture line) 
is relatively common which may be associated 

with conduit dilatation. A complete assessment 
of pulmonary arterial system with CT or MR may 
be necessary before RVOT reoperation to fi nd 
associated complications [ 42 ] (Fig.  7.20 ). 
Residual branch pulmonary artery stenosis is 
common after repair. Demonstration of substan-
tial branch pulmonary artery stenosis, especially 
in the setting of free pulmonary regurgitation, 
should be treated by balloon dilation with or 

  Fig. 7.14    Cadaveric specimen demonstrates phenotypic 
features of tetralogy of Fallot ( TOF ) including a large 
nonrestrictive subaortic perimembranous ventricular sep-
tal defect ( VSD ) with the aorta overriding the septal 
defect. The muscular outlet septum is displaced antero-
cephalad to the limbs of the septomarginal trabeculation, 
and there is hypertrophy of the septoparietal trabecula-
tions ( SPT ). Subpulmonary obstruction ( red bracket ) is 
generally produced between the muscular outlet septum 
and the hypertrophied SPTs. There is continuity between 

the leafl ets of the aortic and tricuspid valves in the pos-
tero-inferior margin of the VSD. Note the VSD is located 
anterior to the medial papillary muscle ( blue circle ). CT 
images show repaired TOF with markedly thickened out-
let septum ( red stars ) and the SPT. Status post transpul-
monary patch surgery covering the anterior wall of the 
RVOT. In this patient the RVOT is long. The ascending 
aorta ( AA ) is dilated. The muscular outlet septum is 
located cephalad to the SPTs.  PV  pulmonary valve,  RV 
2ch  right ventricle two chamber,  3ch  three chamber       
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without implantation of an endoluminal stent 
(Fig.  7.21 ). Repeat sternotomy should be per-
formed with special care in post-OFT surgery 
cases because of the risk of conduit adherence to 
the sternum. CT scanning of the chest is helpful 
in these complex patients (Fig.  7.19 ).

     Recently, percutaneous valve replacement has 
been performed successfully in RVOT inside a 
failing bioprosthetic valve or conduit and has 
now been extended to include patients with native 
PS [ 43 – 45 ]. Morphology of the RVOT is a major 
determinant of suitability for percutaneous pul-
monary valve replacement. This can easily be 

done by CT or MRI. Different RVOT morpholo-
gies exist (Fig.  7.22 ). An aneurysmal (pyramidal) 
[ 45 ] morphology is the most common (50 %) and 
related to the presence of a transannular patch. 
This morphology is not suitable for percutaneous 
pulmonary valve implantation. In patients with 
conduits, other morphologies are more common. 
The current device for pulmonary valve implan-
tation, made of a platinum–iridium alloy, per-
forms best in cylindrical, rigid (to avoid fracture) 
RVOTs that measure 14–22 mm diameter. These 
requirements make the device unsuitable in most 
of the patients.

  Fig. 7.15    Cadaveric specimen demonstrates phenotypic 
features of Eisenmenger complex. A subaortic ventricular 
septal defect ( VSD ) is shown. The outlet septum is mildly 
displaced superiorly but without causing subpulmonary 
obstruction ( red bracket ). Note the VSD is located ante-
rior to the medial papillary muscle ( green circle ). MR 
images are obtained in a 35-year-old male with unrepaired 

tetralogy. Subaortic VSD and aortic overriding are shown. 
Outlet septum is superiorly displaced. There is no subpul-
monary stenosis ( red bracket ). The right ventricle ( RV ) is 
thickened wall and appears mildly dilated.  AV  aortic 
valve,  MPA  main pulmonary artery,  RVOT  right ventricle 
outfl ow tract,  SAX  short axis,  3ch  three chamber       

 

7 Right Ventricle Outfl ow Tract



148

      Double Outlet Right Ventricle (DORV) 
 DORV is a type of abnormal ventriculoarterial 
connection in which both great vessels arise 
entirely or predominantly (>50 % circumfer-
ence) from the RV [ 46 ]. New classifi cation 
defi nes four types of DORV based on the  clinical 

presentation and surgical treatment approach: 
VSD type (24 %), Fallot type (36 %), TGA type 
(Taussig–Bing) (18 %), and DORV noncommit-
ted VSD (22 %) [ 47 – 49 ]. The VSD is typically 
large and has four potential locations: subaortic, 
subpulmonic, doubly committed, or remote 

  Fig. 7.16    The concept of aortic overriding. Coronal 
views of the heart at the level of the aortic root demon-
strate the relationship of the aorta to interventricular sep-
tum. Mild dextroposition of the aorta is normal. When it 
overrides the septum greater than 50 %, it falls in defi ni-
tion of DORV. However, in this example aortic–mitral 
fi brous continuity which is essential for diagnosis of TOF 

still exists. In DORV both aortic valve ( AV ) and pulmo-
nary valve ( PV ) arise from the right ventricle, and the pul-
monary valve is usually located on the left side of the 
aorta. This will result in lack of fi brous continuity between 
the mitral and aortic valves as shown in this image. 
 Arrows  point to patch repaired VSDs.  Stars  denote left 
ventricle baffl e.  AA  ascending aorta       
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noncommitted [ 47 ]. MR is accurate in pre- and 
postoperative assessment of DORV patients 
[ 50 ]. The spatial relationship between semilunar 
valves, great arteries, outlet septum, and VSD 
can be accurately assessed by MRI [ 50 ,  51 ]. The 
data for the role of CT in DORV is limited. In 
one study using electron beam CT, the range of 
diagnostic accuracy for all VSD types in DORV 

was 88–100 % for 3D CT and 71–94 % for 
echocardiography [ 52 ]. CT also provides clear 
delineation of the outlet septum which defi nes 
the location of the VSD. The outlet septum 
attaches to the anterior or posterior limbs of sep-
tomarginal trabeculations in subaortic or sub-
pulmonic VSDs respectively. In the doubly 
committed VSD, the muscular outlet septum is 

a b

dc

  Fig. 7.17    The concept of dextroposition. The term dex-
troposition indicates that there is specifi c anatomical evi-
dence that the aortic root is rotated in a clockwise direction 
(looking from below) and is partially transposed to the 
right. ( a ) Normal heart with normal aortic root showing 
the noncoronary aortic sinus ( N ) facing the interatrial sep-
tum. In normal patients mild clockwise rotation of the 
aortic root toward the right atrium ( RA ) is not unusual. ( b ) 
Typical changes of the aortic root in tetralogy of Fallot 
(TOF) including clockwise rotation ( curved arrow ) and 

rightward translation ( straight arrow ). The root is also 
dilated causing aortic regurgitation in many adult TOF 
cases. Aortic root rotation is not limited to TOF and is 
seen in many conotruncal anomalies. ( c ,  d ) Demonstrate 
changes of the aortic root in two patients with bicuspid 
aortic valve, one with a raphe between the right ( R ) and 
the left ( L ) sinuses ( c ) and second without the raphe ( d ). 
Clockwise rotation is seen in  c  and counterclockwise rota-
tion in (d). ( d ) Shows aortic stenosis.  LA  left atrium       
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absent [ 48 ]. The arterial trunks may vary in 
location, with the aorta generally to the right of 
the pulmonary trunk (Fig.  7.23 ). If the trunks 
spiral as they leave the base of the heart, the 
VSD is usually subaortic. If the trunks are paral-
lel with the aorta anterior and rightward, the 
VSD is usually subpulmonic. When the VSD is 
only under the pulmonary trunk, the confi gura-
tion is called the Taussig–Bing heart [ 18 ,  48 ]. 
Usually, there is no fi brous continuity between 
the semilunar and atrioventricular valves with 
both great arteries arising predominantly from 
the RV.

      Postoperative DORV 
 Depending on the anomaly, different surgical 
methods are used in DORV. In unrestrictive 
subaortic VSD type, the VSD is closed to 
include the aortic valve as part of the LV, creat-
ing a tunnel that excludes the RV from the sys-
temic circulation. An intraventricular tunnel 
made of a Gore- Tex patch can baffl e blood from 
the LV through the VSD to the aorta [ 53 ,  54 ]. In 
Fallot type there is usually a subaortic VSD 
with pulmonary stenosis. A Rastelli repair is 
performed, with creation of an intraventricular 
tunnel to baffl e LV to the aorta and placement 

  Fig. 7.18    A 48-year-old female with double-chambered 
right ventricle ( RV ). Severe RVOT stenosis is seen as a 
result of thickened septomarginal ( yellow star ) and septo-
parietal ( red star ) trabeculations. Jet fl ow is seen in sys-

tole ( blue arrows ). Thickened wall RV inlet is shown. The 
right atrium ( RA ) and the RV are enlarged, and there is 
mild to moderate tricuspid regurgitation ( green arrow ). 
 LV  left ventricle       
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of a RV-to-pulmonary artery conduit (valved 
homograft) (Fig.  7.23 ). TGA type usually has a 
subpulmonary VSD without pulmonary steno-
sis. Complete repair with an arterial switch 
operation and a VSD to pulmonary artery baffl e 
is required in the neonatal period. Repair of 
DORV with a remote noncommitted VSD can 
be very complex [ 53 ]. In postoperative cases 
MRI or CT can easily shows the morphology 
and patency of both outfl ow tracts. In postop-
erative patient, issues that should be assessed 
with imaging include the status of both ventri-
cles, any evidence for subaortic or subpulmo-
nary obstruction if a tunnel-type operation has 
been performed, the presence of a residual 
VSD, and evidence for conduit stenosis or 
regurgitation.  

   Complete Transposition 
of the Great Arteries 
 In this anomaly ventriculoarterial discordance 
exists, meaning the aorta arises from the 
 morphological RV and the pulmonary artery 
arises from the morphological LV [ 55 ,  56 ] 
(Fig.  7.24a, b ). In TGA the aorta and main pul-
monary artery are parallel rather than crossing, 
and in most cases the aorta is located right ante-
rior to the pulmonary artery (Fig.  7.24 ). It is not 
uncommon to see the aorta directly anterior to 
the pulmonary artery [ 57 ]. Rarely, the arrange-
ment is side-by-side, with the aorta on the right 
and in front of the tricuspid valve [ 58 ]. RV dys-
function and pulmonary hypertension are rec-
ognized late outcome after the Mustard or 
Senning procedures [ 59 ,  60 ]. In arterial switch 

  Fig. 7.19    A 48-year-old with history of tetralogy of 
Fallot (TOF) and pulmonary atresia. Long conduit is 
shown ( blue colored ) extending between the right ventri-
cle outfl ow tract and left pulmonary artery branched with 
three separate connections ( 1 – 3 ) to the left pulmonary 

artery branches. The right atrium ( RA ) and right ventricle 
( RV ) are markedly dilated. The aorta is also enlarged ( Ao ). 
Note close approximation of the pulmonary valve conduit 
to the sternum ( white circles ). Extensive calcifi cations 
(calcs) are shown       

 

7 Right Ventricle Outfl ow Tract



152

a b

c d

  Fig. 7.20    Associated fi ndings in pulmonary branches of 
different adult patients with repaired TOF represented with 
RVOT regurgitation. A comprehensive assessment of pul-
monary branches is necessary before pulmonary valve 

implantations. ( a ) Severe right and left pulmonary arteries 
stenosis ( arrows ). ( b ) Absence of left pulmonary artery. 
( c ) Annular stenosis of distal right pulmonary artery ( arrows ). 
( d ) Mild narrowing of left pulmonary artery ( arrow )       

  Fig. 7.22    Morphology of the RVOT in repaired TOF is a 
major determinant of suitability for percutaneous pulmo-
nary valve replacement. Untreated TOF is shown for com-
parison (female 54 years old). Type I is aneurysmal 
(pyramidal) shape and the most common (50 %) and not a 
good candidate for valve replacement. Type II is cylindric 
with a constant diameter (14 %). Type III has an inverted 

pyramidal appearance (3 %), Type IV is fusiform (17 %), 
and Type V is narrow and tubular (13 %). Note stenosis at 
distal end of homograft in the fusiform RVOT. MR or CT 
is necessary for 3-dimensional analysis and appropriate 
measurements. MR assessment of right and left pulmo-
nary arteries is necessary for hemodynamic analysis in 
each candidate       
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  Fig. 7.21    Tetralogy of Fallot (TOF) with anterior peri-
valvular leak ( blue arrows ). Status post Hancock pulmo-
nary valve replacement and stenting of right and left 
pulmonary arteries ( pink arrows ). The metallic struts of 
the bioprosthetic valve cause artifacts that compromised a 
full evaluation of the pulmonary valve. The measured 

regurgitant fraction from the perivalvular insuffi ciency 
was approximately 15 %. The proximal portion of the 
main pulmonary artery ( MPA ) was aneurysmal measuring 
4.8 × 3.8 cm. Substantial branch pulmonary artery steno-
sis was treated by balloon dilation and endoluminal stent 
before valve replacement       
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procedure the pulmonary artery is brought for-
ward anterior to the aorta and the coronary but-
tons are sutured into the “neoaorta” [ 61 ]. 
Complications can be shown by CT or MRI. 
These include distortion of the RVOT and pul-
monary arteries, neoaortic root dilatation with 
aortic regurgitation, and rarely coronary artery 
stenosis [ 61 ].

      Congenitally Corrected TGA 
 In congenitally corrected TGA (ccTGA), blood 
fl ows in the normal direction but through the 
“wrong” ventricle (Fig.  7.24c, d ). The morpho-
logical LV and mitral valve supply the pulmonary 

circulation, and the morphological RV and tricus-
pid valve supply the systemic circulation [ 62 ,  63 ]. 
The most common anatomical arrangement is 
situs solitus with L-looping of the ventricles and 
the aorta anterior and leftward of the pulmonary 
artery [ 62 ]. At the earliest sign of deterioration in 
systemic ventricular function, systemic atrioven-
tricular valve regurgitation should be suspected 
[ 64 ,  65 ]. Most centers would not recommend a 
prophylactic double switch procedure for patients 
without associated abnormalities in whom RV 
and tricuspid valve function is normal. Regular 
assessment of ventricular function using cardiac 
MRI every few years is suggested [ 64 ].  

  Fig. 7.23    Spectrum of fi ndings in repaired DORV. A 
22-year-old male status post Rastelli repair for double 
outlet right ventricle (DORV). Rastelli repair is performed 
by an intraventricular tunnel made of a Gore-Tex patch 
( green arrows ) to baffl e left ventricular blood to the aorta 
( blue stars ) and placement of a right ventricular-to-pul-

monary artery ( PA ) conduit. RV-to-PA conduit shows 
mild narrowing ( red arrows ). Note side-by-side position 
of the aortic (A) and pulmonary (P) valves and the outlet 
septum between them ( yellow stars ).  RV  right ventricle, 
 RA  right atrium,  LA  left atrium,  LVOT  left ventricle out-
fl ow tract       
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   Truncus Arteriosus 
 Truncus arteriosus consists of a single arterial 
trunk giving origin to the pulmonary arteries, the 
coronary arteries, and the systemic circulation 
[ 66 ]. Several classifi cations of the common trunk 
have been proposed on the basis of the origins of 
the pulmonary arteries [ 66 ,  67 ]. Progressive dila-
tation of the common trunk as a result of cystic 
medial necrosis is common. The common trunk 
usually overrides a large, nonrestrictive VSD 

resulting from absence of the infundibular sep-
tum [ 18 ]. It lies between the 2 limbs of the septo-
marginal trabeculation. The truncal valve is 
usually tricuspid but can vary between 1 to 6 
cusps [ 18 ]. The basic repair involves closing the 
VSD and separating the PAs and attaching them 
to a valved conduit arising from RVOT [ 68 ] 
(Fig.  7.25 ). Most patients have reoperation by 
10–12 years for conduit replacement (usually 
because of the small size of the original conduit) 

a b

c d

  Fig. 7.24    Anatomical features of the outfl ow tract in trans-
position of great arteries (TGA) and congenitally corrected 
malposition of great arteries (ccTGA). ( a ,  b ) TGA status 
post atrial switch. In TGA the aortic valve ( Ao ) is located 
anterior to the pulmonary valve ( P ) in most cases, and the 
great arteries are parallel rather than crossing as they do in 
the normal heart. The second most common arrangement is 
with the aorta just anterior to the pulmonary artery. There is 
fi brous continuity of the mitral and pulmonary valves (m–p 
continuity). Intra-atrial baffl e ( yellow arrows ) shifts deoxy-
genated blood of the SVC and IVC into the left atrium ( LA ) 

vestibule, left ventricle ( LV ), and main pulmonary artery 
( MPA ). The right ventricle is the systemic ventricle and will 
be hypertrophied. ( c ,  d ) In ccTGA the ventricles are con-
genitally inverted with the LV located behind the sternum. 
The pulmonary ( P ) and aortic ( Ao ) valves are usually side-
by-side with the aorta on the left. This anatomical arrange-
ment of great arteries can be rarely seen in TGA (<10 %). 
The pulmonary artery in ccTGA arises directly from the LV 
with direct fi brous continuity between the mitral and pul-
monary valves.  IVC  inferior vena cava,  RA  right atrium, 
 SVC  superior vena cava       
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or truncal valve replacement because of valvular 
insuffi ciency. Truncus arteriosus should not be 
mistaken with hemitruncus [ 69 ]. Hemitruncus is 
best defi ned as a condition in which one branch 
of the pulmonary artery (usually the right) origi-
nates from the ascending aorta and the other 
branch has a normal course arising from a normal 
main pulmonary artery (Fig.  7.26 ).

         Functional Analysis of the RVOT 

 Accurate quantifi cation of the RV volume and func-
tion has remained clinically challenging despite 
advances in cardiac imaging. The  three- dimensional 

nature and complex anatomy of the RV make CT 
and MR ideal tools for assessing its size and 
function. 

   Imaging Techniques 

 Cardiac MRI is an excellent noninvasive imaging 
modality for RV function analysis and when 
serial monitoring is necessary (i.e., systemic RV) 
can be repeated. Unfortunately, in presence of a 
cardiac pacer, MRI is relatively contraindicated, 
although this circumstance is changing. In 
patients with a pacemaker, CT may be a better 
choice for functional assessment of RVOT 

  Fig. 7.25    Repaired truncus arteriosus. A prosthetic valve 
is placed in right ventricle pulmonary artery conduit. 
Conduit homograft is partially calcifi ed. Sub-truncal VSD 

patch is shown ( green arrow ).  AA  ascending aorta,  AV  aor-
tic valve,  VSD  ventricular septal defect,  PV  pulmonary 
valve,  R  right pulmonary artery,  L  left pulmonary artery       
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especially when evaluation of anatomy and com-
plications related to surgery is also desired and 
limitations exist for performing echocardiogra-
phy. Functional MR analysis of the RV and 
RVOT can be obtained using balanced SSFP cine 
images [ 70 ]. Manual or automated tracing of the 
endocardial borders of the RV will be performed 
at end-systolic and end-diastolic phases. The RV 
volume is then automatically calculated by sum-
mation of slice volumes. The process is then 

repeated by tracing the endocardial borders of the 
RV inlet or outlet according to the described ana-
tomical landmarks earlier. Using long-axis cross- 
reference images will help to correctly localize 
the level of atrioventricular and ventriculoarterial 
valves as well as the border between the inlet and 
outlet on short-axis images. Because of RV con-
duction delay in repaired TOF, the end-diastolic 
and end-systolic phases of the RV lag the LV. 
Therefore, images at these phases selected for the 

  Fig. 7.26    Hemitruncus with anomalous origin of the 
right pulmonary artery ( RPA ) from the ascending aorta 
( AA ). A patent ductus arteriosus ( PDA ) also exists. The 
CT data is obtained at pulmonary phase and only the right 
heart is opacifi ed. The left pulmonary artery ( LPA ) origi-

nates normally from the main pulmonary artery ( MPA ). 
Delayed opacifi cation of the RPA as a result of its origin 
from the aorta has given a double contrast to the left 
atrium ( LA ) with incomplete fi lling of the right pulmonary 
veins.  RV  right ventricle,  LV  left ventricle       
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LV volume measurement on short-axis images 
may not be the same phase for the RV. 

 Functional analysis can be performed using 
retrospective ECG-gated cardiac CT. Temporal 
resolution of CT is not as fast as MRI. With 
dual source scanners and new reconstruction 
algorithm, faster temporal resolution (i.e., 83 ms) 
can be obtained; this way the image quality can 
be improved by reducing motion artifact [ 71 ]. A 
comprehensive functional assessment of the RV 
may necessitate MR fl ow quantifi cation at the 
level of valves or when RVOT stenosis is sus-
pected on cine images (i.e., double-chambered 
RV). With new MR phase-contrast techniques, 
volumetric evaluation of hemodynamics is pos-
sible [ 72 ]. Care should be taken to avoid sternal 
wires and surgical clips when localizing the 
image plane to obtain routine phase-contrast 
measurements. Both breath hold and free breath-
ing techniques have been used during phase- 
contrast data collection. It is claimed that 
pulmonary regurgitant fraction is artifi cially low 
in expiratory breath hold technique compared to 
free breathing or inspiratory breath hold data 
acquisitions [ 73 ].  

   Arrangement of Muscle Bundles 

 Architecture of the myocardial strands in the 
left and right ventricles is fundamentally differ-
ent (Fig.  7.27 ). In the relatively thin wall RV 
circumferential and longitudinal orientations 
predominate [ 46 ,  74 ,  75 ]. Subepicardial myofi -
bers retain the circumferential arrangement, 
and deeper subendocardial myofi bers are 
arranged longitudinally. The hypertrophied RV 
in TOF can change in architecture to resemble 
the sandwich pattern (prominent circumferen-
tial middle layer) seen in the normal left ven-
tricle (LV) [ 74 ]. In the RV, the fi bers’ orientation 
can be different in the infundibulum. Myocardial 
strands are mainly aligned in circular fashion in 
the subepicardium of the RVOT and form the 
bulk of the wall [ 75 ] (Fig.  7.2 ). At the subendo-
cardium of the infundibulum, there are longitu-
dinally aligned myofi bers, these forming the 
series of septoparietal trabeculations that 

branch laterally from the septomarginal trabec-
ulation and may form parallel or crossed strands 
(Figs.  7.6  and  7.27 ). These septoparietal tra-
beculations can be fl at or prominent and may be 
hypertrophied as in pulmonary hypertension, 
TOF, or pulmonary valve stenosis, contributing 
to muscular pulmonary subvalvular stenosis 
(Fig.  7.6 ).

      Regional Differences in Right 
Ventricular Systolic Function 

 Global assessment of the RV function is diffi -
cult owing to the underlying complex anatomy 
with the inlet and outlet contracting almost per-
pendicular to each other. When the overall RV 
function is taken into account, it is important to 
mention that the inlet part of the RV has a 
greater contribution compared with the outlet. 
The outlet (infundibulum) comprises 20 % of 
the RV volume and contributes 15 % of the total 
RV ejection fraction [ 70 ]. The conduction in the 
RV is provided by a single long fascicle and 
takes time resulting in a peristaltic-like motion 
with the outlet following the RV inlet by >15 % 
of the cardiac cycle delay [ 70 ]. This pattern can 
be lost in pulmonary hypertension patients, and 
all RV components may reach minimum volume 
simultaneously [ 76 ,  77 ]. Furthermore, RVOT 
fractional shortening will be reduced early in 
patients with pulmonary hypertension, while 
their right ventricular systolic long-axis excur-
sion may remain stable [ 76 ] (Fig.  7.28 ). RVOT 
fractional shortening is simply calculated as the 
percentage shortening in RVOT anteroposterior 
diameter in systole with respect to that in dias-
tole using a three-chamber or axial view. The 
right ventricular systolic long-axis excursion is 
the difference between diastolic and systolic 
lengths of RV measured from the lateral margin 
of tricuspid ring to the RV apex on a four-cham-
ber view. Using CT data, it is seen that RVOT 
diameter and cross-sectional area measured dur-
ing systole are larger in patients with pulmonary 
hypertension compared with normal subjects, 
whereas diastolic values are not signifi cantly 
different [ 12 ].
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     Right Ventricle Outfl ow Tract Stenosis 
 RVOT hypertrophy is common in chronic pulmo-
nary valve stenosis and may lead to a fi xed or 
dynamic subvalvular stenosis (Fig.  7.3 ). RVOT 
stenosis, which can be due to extrinsic or intrin-
sic causes, can result in hemodynamic instability 
and defi ned as “signifi cant” when the peak right 
ventricular-to-pulmonary artery systolic gradient 
exceeds 25 mmHg. Furthermore, signifi cant 
RVOT stenosis is defi ned as “fi xed” if there is no 

change in RVOT dimensions during the cardiac 
cycle and as “dynamic” if RVOT dimensions 
increase appreciably in diastole [ 78 ]. A hypertro-
phied RV can maintain its function for years, 
even when RV pressures are near systemic. 
Symptoms occur at a variable level of valve gra-
dient but usually much later than an RV pressure 
exceeding 50 % of systemic pressure. 
Echocardiography is the best modality for diag-
nosis and grading of stenosis. MR and CT can 

a

a b

b c

  Fig. 7.27     Upper   panel : ( a – c ) These dissections show the 
change in the myocardial grain, representing the overall 
oblique or circumferential orientation of the myocardial 
strands in the epicardial or superfi cial region ( a ) of the right 
ventricular walls. Note that there is continuity between the 
superfi cial fi bers of the right and left ventricle ( arrows ). ( b ) 
Demonstrates prominent circumferential middle of the left 
ventricle ( blue dotted lines ) which is absent within the nor-
mal right ventricle. ( c ) Demonstrates the deep or subendo-
cardial region in an opened right ventricle ( yellow dotted 
lines ). This deep region can also be seen in the left ventricle 
( red dots ) in image  b . Note subendocardial myocardial 
strands are longitudinally or obliquely arranged at right 
angles with respect to epicardial strands.  RV  Right ventri-
cle,  LV  Left ventricle,  AA  Aorta,  CSO  Coronary sinus ori-

fi ce,  RAA  Right atrial appendage,  TV  Tricuspid valve ( blue 
line ),  PV  Pulmonary valve,  MPA  Main pulmonary artery. 
 Lower panel : ( a ) Endocardial view of the RVOT. Note that 
endocardial infundibular sleeve consists of septoparietal 
trabeculations ( stars ) arising from the septomarginal tra-
beculation ( SMT ), the medial papillary muscle ( MPM ) and 
the junction ( green arrows ) between the supraventricular 
crest ( SC ) shown by ( yellow arrows ), and SMT. The inter-
ventricular septum is shown by dotted ( blue line ). ( b ) Same 
specimen showing the RVOT subendocardial myofi bers 
arrangements. Note the crossing architecture pattern of the 
myocardial strands between the SMT with the septopari-
etal trabeculations and supraventricular crest below the 
pulmonary valve ( asterisks ).  L  left,  A  anterior,  R  right,  TV  
tricuspid valve,  APM  anterior papillary muscle       
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also provide valuable information on valve 
mobility, RV size and function, the presence of 
post-stenotic dilatation, locating a pulmonary 
subvalvular stenosis, and associated pathologies 
[ 79 ] (Fig.  7.29 ).

      RVOT and RV Function in Repaired TOF 
 Evaluation of the regional adaptation of three 
components of the morphological RV to different 
conditions of loading by imaging techniques can 
be important especially in repaired congenital 
heart disease. The apical trabecular component 

provides the major ejectile momentum of the 
ventricle, and its function is maintained in 
patients with slight-to-moderate ventricular dys-
function. The outlet part, in contrast, shows a 
consistently and markedly decreased ejection 
fraction irrespective of the nature of the overload. 
In post-repair TOF, although the surgical subjects 
have lower RVOT ejection fraction and higher 
indexed volumes, most show reserved inlet ejec-
tion fraction [ 80 ]. The pulmonary infundibulum 
may be essential for right ventricular ejection and 
for maintaining pulmonary valve competence. 

  Fig. 7.28    Right ventricle outfl ow tract ( RVOT ) function 
in pulmonary hypertension. In pulmonary hypertension, 
compared to normal, tricuspid ring ( TR ) excursion ( green 
arrows ) only mildly decreases, but the RVOT anteropos-
terior diameter ( AP ) remains unchanged or mildly con-
tracted in systole compared to diastole ( red arrows ). AP 

shortening fraction is used as one of the early parameters 
that will change in pulmonary hypertension. Note the 
length of RVOT ( blue arrows ) is not only changed but 
mildly increased in systole compared to diastole.  Yellow 
curve  shows the beginning of the RVOT       
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Transannular patching gives excellent relief of 
the RVOT obstruction but invariably causes pul-
monary insuffi ciency, hypokinesis and aneurysm 
of the RVOT, and fi brosis (Fig.  7.30 ). Surgical 

attempts to preserve pulmonary valve compe-
tence by limiting the patching to the ventricular 
area below the pulmonary valve may not protect 
patients from the late deleterious consequences 

  Fig. 7.29    Transaxial and long-axis MRI of a stenotic 
bicuspid pulmonary valve (PV) ( arrow ) with jet fl ow ( dou-
ble arrows ) and post-stenotic dilatation of the left pulmo-
nary artery ( LPA ) are shown in upper row. Systolic fl ow 
turbulence and increased peak velocity ( PVc ) of 3.5 m/s by 

phase velocity mapping were seen. Flow profi le, mL/s ver-
sus time (ms), is shown. There was moderate (free) pulmo-
nary valve insuffi ciency with regurgitant fraction ( RF ) 
35 %. The regurgitant fraction is defi ned as regurgitant 
volume divided by the stroke volume.  AA  ascending aorta       
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  Fig. 7.30    Post-repaired tetralogy of Fallot showing free 
fl ow regurgitation at pulmonary valve level best shown on 
phase image ( arrows ). Flow profi le, mL/s versus time 
(ms), shows moderate to severe pulmonary valve insuffi -
ciency with a regurgitant fraction ( RF ) of 46 %. Peak 
velocity ( PVc ) was 2.1 m per second (m/s). Time-fl ow 
volume curve is recorded reverse with forward fl ow 

shown in negative direction. Note mild late diastolic for-
ward fl ow due to forced atrial contraction related to 
impaired relaxation of the right ventricle. Documentation 
of severe pulmonary regurgitation, exercise limitation, 
and excessive right ventricular dilatation, defi ned by a 
RV/LV ratio of 2:1 by MRI, has been used as criteria for 
valve replacement       
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of RV dilatation [ 81 ]. It is possible that the source 
of global RV dysfunction in repaired TOF is 
because of the dyskinesis of the infundibulum 
and dyssynchrony of RV contraction [ 82 ]. There 
is a close relationship between the degree of pul-
monary insuffi ciency and RV diastolic dimensions 
and stroke volume. Adverse ventricular–ventric-
ular interaction could be an important mecha-
nism in which RV dilatation and dysfunction lead 
to LV dysfunction. In phase-contrast analysis of 
the outfl ow tract regurgitation, both regurgitant 
volume and fraction values are equally important 
and should be reported [ 83 ]. Regurgitant fraction 
(regurgitant volume x 100/forward fl ow volume, 
in %) can be artifi cially high in the presence of 
low RV systolic function but modest amount of 
regurgitant volume. It is also important to mea-
sure differential regurgitant fraction of the left 
and right pulmonary artery branches. In the 

absence of stenosis or marked dilatation of one 
vessel, regurgitant fraction is usually higher on 
the left side and may be related to increased 
peripheral vascular resistance [ 84 ] (Fig.  7.31 ). 
Indications of pulmonary valve replacement 
include in moderate to severe insuffi ciency, RV/
LV diameter or end-diastolic volume ratio >2, 
RV end-diastolic volume index >150–160 mL/
m 2 , RV and/or LV dysfunction, and large RVOT 
aneurysm. Cardiac MR is the ideal method 
for longitudinal follow-up in patients with 
repaired TOF. Following percutaneous valve 
replacement, end-diastolic and end-systolic 
volumes decrease by 30–40 %, and tricuspid 
regurgitation improves, although global RV sys-
tolic function (measured as ejection fraction) 
remains unchanged. The RV size may not return 
to normal in preoperative end-diastolic volume 
index >170 mL/m 2  [ 79 ].

  Fig. 7.31    Time-fl ow curves, phase-contrast magnitude 
views, and volume-rendered MR angiography of pulmonary 
arteries are shown. Status after tetralogy of Fallot repair with 
larger right pulmonary artery ( RPA ) compared to the left pul-
monary artery ( LPA ). Differential regurgitant fraction ( RF ) 

of the RPA and LPA is shown. Despite larger size of RPA, the 
net fl ow to both RPA and LPA is almost equal due to larger 
RF of the RPA. The elevated RPA–RF may be related to 
elevated right-sided pulmonary vascular resistance.  BF  back-
ward fl ow,  MPA  main pulmonary artery,  FF  forward fl ow       
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    Detailed information about three-dimensional 
(3D) hemodynamics and fl ow alterations occur-
ring in the RVOT and the entire pulmonary vascu-
lar system in post-repair TOF are important before 
valve surgery. Time-resolved 3D phase- contrast 
MRI with three-directional velocity encoding, also 
known as fl ow-sensitive 4D-MRI, has introduced 
as a valuable method for comprehensive analysis 
of RVOT function [ 72 ]. Routine phase-contrast 
methods can be used to quantify differential pul-
monary fl ow in order to assess the signifi cance of 
a branch pulmonary stenosis. A severe discrep-
ancy in pulmonary blood fl ow (>35 %) requires 
treatment of the branch pulmonary stenosis before 
repair of the RVOT [ 79 ]. Identifi cation of residual 
intracardiac shunt with cardiac MR is also impor-
tant before percutaneous pulmonary valve replace-
ment. For example, in the presence of a moderate 
pulmonary regurgitation (35 % regurgitant frac-
tion) and RV  dilatation, even a small shunt (i.e., 
<1.3 pulmonary-to-systemic fl ow ratio) can be 
problematic and should be treated.  

   RVOT Function in Systemic RV 
 In patients with ccTGA and post-atrial switch 
TGA, the RV functions as the systemic pumping 
chamber. In these condition the infundibulum is 
very short and underdeveloped, and RV dysfunc-
tion and tricuspid regurgitation are common 
(Fig.  7.24 ). A shift in the systemic RV myostruc-
ture from longitudinal to circumferential shorten-
ing is seen as an adaptive response to the systemic 
load when compared with the normal RV. 
However, in contrast to the normal LV, ventricu-
lar torsion is essentially absent and strain rate is 
reduced [ 85 – 87 ]. It seems that ventricular hyper-
trophy, the design of the respective atrioventricu-
lar valve, the lack of torsion, reduced strain rate, 
and possibly myocardial ischemia might be fac-
tors responsible for accelerated failure of the sys-
temic RV [ 86 – 89 ]. Generally, the goals of MRI 
after an atrial switch procedure include evalua-
tions of the function and size of the ventricles, 
careful assessment of the intra-atrial baffl e for 
leak and stenosis, atrioventricular valves for 
regurgitation, and outfl ow tracts for obstruction. 
The number of adult patients with ccTGA who 
need CT or MRI for early detection of complica-

tions has been increasing, due to better imaging 
techniques as well as increasing life expectancy 
of these patients. A small percentage of patients 
with ccTGA have no intracardiac defect and may 
remain asymptomatic until age 40–50. The role 
of MRI or CT in these cases is mainly in the 
assessment of systemic RV function and associ-
ated tricuspid regurgitation. CT may be advanta-
geous over MRI in delineation of the coronary 
anatomy origin before surgery or in patients with 
an endocardial pacer.   

   RVOT Myocardial Scar 

 Detection of myocardial scar in MR or CT exam 
of adult congenital heart malformations is not 
uncommon and most of the time is located at areas 
of patch repairs or ventriculostomy (Fig.  7.32 ). 
Scar tissue and/or patch material in the RVOT can 
adversely affect RV mechanics after TOF repair. 
In post-repair TOF, regional functional abnormali-
ties and hyperenhancement are most common in 
the RVOT [ 90 ]. Hyperenhancement frequently 
extends to the anterior RV free wall and neighbor-
ing segments. Typical sites of hyperenhancement 
include anterior wall of RVOT (99 %), VSD patch 
area (98 %), moderator band (24 %), site of apical 
vent insertion in the LV (48 %), and inferior (80 %) 
and superior (24 %) insertion points [ 90 ]. Delayed 
myocardial enhancement in the systemic RV 
(TGA with atrial switch and ccTGA) is not uncom-
mon and has direct correlation with patient age, 
myocardial wall thickness, and end- systolic vol-
ume of the RV and may be associated with cardiac 
arrhythmia and sudden death [ 85 ]. Enhancement 
patterns include localized full- thickness RV ante-
rior wall enhancement, small patchy areas of 
enhancement, and VSD closure site. It is impor-
tant to remember that in the presence of subendo-
cardial or transmural enhancement in a vascular 
territory, coronary artery disease should be 
excluded. Enhancement at RV free-wall insertion 
to interventricular septum is a common fi nding 
and seems more characteristic of continuous pres-
sure overload [ 85 ]. RVOT wall enhancement in 
arrhythmogenic right ventricular cardiomyopathy/
dysplasia (ARVD/C) is not uncommon [ 91 ].
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      RVOT and Cardiac Arrhythmias 

 The RVOT is generally a common source of car-
diac arrhythmias. The embryonic OFT consists of 
slowly conducting tissue until it is incorporated 
into the ventricles and develops rapid conducting 
properties. It is suggested [ 92 ] that remnants of 
the embryonic OFT phenotype and expression 
profi le in the adult RVOT determine the electro-
physiological and structural characteristics that 
make the RV more vulnerable for arrhythmias. 
Patients with TOF have higher rate of atrial and 
ventricular arrhythmias [ 93 ]. Potential risk factors 
for ventricular tachycardia (VT) include aneurys-
mal dilation of the RVOT, RV dilatation, and pul-
monary regurgitation. Ventricular arrhythmias are 
usually localized to the RVOT act, and the scars at 
infundibulotomy, VSD patch repair, or ventricu-
lostomy may increase the risk [ 93 ]. 

 Morphological changes of the RV free wall 
are described in patients with idiopathic RVOT 
tachycardia using MRI including fat deposition, 
wall thinning, saccular aneurysm, and dyskinesis 
in up to 60–65 % of cases [ 94 ,  95 ]. VT is also a 
common complication in patients with arrhyth-
mogenic right ventricular cardiomyopathy/dys-
plasia (ARVD/C) and may arise from the RVOT 
[ 96 ]. Currently, RVOT ventricular tachycardia 
ablation is guided by traditional electrophysio-

logic and electroanatomic methods. CT and MR 
can help in demonstrating myocardial scar, vas-
cular integrity of the RVOT, and better localizing 
the source of arrhythmia by image fusion tech-
niques. The relationship of coronaries with 
RVOT can nicely be depicted with CT scan. 
When distance between the coronary arteries and 
the ablation sites is found to be less than 5 mm, 
cryoablation or 4-mm-tip catheters may be con-
sidered to avoid short- and long-term damage to 
the coronary arteries [ 97 ]. Fat deposition in the 
RV and RVOT wall is not limited to idiopathic 
VT or ARVD [ 98 ]. It is seen in 25 % asymptom-
atic general population and increases with age 
[ 99 ,  100 ]. Fat can develop at the site of any myo-
cardial scar including the site of surgery (i.e., 
Ross procedure). The relation of RV fat with RV 
function or OFT arrhythmias is not clear.  

   Rare Causes of RVOT Obstruction 

 Extrinsic RVOT obstruction has been recognized 
as a possible cause of hemodynamic instability 
after cardiac surgery and should be reported in 
postoperative chest CT scans [ 81 ]. Extrinsic 
compression can occur from an aortic or pulmo-
nary artery aneurysm or postoperative mediasti-
nal hematoma [ 101 ]. Intrinsic obstruction is 

  Fig. 7.32    Common locations of RVOT myocardial scars. 
In tetralogy of Fallot ( TOF ), scars at surgical repair site, 
around VSD patch, and ventriculostomy site are the most 
common locations. The right ventricle ( RV ) free wall can 
easily be involved in systemic RV ( red arrows ) as shown 
in this 41-year-old patient with truncus arteriosus and 

single ventricle. Enhancing sites at the RV free-wall inser-
tion sites to the septum are benign fi ndings ( green arrows ). 
The left ventricle wall is involved in middle image ( red 
arrow ). Scars in RVOT may predispose to cardiac arrhyth-
mias.  LV  left ventricle,  VSD  ventricular septal defect       
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mainly related to congenital heart disease. 
Hypertrophic cardiomyopathy and ventricular 
non-compaction may rarely cause RVOT obstruc-
tion [ 102 ,  103 ].  

   Post-Ross Outfl ow Tract 

 The Ross procedure is aortic valve replacement 
with the autologous pulmonary valve which 

eliminates problems with aortic prosthetic valve 
or allograft replacements especially in children 
[ 104 ]. It is a procedure of choice in children 
with severe anomaly of the aortic valve and/or 
left ventricular outfl ow tract obstruction [ 105 ]. 
The main concern after surgery is dilatation of 
the neoaortic root leading to progression of aor-
tic regurgitation, especially in the settings of 
geometric mismatch of the aortic and pulmo-
nary roots and regurgitant valve (Fig.  7.33 ). 

  Fig. 7.33    A 29-year-old male with congenital heart disease, 
status post Ross procedure, and pulmonary homograft revi-
sion. MR images show dilated aortic root (pulmonary auto-
graft) and severe aortic regurgitation with regurgitant fraction 

of 45 %. The bioprosthetic pulmonary valve ( PV ) showed 
mild stenosis and regurgitation. Note fatty degeneration of 
right ventricle outfl ow tract ( RVOT ) and intramyocardial scar 
of the left ventricle ( LV ).  AA  ascending aorta       
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Problems with the homograft used in recon-
struction of the RVOT are not usually signifi -
cant, although mild regurgitation is common 
and up to about 20 % of patients tend to have 
mild gradients which can be relieved with bal-
loon dilatation [ 105 ].

      Bjork Surgery 

 The procedure involves right atrium to RV con-
nection and has been done in the past for tricus-
pid atresia (Fig.  7.34 ). The usual surgical 
approach for tricuspid atresia is Blalock–Taussig 

  Fig. 7.34    Axial and coronal CT images. Bjork surgery 
showing right atrium ( RA ) to RVOT ( upper row ) versus 
total cavopulmonary connection with extracardiac lateral 

Fontan tunnel ( bottom ) for tricuspid atresia. Note mark-
edly dilated right RA in Bjork.  RV  right ventricle,  RVOT  
right ventricle outfl ow tract,  VSD  ventricular septal defect       
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shunt or pulmonary artery band soon after birth, 
followed by Glenn surgery (bidirectional cavo-
pulmonary shunt) at 3–6 months of age, and 
fi nally Fontan surgery at 2–3 years of age [ 106 ].

       Conclusion 

 Detailed information about the embryology 
and anatomy of RVOT provides a better 
understanding of the spectrum of diseases 
involving this important area and helps to nar-
row differential diagnosis of malformations 
involving this important structure. CT and MR 
can provide most of the data regarding ana-
tomical, functional, and pathological changes 
of the RVOT.     
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        Left ventricular outfl ow tract obstructions (LVOTO) 
encompass a series of stenotic lesions starting in 
the left ventricular outfl ow tract (LVOT), including 
the aortic valve and extending to the ascending 
aorta. Depending on defi nition, also intraventricu-
lar obstruction and hypoplastic left heart syndrome 
are included in the types of LVOTO. 

 Left ventricular outfl ow tract obstructions can 
occur at several levels (Fig.  8.1 ):
•     Valvular LVOTO in the adult patient with con-

genital heart disease is usually due to bicuspid 
aortic valve. It usually occurs isolated but can 
be associated with other abnormalities, the 
most common being coarctation of the aorta, 
persistent ductus arteriosus, or aneurysm of 
the ascending aorta.  

•   Subvalvular LVOTO is usually either a dis-
crete fi bromuscular ridge which partially or 
completely encircles the LVOT or a long 
fi bromuscular narrowing beneath the base of 
the aortic valve.  

•   Supravalvular LVOTO may occur rarely in 
isolation as an hourglass deformity. It is more 
often diffuse, however, involving the major 
arteries to varying degrees and begins at the 
superior margin of the sinuses of Valsalva.    

   Embryology 

 Valvulogenesis is a complex process during 
embryonic development whereby a fragile gelati-
nous matrix is remodeled into thin fi brous leafl ets 
capable of maintaining unidirectional fl ow over a 
lifetime. Defective valvulogenesis can result in 
impaired cardiac function and lifelong complica-
tions [ 1 ]. A variety of signaling pathways, tran-
scription factors, and genes are involved during 
valvulogenesis. In the recent years, a large num-
ber of genes that play important roles in heart 
development have been identifi ed [ 2 ]. 

 In the outfl ow tract, mesenchymal cells origi-
nating from migrating cardiac neural crest cells 
will reach the outfl ow tract cushions and together 
with endocardially derived mesenchymal cells will 
contribute to the formation of the aortic and pulmo-
nary valves. Growth factors signal the process 
of endocardium-to-mesenchyme transformation 
(EMT) resulting in formation of prevalvular cush-
ions. EMT is followed by a remodeling process 
whereby mesenchyme differentiates into collagen 
secreting interstitial valve fi broblasts. This com-
plex process leads to leafl et compaction, attenua-
tion, and formation of fi brous continuities that are 
indicative of the mature valve tissue (Fig.  8.2 ). 
Subtle perturbations in endocardial cushion devel-
opment can lead to heart valve diseases, including 
bicuspid aortic valve (BAV) [ 1 ,  3 ].

   The morphology of the BAV usually includes 
leafl ets of unequal size as the result of the fusion of 
two cusps. The larger leafl et is characterized by a 
raphe, which is a thin ridge of tissue that  represents 
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the location where the two cusps fused during 
valve development. The most frequent BAV sub-
types are those with fusion of the right and left 
(RL) coronary leafl et and those with fusion of the 
right and noncoronary (RN) leafl et. Insight into 
the etiology of the RN and RL BAVs was further 
gained from studies of Nos3 null mice as well as 
the inbred Syrian hamsters strain which selectively 
display RN and RL subtypes, respectively. These 
studies suggested that the BAV-RN is caused by 
defective formation of the outfl ow tract cushion, 
whereas the BAV-RL is likely the result of defec-
tive outfl ow tract septation [ 4 ,  5 ]. Thus, the two 
BAV subtypes appear to have distinct etiologies.  

   Imaging Techniques 

 Cardiac MRI and CT provide highly reproduc-
ible and accurate assessments of the structure and 
function of the left ventricle and valves. They can 

be used for accurate depiction of complex cardio-
vascular anatomic and functional features both 
before and after surgery. The comprehensive 
evaluation of the LVOT and aortic valve has been 
expanded. Especially, CT and MRI can be used 
for accurate morphologic characterization of the 
aortic valve. MRI can visualize the cardiac struc-
ture and function without contrast medium, 
whereas for CT contrast medium by bolus injec-
tion of an iodinated contrast is necessary for ade-
quate analysis of cardiac anatomy. 

 MRI typically involves ECG gating and 
breath-hold acquisitions. SSFP (steady-state free 
precession) sequences allow best functional and 
anatomic analysis of the cardiac structures and 
the aortic root. Functional analysis of the left 
ventricle is usually performed by semiquantita-
tive tracing of myocardial borders by modifi ed 
Simpson’s rule or newer 4D analysis. SSFP 
sequences are applied in short-axis, long-axis, 
and orthogonally angulated views to allow 

a b c  Fig. 8.1    Types of congenital 
left ventricular outfl ow tract 
obstruction. ( a ) Valvular 
aortic stenosis. ( b ) 
Subvalvular aortic stenosis. 
( c ) Supravalvular aortic 
stenosis       

EMTEarly Remodeling Mature

  Fig. 8.2    Schematic illustration of valvular morphogene-
sis. Endothelial-to-mesenchymal transition ( EMT ) is fol-
lowed by a remodeling process whereby mesenchyme 

differentiates to fi broblasts. This process leads to leafl et 
compaction and mature valve tissue       
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 morphologic evaluation of the valve and the 
LVOT. If information about the velocity of fl ow 
across the aortic valve/LVOT is specifi cally 
requested, velocity-encoded phase-contrast cine 
images are acquired perpendicular to aortic blood 
fl ow. Comprehensive 4D velocity MRI for visu-
alization and quantifi cation of cardiovascular 
hemodynamics has been recently developed to 
understand these pathologies. A delayed contrast- 
enhanced technique (gadolinium) MRI is usually 
used to visualize the extent of myocardial fi bro-
sis, especially in left ventricular hypertrophy. 

 CT with a single breath-hold acquisition 
allows perfect anatomic images of the whole 
heart including the LVOT, aortic valve, and aor-
tic root. With advances in CT scanners and soft-
ware, high-quality 2D reformatted and 3D 
reconstructed images can be generated to under-
stand the complex cardiovascular anatomy. These 
scanners generate isotropic data sets with voxels 
measuring less than 1 mm in the  x -,  y -, and 
 z -planes. A combination of 2D multiplanar and 

3D maximum-intensity-projection and volume- 
rendered images is most commonly used. Two- 
dimensional multiplanar reformations can be 
generated in any plane with resolution compara-
ble with that of axial images. Three-dimensional 
maximum-intensity-projection and 
 volume- rendered images can be used to display a 
portion of defi ned cardiac structures which pro-
vides high spatial resolution in all 3 dimensions 
and thus excellent visualization of the LVOT, aor-
tic valve, and aortic root. Functional analysis 
with CT is also possible, but this is addressed by 
increased radiation expose.  

   Anatomy of the LVOT 

 CT and MRI provide a clear defi nition of the 
LVOT (Figs.  8.3  and  8.4 ). The LVOT is the region 
of the left ventricle that lies between the anterior 
cusp of the mitral valve and the ventricular sep-
tum. In the anterior wall are both the muscular 

a b

c

  Fig. 8.3    CT of the LVOT and its neighbor structures. ( a , 
 b ) Long-axis views. ( c ) Cross-sectional orthogonal view of 
the basal LVOT (corresponding  yellow lines ) showing the 
elliptical shape of the bottom of LVOT.  AA  ascending aorta, 

 AV  aortic valve,  IVS  interventricular septum,  LA  left atrium, 
 LV  left ventricle,  LVOT  left ventricle outfl ow tract,  MV  
mitral valve,  RA  right atrium,  RV  right ventricle,  MS  mem-
branous septum ( green line ),  Dotted red line  delimits LVOT       
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and membranous parts of the ventricular septum. 
The atrioventricular bundle lies at the junction of 
the muscular and membranous parts of the sep-
tum (Fig.  8.5 ). The posterior wall of the outfl ow 
tract is formed not only by the anterior mitral 
cusp but also by the intervalvular septum and, in 
its upper part, by a curtain formed by the fusion 
of the anterior and posterior mitral cusps. The 
roof of the LVOT is formed by the aortic valve. 

The LVOT area is not exclusively circular but 
often assumes a more ellipsoid-like shape. 
Dynamic changes of the LVOT area during sys-
tole are detectable in normal individuals. LVOT 
is more circular during systole, but the AP diam-
eter remains smaller than the transverse diameter 
throughout the cardiac cycle. The oval shape of 
the LVOT has important implications when 
LVOT area is calculated from LVOT diameters.

  Fig. 8.4    Short-axis MRI of the LVOT at different levels.  LA  left atrium,  LV  left ventricle,  LVOT  left ventricle outfl ow 
tract,  RV  right ventricle,  Red dotted line  delimits the LVOT at different levels ( white lines ), LVOT circumference and 
diameters are shown in white       

  Fig. 8.5    Anatomic landmarks of the cardiac conduction system by CT.  AVN  atrioventricular node,  LBB  left bundle 
branch,  LC  left cusp,  MS  membranous septum,  NC  noncoronary cusp,  RC  right cusp  dotted red line  in axial view shows 
the level of coronal plane       
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       Aortic Valve 

 The normal aortic valve is a trileafl et valve with 
the left and right cusps giving rise to the left and 
right coronary arteries, respectively (Fig.  8.6 ). 
The noncoronary cusp is in fi brous continuity 
with the anterior leafl et of the mitral valve. The 
aortic valve has a semilunar attachment to the 
junction of the left ventricular outlet and the aortic 
root. The cusps have a main core of fi brous tissue 
with endocardial linings on each surface. The 
cusps are thickened at the midpoint to form a nod-
ule. The area of the aortic orifi ce in a normal adult 

is 3.0–4.0 cm 2 . The imaging plane of the aortic 
valve to identify the cusps is defi ned by obtaining 
long-axis views of the LVOT and the proximal 
aorta (3-chamber and 2-chamber views). The val-
vular plane is then obtained by orthogonal views 
perpendicular to the annulus (Fig.  8.7 ).

       Anatomy of the Ascending Aorta 
and Aortic Root 

 CT and MRI allow a detailed understanding 
of the complex three-dimensional aortic root 

  Fig. 8.6    MRI of a tricuspid aortic valve with three cusps 
during diastole ( left ) and systole ( right ). Interatrial septum 
(*). Image reconstruction to obtain a cross-sectional 

 multidetector CT image at the level of the aortic leafl et tips. 
 LA  left atrium,  LAA  left atrial appendage,  LC  left cusp,  NC  
noncoronary cusp,  RA  right atrium,  RC  right cusp       
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 anatomy, including the crown-shaped anatomic 
aortic annulus, the virtual basal ring, the sinuses 
of Valsalva, the valve leafl ets, and the sinotubu-
lar junction (Figs.  8.8  and  8.9 ). The ascending 
aorta consists of the aortic root and the tubu-
lar segment [ 6 ]. The border between the two is 
called the sinotubular junction. The aortic root, 
representing the outfl ow tract from the left ven-
tricle, provides the supporting structures for the 
leafl ets of the aortic valve and forms the bridge 
between the left ventricle and the ascending 
aorta. The top end of LVOT, the aortic annu-
lus, the commissures, the sinuses of Valsalva, 
the coronary ostia, and the sinotubular junction 
are the framework in which the valve leafl ets 
are hanging. The annulus is an oval-shaped, 
3-pronged coronet with 3 anchor points at the 
nadir of each aortic cusp [ 7 ]. The attachment of 

the aortic cusps is semilunar, extending through-
out the aortic root from the LV distally to the 
sinotubular junction. The anatomic boundary 
between the left ventricle and the aorta, how-
ever, is found at the point where the  ventricular 
structures change to the fi broelastic wall of the 
arterial trunk. This locus is not coincident with 
the basal attachment of the leafl ets of the aortic 
valve.

    The root is much wider at the midpoint of the 
sinuses than at either the sinotubular junction or 
the basal attachment of the leafl ets [ 8 ]. This 
becomes of signifi cance when considering mea-
surements of the annulus because the hinges of 
the leafl ets extend through all these three levels. 
The appropriate measuring points are at the bot-
tom of the basal valvular attachments, at the wid-
est point of the sinuses, and at the sinotubular 

  Fig. 8.7    Plane selection by CT. From a short-axis image, 
imaging planes were planned through each of the three 
cusps of the aortic valve.  Left  (LC,  red ),  right  (RC,  blue ), 
and noncoronary (NC,  yellow ) cusps.  IVS  interventricular 

septum,  LA  left atrium,  LC  left cusp,  LM  left main artery, 
 NC  noncoronary cusp,  RA  right atrium,  RC  right cusp, 
 LAA  left atrial appendage,  RVOT  right ventricle outfl ow 
tract       
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junction. Beyond diameter measurements, the 
perimeter appears especially useful for defi nition 
of the exact size in multiplanar CT or MRI. An 
exact visualization of the aortic root and ascend-
ing aorta is important as diseases of these struc-
tures are commonly related to bicuspid aortic 
valve disease and in an interventional and surgi-
cal context.  

   Left Ventricular Systolic Function 

 Cardiac volumes and ejection fraction have 
important prognostic and therapeutic implica-
tions in cardiology. Systolic left ventricular ejec-
tion fraction is a strong predictor for prognosis in 
valvular heart disease [ 9 ]. Left ventricular end- 
diastolic volume and end-systolic volume mea-
surement by section summation of contiguous 
MRI short-axis images is the reference standard 
for left ventricular function. Cine images in 
short-axis and two long-axis orientations are 
used for left ventricular function analysis by 
guide-point modeling ventricular function analy-
sis (Fig.  8.10 ).

      Left Ventricular Mass 

 LVOTO results in concentric hypertrophy which is 
characterized by a reduced end-diastolic radius-to-
wall thickness ratio or volume-to-mass ratio 
(Fig.  8.11 ). The left ventricular response to LVOTO 
is complex. It consists of a combination of wall 
thickening and a change in cavity size with associ-
ated effects on systolic and diastolic function. 
Concentric hypertrophy is defi ned by a combina-
tion of left ventricular hypertrophy and increased 
relative wall thickness. Patients with LVOTO had 
wide variation in left ventricular geometry and 
function [ 10 ]. Left ventricular hypertrophy is asso-
ciated with myofi brillar hypertrophy, but also fi bro-
sis, which is the deposition of collagen and 
fi bronectin. Focal scarring can be observed in 
severe left ventricular hypertrophy caused by aortic 
stenosis and correlates with the severity of left ven-
tricular remodeling [ 11 ] (Fig.  8.11 ). The amount of 
myocardial fi brosis by delayed contrast enhance-
ment is associated with the degree of left ventricu-
lar functional improvement and all-cause mortality 
late after aortic valve replacement in patients with 
severe aortic valve disease [ 12 ].

  Fig. 8.8    CT of the ascending aorta and the aortic root with 
its anatomic landmarks of sinotubular junction ( STJ ) and aor-
tic annulus ( delimited by white lines ). The aortic root can 
further be divided in subsegments: the aortic valve, the sinus 
of Valsalva, ( dotted red line ) the anatomic ventriculo-aortic 
junction ( VAJ ), and the virtual basal ring ( blue line ). The vir-
tual basal ring represents the level of the basal insertions of 
the aortic cusps at the left ventricle. The aortic cusps extend 

from sinusal level through the anatomic VAJ to the virtual 
basal ring. As shown, the bottom of the cusps sags through 
the anatomic VAJ. The entire circumference of the AJ and the 
basal attachment of the aortic cusps can be accurately identi-
fi ed using CT. The  green line  shows the level of the VAJ with 
the transformation of the arterial wall into the ventricular 
wall. The  black line  shows the STJ.  AA  ascending aorta,  IVS  
interventricular septum,  LA  left atrium,  LV  left ventricle       
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Virtual basal
ring

Ventriculo
arterial ring

Sinutublar junction ringa

b

  Fig. 8.9    Schematic representation ( a ) and contrast vol-
ume-rendering CT ( b ) of the aortic root with its anatomic 
landmarks. The virtual ring represents the lowest points of 
attachment of the aortic leafl ets into the LV. The semilu-
nar valves extend from the sinotubular junction ( STJ ) 
( black line ) across the anatomic ventriculoarterial junc-
tion ( VAJ ) ( green line ) to the virtual basal ring ( blue line ). 
This creates a triangle of artery as part of the ventricle 
between each leafl et ( dotted white line ). The curved 
reconstructed CT images show the right coronary sinus 

( RCS ) and sinus in relation to the anatomic VAJ and the 
virtual basal ring. The two top attachments of the right 
coronary cusp ( RC ) are shown, and an angulated view 
( dotted white line ) is reconstructed. This view shows the 
basal attachment of the right coronary cusp.  AA  ascending 
aorta,  LA  left atrium,  LCA  left coronary artery,  LCS  left 
coronary sinus,  LV  left ventricle,  NCS  noncoronary sinus, 
 RCA  right coronary artery (A adapted from Anderson [ 8 ] 
with permission)       
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      Valvular LVOTO: Aortic Valve Stenosis 

 The normal aortic valve is trileafl et. Congenital 
forms of valve disease are either unicuspid, 
bicuspid, or quadricuspid. Bicuspid aortic valve 
is the most common congenital cardiac anomaly 
occurring in 1–2 % of the population with a male 
predominance (4:1) [ 13 ] (Fig.  8.12 ). Mutations in 
the NOTCH-I gene have been related to bicuspid 
aortic valve. Valve dysfunction in BAV is charac-
terized by an earlier onset and a higher rate of 

progression in comparison to patients with tricus-
pid aortic valve disease [ 14 ]. Further, BAV has a 
predisposition to infective endocarditis [ 15 ]. 
Aortic stenosis is the most common complication 
of patients with BAV [ 16 ]. Twenty percent of 
patients with bicuspid aortic valve have an 
 associated cardiovascular abnormality, such as 
patent ductus arteriosus or aortic coarctation. 
Aortic stenosis does not become hemodynami-
cally signifi cant unless the valve area is reduced 
to approximately 1.0 cm 2 .

  Fig. 8.10    Endocardial and epicardial contours are drawn 
in short-axis and long-axis views. The contours are drawn 
in end-diastole and end-systole to calculate left ventricle 

volumes and ejection fraction. The heart model clearly 
shows the short-axis contraction compared to the long-
axis contraction of the left ventricle       

  Fig. 8.11    Left ventricular hypertrophy and fi brosis. 
Short-axis cine and delayed contrast-enhanced cardiovas-
cular MR image show concentric left ventricular hyper-
trophy and patchy areas of delayed hyperenhancement 

( arrows ), corresponding to myocardial fi brosis. The con-
centric hypertrophy is characterized by a reduced end-
diastolic radius-to-wall thickness ratio (EDD/IVS).  EDD  
end-diastolic diameter,  IVS  interventricular septum       
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      Anatomy and Classifi cation 
of Bicuspid Valve 

 Bicuspid aortic valve stands for a common con-
genital aortic valve malformation with hetero-
geneous morphologic phenotypes (Fig.  8.13 ). In 
general, a purely bicuspid aortic valve has only two 
cusps and has a characteristic fi sh-mouth appear-
ance on short-axis images. Histopathological 
fi ndings, however, show additional phenotypes of 
the bicuspid aortic valve regarding to the number 
of raphes, spatial  position of cusps or raphes, and 
the functional status of the valve [ 16 ]. Thus, over 
the past years, different bicuspid aortic valve clas-
sifi cations were described. These classifi cations, 
however, are not uniform and easily applicable. 
Recently, a systematic classifi cation of BAV with 
respect to the numbers and spatial position of 
the cusps and raphes, as well as the functional 
status, was found reliable and appropriate for 
a classifi cation system from a surgical point of 
view (Table  8.1 ) (Fig.  8.14 ) [ 17 ]. By applying 
Sievers’ classifi cation system, MRI and CT allow 
excellent characterization of valve phenotype in 

patients with bicuspid aortic valve for improved 
management of this entity (Figs.  8.15 ,  8.16 , and 
 8.17 ) [ 18 – 21 ].

            Calcium Score 

 The method of the calcium scoring of the coronary 
arteries is well established as the imaging- based 
tool to assess cardiovascular risk. A few studies 
used the method of calcium scoring for assessment 
of the calcium content in the evaluation of the aor-
tic valve disease [ 22 – 25 ] and demonstrated a good 
correlation between transaortic gradients on echo-
cardiography and valvular calcium. Between 
bicuspid and tricuspid aortic valves, the calcium 
score is equal. Histoarchitectural distribution of 
calcifi c deposits is different between bicuspid and 
tricuspid stenotic aortic valves which can be visu-
alized by CT (Fig.  8.18 ). Thus, BAV has more dif-
fuse distribution than the more superimposed 
nodular form of the tricuspid stenotic valve [ 26 ]. 
Further, midline calcifi cations on raphes were 
quite commonly observed in BAVs [ 27 ].

  Fig. 8.12    Normal bicuspid aortic valve. MRI and CT of 
a patient with a bicuspid aortic valve which has three 
cusps and one raphe (Sievers Type 1 – RL). The fusion of 
the cusps is between the right ( RC ) and left coronary 
cusps ( LC ) representing a typical thickened raphe ( white 
arrow ). The orientation of the atrial septum allows the 

assignment of the noncoronary cusp. Thus, the noncoro-
nary cusp is always close to the atrial septum. The orifi ce 
area is 1.4 cm 2  in MRI and 1.5 cm 2  in CT, respectively. 
Interatrial septum (*).  LA  left atrium,  LC  left cusp,  NC  
noncoronary cusp,  RA  right atrium,  RC  right cusp,  RVOT  
right ventricle outfl ow tract       
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      Defi nition and Quantifi cation 
of Aortic Stenosis 

 The main features of the clinical assessment and 
decision making are symptoms, the grade of ste-
nosis, and LV geometry and function. Additionally, 
the size of the ascending aorta is important in the 

management of patients with BAV. Accurate 
determination of the severity of aortic stenosis is 
important for timely and appropriate surgical 
interventions. In addition to the calculation of the 
effective orifi ce area using the continuity equation 
by transthoracic Doppler echocardiography, ana-
tomic determination of aortic valve area can be 

a b

  Fig. 8.13    Bicuspid aortic valve. MRI of a stenotic bicus-
pid aortic valve. ( a ) Fusion of the right and noncoronary 
cusps (Sievers Type 1 – RN) and ( b ) fusion of the right 
and left coronary cusps (Sievers Type 1 – RL).  White 

arrows  indicate the raphe. Note the noncoronary cusp is 
close to the left atrial septum (*).  LA  left atrium,  LC  left 
cusp,  NC  noncoronary cusp,  RA  right atrium,  RC  right 
cusp       

   Table 8.1    Distribution of BAV phenotype according to Sievers’ BAV nomenclature system   

  Main category  

  n    Modality  
  Type 0 
(0 raphe)  

  Type 1 
(1 raphe)  

  Type 2 
(2 raphes)  

 Sievers et al. [ 17 ]  304  intraoperative  21 (7 %)  269 (88 %)  14 (5 %) 
 Buchner, Debl 
et al. [ 18 ,  20 ] 

 117  MRI  15 (13 %)  90 (77 %)  12 (10 %) 

 Kari et al. [ 21 ]  127  intraoperative/
CT 

 28 (22 %)  97 (76 %)  2 (2 %) 

  Subcategory  

  Lateral  
  Anterior/
posterior    RL    RN    LN    RL/RN/LN  

 13 (4 %)  7 (2 %)  216 (71 %)  45 (15 %)  3 (1 %)  14 (5 %) 
 11 (11 %)  4 (4 %)  76 (72 %)  14 (13 %)  0 (0 %)  12 (10 %) 
 18 (14 %)  10 (7 %)  84 (66 %)  11 (9 %)  2 (2 %)  2 (2 %) 

  Main category is defi ned by the number of raphes. Subcategory is defi ned by the orientation of the cusps in Type 0 and 
the position of the raphes in Types 1 and 2. 
  Abbreviations :  n  number,  RL  right-left,  RN  right noncoronary,  LN  left noncoronary.  
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easily performed by MRI and CT using planime-
try [ 28 – 30 ]. Of note, the effective aortic valve 
 orifi ce is smaller than the anatomic area. The 

 current guidelines do not differentiate between 
these methods regarding the cutoff values for 
severity of aortic stenosis. MRI and CT studies for 

LA

R L

N N

RL

AP
Sievers Type 0

Sievers Type 1

Sievers Type 2

  Fig. 8.14    Defi nition of 
bicuspid aortic valve ( BAV ) 
phenotypes (MRI and CT 
imaging view) according to 
Sievers (modifi ed).  Sievers 
Type 0 : BAV without raphe, 
the orientation of the free edge 
of the cusps defi ned either 
lateral (BAV-LA) or anterior-
posterior (BAV-AP).  Sievers 
Type 1 : BAV with 1 raphe, 
BAV-RL (fusion of the right 
and left coronary cusps), 
BAV-RN (fusion of the right 
and noncoronary cusps), and 
BAV-LN (fusion of the left 
and noncoronary cups). 
 Sievers Type 2 : BAV with 2 
raphes.  L  left,  R  right, and  N  
noncoronary sinuses       

  Fig. 8.15     Bicuspid   aortic valve Sievers Type 0 . Two dif-
ferent patients with cine MRI fi ndings of a bicuspid aortic 
valve with no raphe. One patient had a stenotic bicuspid 
( arrow ) aortic valve with the free edge of the cusps in the 
lateral orientation ( upper row ). The other patient had a 
bicuspid aortic valve ( arrow ) with the free edge of the 

cusps in the  anteroposterior orientation ( lower row ). 
Additionally, phase-contrast MRI demonstrates clearly 
the shape of the stenotic and the normal orifi ce of a bicus-
pid valve.  LA  left atrium,  LC  left cusp,  NC  noncoronary 
cusp,  RA  right atrium,  RC  right cusp,  RV  right ventricle       
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the quantifi cation of stenotic aortic valves have 
focused on direct planimetry of the stenotic aortic 
valve or jet area (Fig.  8.19 ) and have shown prom-
ising results compared with other standard 
 methods [ 28 – 31 ]. Calculation of the effective aor-

tic valve area by the continuity equation is also 
possible by MRI (Fig.  8.20 ) and has been investi-
gated using velocity-encoded cine magnetic reso-
nance [ 32 ,  33 ]. Accurate planimetry of aortic 
valve area can be challenging because orthogonal 

  Fig. 8.16     Bicuspid aortic valve Sievers Type 1 . Two dif-
ferent patients with cine MRI fi ndings of a bicuspid aortic 
valve with raphe. The fi rst patient ( upper row ) had a 
bicuspid aortic valve with a raphe between ( arrow ) the 
right ( RC ) and noncoronary cusps ( NC ). The second 
patient ( lower row ) had a stenotic bicuspid aortic valve 

with a raphe between ( arrow ) the right and left coronary 
cusps. Additionally, phase-contrast MRI demonstrates 
clearly the shape of the stenotic and the normal orifi ce.  LA  
left atrium,  LC  left cusp,  NC  noncoronary cusp,  RA  right 
atrium,  RC  right cusp,  RV  right ventricle       

  Fig. 8.17     Bicuspid aortic valve Sievers Type 2 . MRI 
fi ndings of a bicuspid aortic valve with two raphes. The 
one fusion ( arrow ) of the right ( RC ) and noncoronary 
cusps ( NC ) and one fusion of the right (RC) and left coro-

nary cusps ( LC ). Additionally, phase-contrast MRI dem-
onstrates clearly the shape of the stenotic.  LA  left atrium, 
 LC  left cusp,  NC  noncoronary cusp,  RA  right atrium,  RC  
right cusp,  RV  right ventricle       
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  Fig. 8.18    Short-axis two-dimensional and volume-ren-
dered CT images show heavily calcifi ed, thickened, and 
stenosed tricuspid and bicuspid aortic valves. In tricuspid 
stenotic aortic valve ( upper row ), the distribution of the 
calcifi ed deposits is more nodular. In bicuspid stenotic 

aortic valve ( lower row ), the distribution of the calcifi ed 
deposits is mainly along the free edges and the raphe ( red 
arrow ). Volume-rendered CT allows to visualize the chalk 
skeleton of the valve to analyze the volume       

a b

  Fig. 8.19    MRI of a stenotic right-left bicuspid aortic 
valve (Sievers Type 1 – RL). ( a ) The rim of the cusps is 
clearly shown. Consequently, an exact planimetry of the 
stenotic anatomic orifi ce is possible (0.8 cm 2 ). The loca-
tion of the raphe is between the right and left coronary 
cusps ( white arrow ). ( b ) Aortic valve orifi ce area was 

 measured by precisely delineating the edges of the maxi-
mal systolic opening of the leafl ets on each scanning 
plane in systole. Only the smallest of these measurements 
was retained as the aortic valve orifi ce ( b ).  RA  right 
atrium,  LA  left atrium,  NC  noncoronary cusp. Interatrial 
septum (*).  LC  left cusp,  RC  right cusp       
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angulated short-axis views have to be positioned 
exactly at the level of the aortic valve cusps, 
resulting in overestimation of the aortic valve ori-
fi ce in some patients (Fig.  8.21 ). In addition to 
planimetry, MRI allows the determination of 
functional hemodynamic parameters, such as fl ow 
velocities and effective orifi ce areas. The new 
approach of a serial systolic planimetry velocity-
encoded MRI sequence (VENC-MRI) facilitates 
the sizing of blood-fi lled cardiac structures with 
the registration of changes in magnitude during 
systole [ 34 ]. Additionally, the subvalvular VENC- 
MRI measurements improve the clinically impor-
tant exact determination of the LVOT area with 
respect to its specifi c eccentric confi guration and 
its systolic deformity. MRI and CT allow assess-
ment of the myocardial morphology and function, 
morphology of the aortic valve and aortic valve 
stenosis severity, and an exact measurement and 
characterization of the aortic root and ascending 
aorta.

       Discrepancies in the Assessment of 
Aortic Valve Area Using Different 
Methods 

 A severe aortic stenosis induces an obstruction of 
transvalvular blood fl ow that leads to a  subsequent 
increase in left ventricular afterload. The adult 
normal aortic valve area is 3.0–4.0 cm 2 . In sig-
nifi cant aortic stenosis, valve area must be 

reduced to one-fourth before any signifi cant 
changes in hemodynamics occur. Severe aortic 
stenosis is thus defi ned as a valve area of less 
than 1.0 cm 2 . Aortic valve area can be measured 
by different techniques to assess stenosis sever-
ity. These techniques provide the anatomic ori-
fi ce area (AOA), the effective orifi ce area (EOA), 
and the Gorlin area (GA) [ 35 ]. The differences in 
effective and anatomic aortic valve area are 
depicted in Fig.  8.22 .

   Anatomic orifi ce area (AOA):
•    Anatomic area of the stenotic aortic valve ori-

fi ce assessed by planimetry  
•   Measured by imaging techniques (echocar-

diography, MRI, CT)    
 Effective orifi ce area (EOA):

•    Minimal cross-sectional area of the fl ow jet 
downstream of the anatomic stenotic aortic 
valve.  

•   EOA represents functional severity.  
•   Measured by echocardiography and MRI 

using the continuity equation (measurement 
of velocities and gradients).  

•   EOA < AOA because of fl ow contraction (Cc, 
coeffi cient of contraction); Cc is dependent on 
valve geometry, valve infl ow shape, and jet 
eccentricity.  

•   For a given AOA, EOA as a measure of func-
tional severity tends to be smaller in bicuspid 
valve stenosis than in tricuspid valve stenosis. 
This phenomenon appears to be primarily 
related to greater jet eccentricity in BAV.    

  Fig. 8.20    Flow images through the stenotic bicuspid aortic 
valve. The magnitude image details the anatomy, contour, 
and shape of the stenotic orifi ce ( arrow ). On the phase 
velocity map, fl ow in the phase-encoding direction repre-
sents the effective orifi ce area ( EOA ;  red  signal). The area 
graph of the data obtained from the velocity maps demon-

strated the areas under the curves of transaortic velocity 
time integral in the aortic valve ( red line ) and velocity time 
integral of the left ventricle outfl ow tract ( blue line ). The 
calculated velocity ratio is the effective curve expressed as 
a proportion of the left ventricle outfl ow tract curve.  LA  left 
atrium,  RA  right atrium,  RV  right ventricle       
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  Fig. 8.21    Stepwise positioning of the aortic valve slices 
using an adjusted long-axis view of the left ventricular 
outfl ow tract ( LVOT ). A stenotic right–left bicuspid aortic 
valve (Sievers Type 1 – RL) at systole and diastole.  White 

arrows  show the location of the raphe between the right 
and left coronary cusps at systole. Stepwise positioning is 
necessary to clearly identify the raphe (1–5). Slice thick-
ness 5 mm, shift wise in 2.5 mm steps.  AA  ascending aorta       

  Fig. 8.22    Schema of the 
systolic fl ow through a 
stenotic aortic valve;  LVOT  
left ventricular outfl ow tract, 
 Ao  area of the ascending 
aorta,  AOA  anatomic orifi ce 
area,  EOA  effective orifi ce 
area,  Cc  coeffi cient of fl ow 
contraction,  BAV  bicuspid 
aortic valve,  AA  ascending 
aorta       
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 Gorlin area (GA):
•    Assessed by the Gorlin formula at catheteriza-

tion [ 36 ].  
•   GA is usually higher than EOA, especially in 

small aortas due to the pressure recovery 
phenomenon.  

•   Discrepancies between Gorlin area and EOA 
are mainly dependent on the pressure recovery 
phenomenon.    
 AOA, EOA, and GA represent different 

hemodynamic parameters, and the differences 
among them are highly dependent on valve 
infl ow geometry and aortic cross-sectional area 
[ 35 ,  37 ,  38 ]. Furthermore, the discrepancies of 
these three aortic valve area parameters are 
highly patient  specifi c. Especially in BAV, the 
correct assessment of stenosis severity can be 
challenging, because AOA seems to underesti-
mate functional stenosis severity systematically 
due to jet eccentricity [ 39 ,  40 ]. These inaccura-
cies of the assessment of aortic valve area by dif-
ferent techniques have to be taken into account 
in the decision making in patients with aortic 
stenosis. EOA as a measure of functional sever-
ity should probably the preferred parameter of 
stenosis severity in BAV.  

   Grading Severity 

 Guidelines by the ACC/AHA and ESC have cate-
gorized aortic stenosis severity as mild, moderate, 
or severe to provide guidance for clinical decision 
making (Table  8.2 ). A normal aortic valve area in 
adults is 3.0–4.0 cm 2 . Severe stenosis is present 
when valve area is reduced to 25 % of the normal 
size so that a value of 1.0 cm 2  is one reasonable 
defi nition of severe aortic stenosis in adults [ 41  ].

     Aortic Root and Ascending Aorta 
Involvement in Bicuspid Aortic Valve 

 Bicuspid aortic valve disease is increasingly rec-
ognized as a disease of the entire proximal aorta 
including both valvular and vascular complica-
tions [ 13 ]. Dilatation of the proximal aorta is a 
frequent fi nding in BAV and independent from 
the severity of valve dysfunction. Intrinsic vascu-
lar matrix remodeling of the proximal aorta is the 
structural basis of aortic dilatation in BAV [ 42 ]. 
Additionally, in a bicuspid aortic valve, the valve 
anatomy gives rise to altered hemodynamics, 
independently of valve function, with turbulent 
eccentric fl ow acceleration in the ascending aorta 
(Fig.  8.23 ) [ 43 ]. Furthermore, dilatation of the 
proximal aorta seems to be independent of 
 coexistent valve dysfunction [ 44 ]. Time-resolved 
3D phase-contrast magnetic resonance imaging 
(4D fl ow) is an effective means of evaluating 
dynamic multidirectional blood fl ow in the tho-
racic aorta (Fig.  8.24 ) [ 45 ,  46 ]. CT and MRI play 
an increasing role in imaging of patients with 
BAV, providing excellent spatial resolution. CT 
and MRI should be regularly used in patients 
with bicuspid aortic valves when morphology of 
the aortic root or ascending aorta cannot be 
assessed accurately by echocardiography [ 47 ].

    More accurate quantifi cation of the size of the 
aortic root and ascending aorta can be obtained 
with image reconstruction and postprocessing 
options of MRI or CT (Fig.  8.25 ). Important clin-
ical consequences of these abnormalities of the 
proximal aorta are progressive dilatation and dis-
section. Consequently, patients with BAV should 
receive a careful assessment of both valve func-
tion and dilatation of the ascending aorta [ 42 ]. 
These patients with ascending aorta dilatation 
should be carefully monitored with respect to 
progressive dilatation.

       Treatment 

 An accurate preoperative assessment of function 
and morphology in bicuspid aortic valve disease 
is essential, thus MRI and CT are complementary 
tools to echocardiography. Surgical interventions 
are indicated for patients with severe stenosis who 

   Table 8.2    Grading aortic stenosis               

 Mild  Moderate  Severe 

 Vmax (cm/s)  250–300  300–400  >400 
 Mean gradient 
(mmHg) 

 <20  20–40  >40 

 Valve area (cm 2 )  >1.5  1.0–1.5  <1.0 
 Valve area indexed 
(cm 2 /m 2  BSA) 

 >0.85  0.60–0.85  <0.60 

 Velocity ratio  >0.50  0.25–0.50  <0.25 

   Abbreviations :  Vmax  maximum velocity,  BSA  body  surface 
area,  cm/s  centimeter per second  

8 Left Ventricular Outfl ow Tract



190

are symptomatic or have left ventricular systolic 
dysfunction [ 47 ]. Mechanical prostheses or bio-
prosthetic valves are generally preferred. Also, 
the Ross procedure has been used in patients with 
BAV [ 48 ]. This procedure involves excision of the 
diseased aortic valve and aortic root with subse-
quent placement of a pulmonary autograft in the 
aortic position. An aortic homograft is usually 
placed in the pulmonary position. 

   Posttreatment 

 Left ventricular hypertrophy and reduced left ven-
tricular function are largely reversible after suc-
cessful aortic valve replacement [ 49 ]. Left 
ventricular mass regression after aortic valve 
replacement is a marker of favorable LV remodel-
ing [ 50 ]. MRI and CT allow analyzing the cardiac 
adaption before and after aortic valve replacement. 

  Fig. 8.23    MRI of a stenotic bicuspid aortic valve with 
dilatation of the ascending aorta ( AA ). ( a ) Long-axis view 
of the left ventricular outfl ow tract ( LVOT ). In systole, the 
 arrow  demonstrates fl ow turbulence (signal void) that 
begins at the level of the aortic valve leafl ets. The LVOT 

view shows aortic valve stenosis with a jet ( white arrow ) 
in the aorta (peak velocity 405 cm/s). The jet direction 
( yellow arrow ) is to the lateral wall ( small arrows ) of the 
dilated ascending aorta.  AV  aortic valve,  LV  left ventricle       

  Fig. 8.24    Flow analysis in a patient with a severe stenotic 
bicuspid aortic valve and an ascending aortic aneurysm. 
Sequences of fl ow during systole in two long-axis views. 
3-Dimensional streamlines clearly show asymmetric aor-
tic outfl ow and an accelerated fl ow channel along the 

outer aortic curvature ( white arrows ) and the onset of sub-
stantial helical fl ow during peak systole. The complex 
fl ow resulted in considerable variation of peak velocities 
along the aorta, like  fi reworks        
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The exact assessment of the extent of postopera-
tive left ventricular mass regression is possible 
(Fig.  8.26 ). Especially, in young adults with severe 
aortic valve disease, a marked regression in LV 
hypertrophy has been demonstrated by MRI after 
Ross procedure [ 51 ]. Rarely, RVOT obstruction 
and aortic regurgitation have been noted after Ross 
procedure. Thus, in postoperative care, CT and 
MRI allow exact evaluation and visualization of 
the RVOT (RVOT obstruction, delayed enhance-
ment) (Figs.  8.27 ,  8.28 , and  8.29 ). Furthermore, an 

exact visualization of the reconstructive aortic root 
and aortic valve as well as detection of aortic valve 
incompetence is possible (Fig.  8.30 ).

           Subvalvular LVOTO 

 Subvalvular left ventricular outfl ow tract obstruc-
tion – also often called “subaortic stenosis” – 
includes a variety of obstructions of the left 
ventricular outfl ow tract, ranging from a short 

  Fig. 8.25    Bicuspid aortic valve Sievers Type 1 – RL – 
with an aneurysm of ascending aorta. Contrast-enhanced 
3-dimensional cardiovascular MRI, volume-rendering 

CT, and in situ image of the ascending aorta ( delimited by 
box ) show fusiform aneurysm (5.5 cm)       

  Fig. 8.26    Time changes of left ventricular mass in a 
64-year-old man with an initial stenotic bicuspid aortic 
valve after Ross procedure. Cine MRI images preopera-
tively and after 5-year follow-up are shown. The calcu-

lated left ventricular mass was 341 and 209 g, respectively. 
Note the increase diameter of the right ventricle.  IVS  
interventricular septum,  RV  right ventricle       
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(discrete) subvalvular membrane to long, tunnel-
like narrowing. Subvalvular LVOTO is a rare 
condition but remains an important differential 
diagnosis in hypertrophic cardiomyopathy with 
LVOT obstruction and in aortic stenosis. 
Subvalvular LVOTO constitutes 8–20 % of all 
forms of LVOT obstruction in children [ 52 ,  53 ]. 
The fi bromuscular type and the tunnel type are 
infrequently seen in adults. Subvalvular stenosis 
in adults is usually a result of a discrete subaortic 
membrane or ridge just below the valve. Most 
commonly, a discrete crescent-shaped ridge or 

fi broelastic membrane protrudes from the left 
septal surface into the subaortic region, or a fi bro-
muscular collar encircles the LVOT with attach-
ments to the anterior leafl et of the mitral valve 
[ 54 ]. A genetic predisposition has been suggested 
as there are reports of a familial incidence [ 55 ]. 
Subvalvular LVOTO has a male predominance 
(2:1). The underlying genetic predisposition and 
various geometric and anatomic variations of the 
LVOT lead to fl ow turbulence at this level which 
may damage the endothelium and promote fi brin 
deposition [ 56 ,  57 ]. Subvalvular LVOTO often 

  Fig. 8.27    A 58-year-old woman who underwent Ross 
procedure. There is pulmonary homograft stenosis 
( arrows ). Cine images of right ventricular outfl ow tract 
( RVOT ), pulmonary root, and pulmonary trunk in short-

axis and sagittal orientation reveal narrowing of the pul-
monary homograft conduit. The valve remains competent, 
with the stenosis appearing in the homograft conduit.  AA  
ascending aorta,  LV  left ventricle,  RV  right ventricle       

  Fig. 8.28    The right ventricular outfl ow tract after Ross procedure. The bioprosthetic pulmonary valve showed a steno-
sis in systolic phase with an increase fl ow of 230 cm/s       
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progresses, but progress rate is variable, and low 
gradients may remain for many years [ 57 ]. It is 
often associated with aortic regurgitation (up to 
60 % of cases) through an otherwise normal 
valve which has been damaged by the subvalvu-
lar jet of blood [ 58 ]. An association with other 
congenital lesions is frequent, e.g., small ventric-
ular septal defects. These patients are particularly 
prone to endocarditis. 

   Imaging 

 Echocardiography including color Doppler is 
surely the modality of choice to establish the 
diagnosis and to assess the extent and hemody-
namic severity of subvalvular LVOT. In differen-
tial diagnosis of hypertrophic obstruction 
cardiomyopathy and of aortic stenosis, CT and 
MRI demonstrate the potential of the noninvasive 

  Fig. 8.29    A 52-year-old man who underwent Ross pro-
cedure. Delayed enhancement of the pulmonary homo-
graft conduit in sagittal and short-axis view reveals 
markedly delayed enhancement ( white arrows ) corre-

sponding to infl ammatory appearance of the graft.  AA  
ascending aorta,  AV  aortic valve,  LV  left ventricle,  PT  pul-
monary truncus,  RV  right ventricle       

  Fig. 8.30    Three-chamber cine image of the left ventricu-
lar outfl ow tract ( LVOT ) with a stenotic bicuspid aortic 
valve before Ross procedure. In systole, the  arrow  dem-
onstrates fl ow turbulence (signal void) that begins at the 

level of the aortic valve leafl ets. Six years after Ross pro-
cedure, the aortic graft is normal without regurgitation. 
Note the regression of the left ventricular mass.  AA  
ascending aorta,  LV  left ventricle       
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modality for a comprehensive evaluation of 
patients with the disease (Fig.  8.31 ). Both imag-
ing methods can be helpful to characterize the 
complex LVOT anatomy and demonstrate the 
membrane in these patients (Figs.  8.32  and  8.33 ). 

CT is not supposed to provide hemodynamic 
measures by being a purely excellent morphology- 
based imaging tool. However, CT also allows the 
quantifi cation of severity by planimetric mea-
surements of left ventricular obstruction. MRI 

  Fig. 8.31    MRI of a subvalvular aortic stenosis with a 
subvalvular membrane. In the diastolic image, a short 
membrane ( white arrows ) is just close to the aortic valve 

( yellow arrow ). In the systole, a turbulent jet across the 
membrane is seen.  LA  left atrium,  LV  left ventricle       

  Fig. 8.32    MRI of a left ventricular outfl ow tract ( LVOT ) 
view with a subvalvular membrane ( white arrow ) just 
close to the aortic valve ( yellow arrows ). The LVOT is 
obstructive by the membrane. In the corresponding short-
axis view (at the level of  dotted red line ), the subvalvular 

membrane ( white arrows ) is markedly shown as a half 
moon in the LVOT.  AA  ascending aorta,  LA  left atrium, 
 IVS  interventricular septum,  LV  left ventricle,  RVOT  right 
ventricle outfl ow tract       
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provides excellent morphologic assessment of 
the subaortic stenosis (Fig.  8.34 ). The LVOT area 
at the level of discrete membrane shows often a 
dynamic change during one cardiac cycle being 
the smallest in systole. Information from CT and 
MRI may prove useful for preoperative planning 
of cardiac surgery.

         Grading and Treatment 

 Symptomatic patients with mean Doppler- 
derived gradient of >50 mmHg (spontaneous or 
under exercise test) or severe aortic regurgitation 
have a poor prognosis [ 59 ]. Surgical resection is 
the intervention of choice for treatment of sub-
valvular LVOTO. Asymptomatic patients should 
be considered for surgery when LV ejection frac-
tion is <50 % (gradient may be <50 mmHg due to 
low fl ow) or AR is severe and LV end-systolic 
diameter >50 mm and/or ejection fraction <50 %, 
mean Doppler gradient is ≥50 mmHg and marked 
LV hypertrophy, or mean Doppler gradient is 
≥50 mmHg and blood pressure response is 

abnormal on exercise testing. To date, there are 
no cutoff values for MRI and CT available.   

   Supravalvular LVOTO 

 Congenital supravalvular LVOTO is the rarest 
(<7 %) obstructive lesion of the LVOT affecting 
both sexes equally. Usually supravalvular 
LVOTO is part of Williams syndrome. The 
Williams syndrome occurs in chromosome 
7q11.23 microdeletion and is associated with 
mental retardation, hypercalcemia, and a variety 
of cardiovascular anomalies [ 60 ]. Also, there is a 
familial variant with normal facies or associated 
with rubella syndrome. And aortic regurgitation 
is common. Focal pulmonary arterial stenosis 
and diffuse hypoplasia of the pulmonary arterial 
bed are the next most common lesions [ 50 ] with 
this syndrome. The pathology of supravalvular 
LVOTO is not simple supravalvular; rather, it 
tends to involve the aortic valve and the ascend-
ing aorta of varying severity, which is most pro-
nounced at the sinotubular junction. In most 

  Fig. 8.33    A 71-year-old man with a slightly calcifi ed 
aortic valve and a subvalvular membrane. CT with oblique 
reconstruction showing the discrete membrane ( arrow ) 
originating from the interventricular septum ( IVS ). The 
anterior mitral valve leafl et ( AML ) constituting the medial 
border of the left ventricular outfl ow tract. Volume-

rendered image gives an impression of the spatial rela-
tionship of the subvalvular membrane with thicker and a 
thinner part. Note the calcifi ed part of the membrane 
( circle ).  LA  left atrium,  LV  left ventricle, rectangle box is 
an enlarged view of the left ventricle outfl ow tract       
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cases the aortic valve is abnormal with, e.g., 
bicuspid. Further, aortic stenosis or regurgitation 
is seen frequently. Supravalvular LVOTO is usu-
ally a progressive disease. MRI and CT provide 
excellent anatomic visualization of the level and 
severity of the lesion and the associated cardio-
vascular anomalies. In asymptomatic young 
adults, a resting angiographic gradient greater 
than 50 mmHg or progressive aortic valve dys-
function has been used as criteria for 
intervention.     
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          Tetralogy of Fallot: The Lesion 

 The anatomy of tetralogy of Fallot (TOF), 
together with the pathophysiological conse-
quences, was fi rst described by Etienne-Louis 
Fallot in 1888. The tetrad of overriding aorta, 
right ventricular (RV) outfl ow tract obstruction, 
ventricular septal defect (VSD) and consequent 
RV hypertrophy is all due to antero-cephalad 
deviation of the outlet septum during fetal devel-
opment. TOF is the most common cyanotic con-
genital heart disease (CHD), accounting for 10 % 
of CHD patients and occurring in 1 in 3,600 
births [ 1 ]. It carries a recurrence risk of 3 % in 
siblings. There is genetic microdeletion in 22q11 
in 15–25 % of TOF patients in whom TOF is part 
of DiGeorge syndrome. There is a spectrum of 
morphology, despite the four features that com-
prise ‘tetralogy’, and the severity of the RV out-
fl ow tract (RVOT) obstruction is the major 
determinant of fi rst clinical presentation. 

   Early Interventions for Tetralogy 
of Fallot 

 Surgical palliation was achieved using the 
Blalock–Taussig shunt (subclavian artery to ipsi-
lateral pulmonary artery connection) in 1944, a 
landmark event as these patients underwent the 
fi rst cardiac surgery. Subsequently, surgical 
repair was described in the 1950s with the advent 
of cardiopulmonary bypass. Primary surgical 
repair involves patch closure of the VSD and 
intervention to the RVOT to relieve obstruction. 
RV muscle bundles are resected. Depending on 
the size of the outfl ow tract, pulmonary valve and 
pulmonary arteries; an RVOT patch, transannular 
patch and/or pulmonary artery (PA) patch may be 
required for RVOT reconstruction. In the variants 
with anomalous coronary arteries or in pulmo-
nary atresia-type Fallot, an RV to PA conduit may 
be used. 

 Contemporary cohorts of TOF patients include 
older patients that have had generous transannu-
lar patching to relieve RVOT obstruction com-
pletely but at the expense of loss of integrity of 
the native pulmonary valve and large akinetic 
regions in the RVOT. In the modern era, transan-
nular patching is avoided if possible and a degree 
of RVOT residual obstruction is accepted. Older 
adult patients will have undergone ventriculot-
omy and potentially late repair after a preceding 
shunt as opposed to younger patients that refl ect 
current practice of a transatrial, transpulmonary 
approach and early repair. Late presentation of 
TOF in adulthood is possible and repair can be 
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considered. Since the introduction of surgical 
repair, there is now a large population of adults 
with repaired TOF requiring medical care.  

   Late Complications and Survival 

 Unrepaired TOF is associated with 20 % mortal-
ity within the fi rst year, in stark contrast to 90 % 
patients surviving beyond 30 years after surgical 
repair [ 2 ]. Although surgical developments have 
revolutionised survival prospects in this group, 
there remains a long-term 3.7–6 % risk of sudden 
cardiac death or ventricular tachycardia [ 3 ]. The 
majority of adult TOF patients are physically 
unrestricted from a cardiac perspective, but life-
long surveillance is imperative to monitor for late 
complications of pulmonary regurgitation and 
RV overload, in addition to arrhythmias, heart 
failure and sudden cardiac death. There can be 
concurrent left heart sequelae of left ventricular 
dysfunction, aortic root dilatation and associated 
aortic regurgitation. Rare cases of aortic 
 dissection have been reported. 

 Pulmonary regurgitation is a frequent fi nding 
in TOF patients in adulthood. Severe chronic pul-
monary regurgitation can be clinically well toler-
ated for decades. However, it is associated with 
progressive RV dysfunction, left ventricle (LV) 
dysfunction, exercise intolerance, arrhythmias, 
symptomatic heart failure and sudden death. 
Pulmonary valve replacement (PVR) can lead to 
reduced RV volume, improved biventricular 
mechanics and improved symptoms. The optimal 
timing of pulmonary valve replacement remains 
controversial, but cardiovascular magnetic reso-
nance (CMR)-measured RV volumes is increas-
ingly valued for aiding decision-making in 
asymptomatic patients.   

   General Merits and Limitations 
of CMR in TOF 

 CMR has an established role in the management 
of TOF patients. It provides detailed imaging in 
any plane, is the gold standard for quantifi cation 
of pulmonary regurgitation, is especially adept 

in quantifying degree of obstruction in multi-
level right-sided obstruction, can quantify right 
as well as left ventricular volumes and function 
as well as provide anatomical and functional 
data for extracardiac structures such as pulmo-
nary arteries and major aortopulmonary collat-
eral arteries. CMR is exquisitely suited to serial 
clinical surveillance in patients with TOF as it 
provides unrestricted and comprehensive access 
to cardiovascular anatomy and function without 
exposure to ionising radiation. Exposure to radi-
ation from diagnostic investigation causes genu-
ine harm for adult CHD (ACHD) patients [ 4 ]. 
The reproducibility of measurements facilitates 
lifelong clinical monitoring with serial imaging, 
which is often necessary in ACHD patients. 
CMR can be utilised safely in pregnancy without 
the use of gadolinium (unless essential). The 
spatial and anatomical information obtained can 
aid in planning and directing subsequent trans-
catheter procedures to minimise procedural time 
and radiation, for example, coiling of major aor-
topulmonary collateral arteries or electrophysi-
ology ablation procedures in complex CHD 
patients [ 5 ]. 

 The use of CMR is limited by its cost, 
availability and lack of portability. It remains 
operator and equipment dependent and can 
be time- consuming when compared to other 
imaging modalities. Implantable pacemak-
ers and defi brillators generally preclude CMR, 
although recent developments have included 
MR-compatible devices. MR safety checks 
should be meticulous in individuals with 
implantable devices to ensure that only patients 
with MR-compatible pacing systems in the 
absence of old pacing leads undergo scanning 
safely. Cardiovascular CT provides a comple-
mentary role and can be invaluable when used 
selectively, for example, in patients who cannot 
undergo CMR, for preoperative coronary artery 
assessment in older patients, for evaluation of 
major aortopulmonary collateral arteries and in 
preprocedure planning for percutaneous pulmo-
nary valve insertion. Small residual intracardiac 
shunts and less than moderate tricuspid regur-
gitation are often more sensitively assessed by 
echocardiography.  
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   CMR Acquisition Techniques Helpful 
in TOF Assessment 

   Multislice Imaging 

 Multislice imaging is helpful in TOF as in any 
CHD to obtain scout images for piloting of sub-
sequent breath-hold cine acquisitions. Coronal, 
sagittal and transaxial multislice images should 
be taken using either rapid acquisition by half- 
Fourier acquisition single-shot turbo spin-echo 
(HASTE) – dark-blood sequence – or a bright- 
blood sequence such as balanced steady-state 
free precession (bSSFP) to obtain contiguous 
slices covering the heart and mediastinum.  

   Cine Imaging 

 Cine imaging with bSSFP is utilised for imaging 
and measuring ventricular function, mass and 
valvular pathology due to the preferable blood–
myocardial interface contrast. Volume measure-
ments can be obtained by manual contouring of 
diastolic and systolic frames or derived from 
semiautomated programmes.  

   Phase-Shift Velocity Mapping 

 Phase-shift velocity mapping enables accurate 
and versatile fl ow assessment by tracking fre-
quency changes experienced by moving nuclei 
relative to applied magnetic gradients [ 6 ]. 
Clinical applications of this include the calcula-
tion of cardiac output, shunt fl ow and assessment 
of severity of aortic or pulmonary regurgitation. 
Low to high velocity fl ows can be measured by 
selecting the appropriate plane, echo time, 
velocity- encoding direction and velocity sensi-
tivity for a particular fl ow assessment. Velocities 
can be encoded in or through an image plane – 
fl ow volume can be measured by acquiring 
images through the plane transecting the vessel 
(i.e. encoding velocity in direction of slice- 
selection gradient). The luminal cross-sectional 
area and mean velocity within the area is mea-
sured throughout the phases of the cardiac cycle, 

which then produces a fl ow curve. Systolic for-
ward fl ow and diastolic fl ow reversal can then be 
computed by integration of areas. 

 Velocity mapping also enables shunt quantifi ca-
tion by measuring aortic and pulmonary fl ows. 
This typically involves two separate acquisitions – 
the aortic fl ow is obtained from a plane transecting 
the aortic root at the level of the sinotubular junc-
tion, whereas pulmonary fl ow is obtained from a 
plane transecting the pulmonary trunk proximal to 
its bifurcation. These measurements are particu-
larly relevant in the context of intracardiac shunts. 

 Throughplane velocity mapping can delineate 
shunts such as ventricular septal defects and 
measure velocities and cross-sectional areas 
through stenotic vessels and valves. Jet velocity 
mapping can be employed in the assessment of 
stenotic lesions not readily accessed by echocar-
diography, such as double-chamber RV, branch 
PA stenoses or RV–PA conduits. 

 The recommended acquisition plane for imag-
ing aortic fl ow is across the aortic sinuses, 
between the valve and sinotubular junction, just 
proximal to the origin of the coronary arteries. 
However, displacement of the aortic root can 
cause underestimation of the regurgitant fl ow and 
volume as the aortic root moves 6–12 mm during 
the backfl ow of aortic regurgitation into the left 
ventricle. This together with the variability of 
breath-hold positions can cause inaccuracies, 
which can be minimised by acquiring images at 
or immediately above the sinotubular junction at 
end diastole. Motion tracking and heart motion- 
adapted fl ow measurements have been proposed 
as a potential solution but has yet to be incorpo-
rated into current commercial CMR systems [ 7 ]. 

 It is important to be aware of limitations in cur-
rent phase velocity mapping given the emphasis 
on these measurements in ACHD CMR assess-
ments. Velocity images are formed by subtracting 
the phase image of two acquisitions with differ-
ing velocity sensitivity, with phase differences 
between the two images causing stationary tissue 
to display an apparent nonzero velocity, known 
as background offset or baseline errors [ 7 ]. The 
accuracy of measured regurgitant fraction is 
therefore infl uenced by the well- recognised prob-
lem of velocity offsets errors. This is attributable 
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to eddy currents and Maxwell gradients, which 
can be corrected by gelatin- or water-based phan-
tom acquisition as the current gold standard [ 7 ]. 
Maxwell gradient effects are predominantly cor-
rected during analysis, whilst eddy currents tend 
to be adjusted for by active-shielded gradient 
coils and pre-emphasis. Although these potential 
errors are small in terms of the absolute num-
ber (~1–2 cm/s), they can theoretically cause up 
to 10 % error in shunt measurement due to the 
summation of velocities needed in calculating 
volume fl ow [ 5 ]. In clinical practice, correction 
of background offset areas with phantom acquisi-
tion is not routinely carried out. 

 Scanners produced by various manufacturers 
demonstrate variations in offset behaviour and 
across different slice orientations for small changes 
to a scanning protocol, towards which adjustments 
have been implemented by automatic correction of 
Maxwell gradients during post-processing. Rolf 
et al. [ 8 ] demonstrated that offsets due to eddy cur-
rents may never be completely abolished by 
acquisition optimisation, thereby necessitating 
post-processing techniques. Optimisation has to be 
performed on a per scanner per protocol basis, in 
view of variations of velocity offset errors across 
different manufacturers. It is pivotal that the vessel 
of interest is positioned at the magnet iso-centre to 
minimise velocity offset errors (i.e. with zero off-
set along the head–foot direction). Interpolation of 
the static tissue in the chest wall can also be 
employed to estimate the velocity offset, although 
this is not yet validated across different systems. Jet 
velocity in residual stenotic lesions (such as pulmo-
nary stenosis) should be measured through a plane 
located carefully to transect the core of the jet, 
immediately downstream of the orifi ce. It is worth 
noting that CMR-measured jet velocities are accu-
rate and reliable only in the presence of a coherent 
jet core with central, high velocity and low shear 
region of suffi cient size to contain entire voxels [ 9 ].  

   Contrast-Enhanced MR Angiography 

 Contrast-enhanced MR angiography (CE-MRA) 
may help illustrate the anatomy of the RV out-
fl ow tract and PA and is particularly valuable in 

the assessment of major aortopulmonary collat-
eral arteries and patency of previous surgical 
shunts. It is typically acquired with a single 
breath hold without cardiac gating.  

   Three-Dimensional Balanced SSFP 

 3D bSSFP imaging is useful for visualisation of 
anomalous coronary artery anatomy, the nature 
of which may alter planned surgery in ~4 % of 
TOF cases [ 10 ]. Also the proximal relationships 
of the coronary arteries to the RVOT are impor-
tant in determining suitability for percutaneous 
PVR procedures and preprocedure planning.  

   Late Gadolinium Enhancement 
Imaging 

 Late gadolinium enhancement (LGE) imaging 
exploits the propensity of chelated gadolinium to 
persist in myocardial scar and fi brotic tissue after 
its concentration begins to diminish in the blood-
stream. This manifests as areas of bright myocar-
dial enhancement, in contrast to dark healthy 
myocardium. LGE imaging is usually performed 
as a 2D stack of breath-hold inversion-prepared 
segmented gradient-echo acquisitions with inver-
sion time (TI) adjustment to compensate for gad-
olinium wash-out throughout the study. Alternate 
R-wave gating allows for almost complete recov-
ery of the longitudinal magnetisation between 
sequence repeats and improves contrast between 
normal and abnormal tissue and reduces the 
effects of cardiac arrhythmia. In patients with 
faster or irregular heart rates, gating on every 3rd 
R wave may improve image quality. In-plane 
resolution of standard sequences is typically 1.2–
1.8 × 1.2–1.8 mm, with a slice thickness of 
6–8 mm in a breath hold of ~12 s. The TI varies 
from patient to patient and depends on the dose 
of gadolinium and the time after administration. 
For experienced operators this individualised 
approach with meticulous inversion time adjust-
ment remains the best [ 11 ]. The presence, extent 
and location of gadolinium enhancement should 
be reported with respect to the clinical context. 
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 Gadolinium imaging is well established for 
clinical application in the detection of ventricular 
thrombus, in the delineation of infarcted myocar-
dium in coronary artery disease and in establish-
ing the aetiology of cardiomyopathies and 
systemic conditions such as sarcoidosis and amy-
loidosis and has prognostic value in ischaemic 
heart disease, hypertrophic cardiomyopathy and 
dilated cardiomyopathy. Myocardial fi brosis 
demonstrated with LGE CMR has an emerging 
role in TOF assessment. Specifi c pitfalls of LGE 
CMR in TOF [ 12 ] include sternal wires obscur-
ing regions of interest in the RV, the thin RV wall 
in the outfl ow tract and related partial volume 
effects and impaired CMR quality in patients 
with previous transcatheter coil embolisation of 
major aortopulmonary collateral arteries, which 
can render the images non-diagnostic in some 
instances. Artefact may also arise from ‘ghost-
ing’ caused by cerebrospinal fl uid, which can be 
overcome by the placement of pre-saturation 
bands over the spinal cord. In ACHD LGE CMR 
[ 12 ], positive fi ndings should be demonstrated in 
‘phase-swapped’ images so that myocardial 
enhancement, and potentially in both diastole and 
systole and or in more than one plane (i.e. in 
cross-cut views), avoids false positives. Imaging 
planes unnecessary for ischaemic heart disease 
imaging, such as oblique RV views, may have a 
high diagnostic yield in TOF and care must be 
taken not to abandon the study promptly not hav-
ing waited long enough for LGE to be well dem-
onstrated. Inversion times should also be 
strategically chosen to minimise false positives 
and negatives in interpreting LGE, and sequences 
need to be optimised to individual patient heart 
rate and breath-holding ability [ 12 ].   

   Suggested Approach to CMR 
Acquisition in Repaired TOF 

 Different CMR operators may have varying 
approaches to CMR in TOF, all of which are 
informative. In our experience the following 
approach is helpful as a starting point after which 
other data may need to be acquired depending on 
fi ndings. Figures  9.1 ,  9.2 ,  9.3 ,  9.4 ,  9.5  and  9.6  are 

from one specifi c patient assessed with this 
approach.

        Image acquisition in TOF should include:
    1.     Multislice stacks  in transaxial, coronal and 

sagittal planes (with HASTE or single-shot 
bSSFP).   

   2.     Cines  of two-chamber, four-chamber and 
short-axis stacks; two views each of left and 
right (Fig.  9.1 ) ventricular outfl ow tracts, aor-
tic valve views should be acquired for further 
evaluation of aortic root. Dedicated right pul-
monary artery (RPA) and left pulmonary 
artery (LPA) views (cines and velocity map-
ping) should be obtained if there is suspicion 
of branch pulmonary artery obstruction. In 
our experience, long-axis oblique RV views 
showing the aorta in short axis, pulmonary 
valve and tricuspid valve which shows the RV 
outfl ow tract (‘RV in and out’), a similar 
image plane with the aorta in long axis orien-
tated more towards the body and apex of the 
RV (‘RV oblique’) and two-chamber right 
atrial right ventricular views perpendicular in 
orientation to the four-chamber view are use-
ful for qualitative, regional RV assessment 
(Fig.  9.2 ). Additional ‘cross-cut’ cines may be 
required in the presence of tricuspid regurgita-
tion or VSD to better delineate these lesions.   

   3.     Phase - shift velocity mapping  to derive  pul-
monary regurgitation fraction . Flow mapping 
for pulmonary regurgitation should be aligned 
perpendicular to the pulmonary trunk in at 
least two cine RVOT views.  In - plane RVOT 
velocity mapping  is not only useful to locate a 
subsequent throughplane velocity map appro-
priately for determination of  peak pulmonary 
velocity  but also useful to align the through-
plane mapping for pulmonary regurgitation. A 
 subpulmonary valve level throughplane veloc-
ity map  is useful to demonstrate the size of 
the regurgitant jet. To determine cardiac out-
put as well as identify any residual intracar-
diac shunt by calculation of  Qp : Qs , an aortic 
throughplane velocity map should be acquired 
at the aortic sinotubular junction. Where 
appearances suggest potential branch PA ste-
nosis, right and left PA throughplane veloc-
ity mapping should be performed to assess 
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a b c

  Fig. 9.2    Additional long-axis views. Examples of right 
ventricle ( RV ) in and out ( a ), RV oblique ( b ) and right 
atrial–right ventricular ( RA – RV ) long-axis ( c ) cine orien-
tations are shown. ( a ) and ( b ) are useful for detecting ven-
tricular septal defect patch leaks, right ventricle outfl ow 
tract ( RVOT ) regional wall motion abnormality and a 

dilated RV less apparent in four-chamber orientation and 
for subsequent piloting of late enhancement CMR. These 
views may show the akinetic area of the RVOT and may 
be useful views in addition to a four-chamber and basal 
short axis for assessment of tricuspid regurgitation.  SVC  
superior vena cava       

  Fig. 9.1    RV–PA cine views. Still frame from sagittal 
right ventricle outfl ow tract ( RVOT ) cine in diastole ( ai ) 
and systole ( aii ) is shown. There is mild residual subpul-
monary valve RVOT obstruction with maximum velocity 
2.1 m/s. The cross-cut RVOT cine view ( b ) is from a plane 

perpendicular to the pulmonary valve ( PV ) and RVOT on 
the sagittal RVOT cine ( white bar ) and is shown in dias-
tole ( bi ) and systole ( bii ). Note also there is mild kinking 
of the distal conduit used in the most recent surgery asso-
ciated with a peak velocity 1.8 m/s       
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preferential branch PA blood fl ow (Fig.  9.3 ). 
In unilateral pulmonary stenosis, this helps 
assess severity. Normal differential pulmo-
nary blood fl ow is RPA:LPA 60 %:40 %.
    (a)    Further clinically directed imaging should 

encompass  3D data  from CE-MRA and 
or 3D bSSFP (Fig.  9.4 ).   

   (b)     Late gadolinium imaging  for myocardial 
fi brosis (Fig.  9.5 ).    

         Specifi c Considerations for CMR 
Reporting in TOF 

   Pulmonary Regurgitation and Other 
Valvar Assessments 

 CMR plays an important role in the assessment 
of pulmonary regurgitation, which is common 
two to three decades after repair of TOF (Fig.  9.6 ). 

Pulmonary regurgitation is implicated in progres-
sive RV dysfunction, arrhythmia and sudden car-
diac death. Free pulmonary regurgitation is 
whereby there is no effective valvar function 
apparent both with anatomical features on cine 
imaging and when forward and reverse fl ow jets 
on in-plane velocity mapping are equal in diam-
eter. Free pulmonary regurgitation may be toler-
ated without symptoms for decades and is 
typically associated with a regurgitant fraction of 
approximately 30–40 % (in the absence of addi-
tional distal branch or peripheral PA stenosis). 
This discrepancy with aortic regurgitation assess-
ment is for two reasons. Firstly, as in the Fontan 
circulation, forward pulmonary fl ow can occur in 
the absence of an RV due to the effects of inspira-
tion and also because the left ventricle ejects 
blood out of the thoracic cavity creating a nega-
tive pressure that sucks blood into the PA. 
Secondly, the pulmonary microvascular resis-

a ci

cii

di

diib

  Fig. 9.3    Branch pulmonary artery ( PA ) assessment. ( a ) 
Shows discrete mid right pulmonary artery ( RPA ) stenosis 
in a TOF patient with previous history of Waterston shunt. 
The shear edges of the mid RPA jet ( arrow ) can be seen. 
The RPA measured 9 × 5 mm at the level of stenosis where 
peak velocity was 2 m/s. ( b ) is a corresponding in-plane 
phase velocity map with right–left orientation useful to 
help determine the area of peak velocity and for subse-
quent peak velocity throughplane mapping location. ( c ) 
Images are of the PA bifurcation in systole ( ci ) and dias-
tole ( cii ) showing relative lack of pulsatility of the RPA 

versus the left pulmonary artery ( LPA ) which is also 
dilated. The  yellow bar  in (ci) and (cii) shows the planes 
used to locate the throughplane RPA velocity map (mag-
nitude image  di ) and LPA velocity map (magnitude image 
 dii ), respectively. Regions of interest drawn throughout 
the cardiac cycle on the corresponding phase encoded 
velocity maps can be used to determine the blood fl ow 
through the RPA and LPA and to subsequently calculate 
differential lung perfusion. In this case percentage 
RPA:LPA fl ow was reversed at 40:60. The features are of 
moderate RPA stenosis       
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tance is low and situated relatively near to the 
heart. As a result RV systole moves blood through 
the pulmonary microcirculation including capil-
laries into the low pressure pulmonary veins. 
Flow that passes through alveolar capillaries does 
not pass back again in diastole as there is no sig-
nifi cant reversal of gradient. Thus, the magnitude 
of the regurgitant fraction is limited unless there 
are additional factors such as branch PA stenosis 
which may increase regurgitation leading to 

 progressive RV dysfunction [ 13 ]. The calculated 
pulmonary regurgitant fraction may be lower 
despite ineffective valve function if there is val-
var or subvalvar RVOT obstruction or an incom-
pliant RV but higher if there is distal pulmonary 
stenosis and pulmonary hypertension (rare in this 
condition but could be present related to, e.g. a 
previous Waterston shunt) or with increased pul-
monary arterial compliance [ 14 ]. Arguably, pul-
monary regurgitant volume may be more relevant 

a b

c d

  Fig. 9.4    Utility of 3D assessment. Still images from 3D 
balanced steady-state free precession (bSSFP) acquisition 
in diastole in transaxial ( a ), sagittal ( b ) and coronal ( c ) 
orientations. ( a ) Shows the distorted small right pulmo-
nary artery (RPA) ( arrow ). ( b ) Shows a fi xed pulmonary 
valve leafl et ( arrow ). ( c ) Shows anomalous right pulmo-
nary venous drainage to the superior vena cava and a 

small fi eld of view cine ( d ) was subsequently piloted to 
show the right upper lobe pulmonary vein and right mid-
dle lobe pulmonary vein returning to the superior vena 
cava ( arrows  in d). This was associated with a Qp:Qs of 
1.3:1. The 3D data set was very useful to delineate the two 
small anomalous right-sided pulmonary venous vessels       
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[ 15 ]. Pulmonary regurgitation also varies with 
respiration [ 16 ]. Serial scans allow monitoring of 
the severity of pulmonary regurgitation in tan-
dem with the effects of chronic volume overload 
on biventricular haemodynamics and function. 
Once pulmonary regurgitation is moderate or 
severe, clinical decision-making with regard to 
timing of pulmonary valve implantation is infl u-
enced by RV volumes. PVR improves biventricu-
lar mechanics and patient symptoms (Fig.  9.7 ).

   Tricuspid regurgitation may be found in 
 association with dilatation of the RV related 
to pulmonary regurgitation and less com-
monly in isolation due to damage at surgery 

or  congenitally dysplastic tricuspid valve. 
Dedicated cross- cuts of jets on cines will be 
needed, and the degree of regurgitation can be 
assessed from a throughplane fl ow image of the 
regurgitant jet and from tricuspid regurgitant 
fraction (difference between RV stroke volume 
and forward fl ow in the PA at pulmonary trunk 
velocity mapping divided by total RV stroke 
volume and expressed as a percentage). Aortic 
regurgitation may be associated with aortic root 
dilatation and can be quantifi ed by aortic regur-
gitant fraction calculated from velocity map-
ping located at the sinotubular junction. Mitral 
regurgitation is rare.  

a b

c d

  Fig. 9.5    Need for long-axis right ventricle ( RV ) views for 
late contrast enhancement ( LGE ) in TOF. A mid short-axis 
view is shown late after administration of intravenous gado-
linium ( a ) demonstrating right ventricle outfl ow tract ( RVOT ) 
LGE with endocardial extension in the anterior RV free wall. 
There is also ventricular septal defect ( VSD ) site scar ( aster-
isk ) and both LV papillary muscles have LGE. In one view, it 
is not possible to clearly ascertain whether other faint 

enhancement is all due to the tricuspid valve. ( b ) Shows the 
VSD patch site scar ( asterisk ) and RVOT scar ( solid arrow ) 
as well as LGE in the left ventricle ( LV ) apex consistent with 
apical vent. ( c  and  d ) Show VSD patch scar ( asterisk ), small-
degree RVOT scarring ( solid arrow ) and scarring in RV tra-
beculation ( dotted arrow ) confi rmed in another RV in and 
out images in systole and after phase swap. This small LGE 
focus is also seen in image (a) ( dotted arrow )       
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   Global and Regional Ventricular 
Function Assessment and 
Ventricular–Ventricular Interaction 

 CMR makes a very valuable assessment of both 
right and left ventricular function. Geometrical 
assumptions that are relied upon using echocar-

diography are totally unsuitable to the tripartite RV 
that unlike the left does not approximate an ellip-
soid shape. Furthermore, in TOF the RV is yet 
more complex due to alterations from  surgical 
intervention. Volumes, mass and ejection fraction 
for the RV are not encumbered by geometrical 
assumptions when using CMR for analysis. 

  Fig. 9.6    Differing pulmonary regurgitation fraction with 
ineffective pulmonary valve in TOF. CMR studies in two 
patients, neither with an effective pulmonary valve but 
with different amounts of pulmonary regurgitation. 
Patient A ( left panels ) with TOF was repaired using a 
right ventricle ( RV ) to pulmonary artery ( PA ) homograft 
conduit with graft augmentation of the proximal LPA. 
Patient B ( right panels ) with similar body surface area, 
born with pulmonary and subpulmonary stenosis and a 
ventricular septal defect, had patch reconstruction of the 
RVOT aged 2 years. Cine imaging ( upper row ) showed 
marked differences of size and expansion of the proximal 
pulmonary arteries, replaced by a conduit and graft in 
patient A but dilated and expansile in patient B, as indi-
cated by the end-diastolic peak systolic diameter mea-
surements shown. In-plane, vertically encoded velocity 

maps aligned with the RV outfl ow tract ( second row ) 
show no effective valve action in diastole. Flow curves 
( third row ) were plotted from retrospectively gated acqui-
sitions of velocities through planes transecting the proxi-
mal main PA or conduit, giving the regurgitant volumes 
and fractions. The peak systolic velocity was 3 m/s in the 
conduit of patient A and 1 m/s in the main PA of patient 
B. Patient A had a higher heart rate and a less dilated RV 
as shown by the four-chamber cines and right ventricular 
volume measurements ( bottom row ).  M  male,  BSA  body 
surface area,  MPA  main pulmonary artery,  RPA  right pul-
monary artery,  LPA  left pulmonary artery,  RV  right ven-
tricle,  PR  pulmonary regurgitation,  EDV  end-diastolic 
volume,  ESV  end-systolic volume,  SV  stroke volume,  EF  
ejection fraction (From Kilner et al. [ 14 ] with 
permission)       

a b

  Fig. 9.7    Effect of pulmonary valve regurgitation on 
biventricular mechanics. Diastolic frame from four-cham-
ber cine preceding pulmonary valve replacement for pul-
monary regurgitation in the setting of TOF ( a ) compared 
with diastolic four-chamber cine after pulmonary valve 

replacement ( b ). In image  b  versus  a , the right ventricle 
can be seen to have reduced in size, there is no longer a 
small jet of tricuspid regurgitation, and left ventricular 
diastolic fi lling appears to have increased       
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Therefore, for volumetric function quantifi cation, 
CMR is a gold standard for the RV. As discussed 
below, it is also highly suitable to assessment for 
regional RV abnormality most commonly affecting 
the outfl ow tract in TOF. There is interest in so-
called ventricular interaction in TOF. Certainly RV 
volumes and function relate to LV volumes and 
function in this condition [ 17 ,  18 ], which may be 
explained by a number of factors, some of which 
are perhaps unsurprising. These include shared 
pericardium, a parallel circulation, a shared septum 
and interdigitation of the RV and LV myocardial 
fi bres. It seems that in the late follow-up of repaired 
TOF, LV dysfunction may be a consequence of RV 
dysfunction. 

   Global Assessment of Ventricular 
Volumes, Mass and Function 
 There is no doubt that CMR is the gold standard 
technique for right as well as left ventricular vol-
ume assessment and no other technique has as 
excellent a reproducibility. This quality of CMR 
is the reason fewer patients are needed to power 
clinical trials [ 19 ]. However, there are important 
differences in approaches and measurements 
made by different operators across various insti-
tutions. Awareness of these is important to deter-
mine the applicability of published literature to 
the individual patient in an individual institution. 
Defi ning the valve planes may be ambiguous. 
The pulmonary valve may be absent or just a 
small remnant. The basal short-axis slice may 
include right atrial tissue even in systole when the 
RV is dilated. In the context of a heavily trabecu-
lated ventricle, the volumes may be operator 
dependent. Whether the approach chosen is a 
transaxial ventricular volume stack or short axis 
and whether the trabeculations are excluded from 
the blood pool or ignored, each operator and cen-
tre requires a robust and reproducible protocol. A 
transaxial stack approach has been argued for 
because some operators have found it more 
reproducible and certainly it may be easier to 
determine the tricuspid valve plane. An argument 
in favour of a short-axis approach is that TOF is a 
biventricular disease. LV dysfunction is an 
important predictor of mortality, though it is 
likely to develop late and partly as a consequence 

of RV dysfunction. Given right as well as left 
ventricular volumes are valuable, having an 
approach that may be easier for the RV but requir-
ing the LV to be measured at a different time with 
a different data set adds time and biological vari-
ability to the CMR study. In TOF, RV assessment 
is as pertinent as the left but poses challenges in 
accurately assessing the thin myocardium and 
coarse trabeculations, which increase towards the 
apex. These complex trabeculations increase in 
the presence of RV hypertrophy and can be diffi -
cult to visualise and outline individually. Ignoring 
RV trabeculations may be a more rapid and 
reproducible way [ 20 ] to approach ventricular 
volume assessment. However, not only may this 
be inaccurate for RV mass measurement but as 
others have also stated, this leads to incorrectly 
large volume estimates for the RV and prohibits 
the internal validation of stroke volumes through 
comparison with aortic and pulmonary fl ow vol-
umes [ 21 ]. Our own practice is to exclude tra-
beculations from the blood pool (Fig.  9.8 ). 
Careful demarcation of the borders of the RV can 
give highly reproducible results even in the con-
text of complex operated RVs in TOF. [ 22 ] Whilst 
reproducible with a single experienced operator, 
this method is labour intensive and requires at 
least 30 min per patient. However, for research, 
this degree of reproducibility enabled adequate 
powering of a randomised controlled trial in 
repaired TOF with chronic pulmonary regurgita-
tion to assess the effects of ramipril (the 
APPROPRIATE study) [ 23 ].

   Consistency between serial measurements 
should be optimised through standardisation of 
scanning approaches and protocols and regular 
quality assurance. Practically, because intraob-
server variability is lower [ 22 ], it may be impor-
tant for a single operator to remeasure a previous 
CMR scan at the time of a current report to be 
certain if there is true change in RV ventricular 
volumes. Awareness of technical issues regarding 
acquisition and analysis is important as RV vol-
ume measurements are pivotal to clinical 
decision- making regarding the indications for 
pulmonary valve implantation in asymptomatic 
patients and assessment of the haemodynamic 
benefi ts of surgery. 
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aii

aiii biii

bii

bi

  Fig. 9.8    Example of contouring right ventricle ( RV ) vol-
umes in TOF. Manual planimetry of short-axis contiguous 
slices from base to apex of the heart has proven highly 
reproducible for research in our centre. Trabeculations will 
be excluded from the blood pool and included in the ven-

tricular mass. In this example at levels a and b, RV end 
systole ( aiii  and  biii ) was in a different frame from left ven-
tricular end systole ( aii  and  bii ) consistent with the patient 
having wide right bundle branch block. End diastole ( ai  and 
 bi ) for both ventricles are synchronous.  LV  left ventricle       

 

9 Repaired Tetralogy of Fallot



212

 Numerous contributions have been made to the 
literature in the last 10 years describing the value 
of CMR RV volume assessment for determining 
indications for pulmonary valve replacement [ 24 –
 32 ] though still more data are needed to determine 
optimal timing in asymptomatic TOF patients. 
Oosterhof et al. have implied surgical PVR should 
be carried out before RV end- diastolic volume 
exceeds 160 mL/m 2  or RV end-systolic volume 
>82 mL/m 2  as these thresholds predict return of 
RV volumes to normal size following PVR [ 30 ]. 
Another group found RV end-systolic volume 
<90 mL/m 2  to be a predictor of normal RV size 
and function postoperatively [ 33 ]. The implica-
tion is that beyond this degree of RV dilatation, 
there is limited reversibility of RV dilatation and 
dysfunction. Other authors suggest PVR might be 
indicated even earlier before RV end-diastolic 
volume exceeds 150 mL/m 2  [ 28 ,  31 ]. In a number 
of centres, an RV:LV diastolic volume ratio of 
≥2:1 is also considered signifi cant. Consensus 
has been established amongst ACHD clinicians 
that the previous clinical management of operat-
ing on repaired TOF patients later when symp-
toms are established is too late. 

 European Society of Cardiology (ESC) 
Guidelines for ACHD [ 34 ] advocate pulmonary 
valve replacement in symptomatic TOF patients 
with severe pulmonary regurgitation and/or stenosis 
with RV systolic pressure >60 mmHg/TR velocity 
>3.5 m/s with a Class 1 indication. In asymptomatic 
patients, Class IIa indications for pulmonary valve 
intervention in the presence of severe pulmonary 
regurgitation and/or stenosis are:
•    An objective decrease in exercise capacity has 

been demonstrated.  
•   Progressive RV dilatation on CMR.  
•   Progressive RV systolic dysfunction.  
•   Progressive (at least moderate) tricuspid 

regurgitation.  
•   RVOT obstruction with RV systolic pressure 

>80 mmHg/TR velocity >4.3 m/s.  
•   Sustained atrial and/or ventricular 

arrhythmias.    
 These guidelines are not prescriptive with 

regard to nonserial CMR measures. In our centre 
RV:LV ratio ≥2:1 with RVEDVi >150 mL/m 2  
usually prompts multidisciplinary discussion of 

elective pulmonary valve implantation which is 
an individualised decision based also on non-
CMR- based data such as objectively measured 
exercise capacity.  

   Regional Assessment of the RV Including 
Akinetic Outfl ow Tract Regions 
 In older patients, refl ecting the earlier era of 
TOF repair, akinetic and or aneurismal areas in 
the RVOT are common and present even in the 
absence of patch reconstruction of the RVOT 
[ 17 ] (Fig.  9.9 ). Given the limits of the RV are the 
tricuspid and pulmonary valves, any akinetic or 
aneurismal region in the RVOT is included in the 
ventricular volumes. Such akinetic and or aneu-
rismal regions are adverse not only as they relate 
to RV systolic dysfunction [ 17 ] but also because 
they cause conduction delay within the RV con-
tributing to prolonged QRS duration [ 35 ] and are 
associated with scar [ 36 ,  37 ]. These dilated or 
dyskinetic RVOT regions therefore lower the 
calculated ejection fraction as they are included 
in the ventricular volume. The disadvantage of 
including them is that small progressive reduc-
tions in function of the contractile RV beneath 
the akinetic area may be masked. A reproducible 
method to characterise the function of these 
regions separately is, however, not widely avail-
able. We report a simple linear measurement 
based on the sagittal RVOT view. We use this 
feasible measure to help describe the relative 
contribution of outfl ow tract pathology to 
impaired RV ejection fraction and to describe 
size. Recently a prospective follow-up study for 
clinical outcomes demonstrated that larger aki-
netic area length predicted sustained ventricular 
arrhythmia [ 38 ]. Routine views such as four- 
chamber cine may be misleadingly normal, 
whereas long-axis views (RV outfl ow tract, LV 
outfl ow tract, oblique RV views) are more likely 
to show wall thinning and regional motion 
abnormality because the primary pathology is of 
the RV infundibulum.

      Global and Regional LV Dysfunction 
 LV regional wall motion abnormality may 
be present in TOF. A small area (<1 cm) at 
the apex may be present and related to apical 
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vent  insertion at the time of surgery in order 
to deair the heart. However, more extensive 
abnormalities have been noted and associated 
with scarring either in small localised areas or 
in a larger anteroapical distribution [ 36 ]. Local 
injury at the time of vent insertion, damage to 
coronary arteries perioperatively and anomalous 
coronary artery disease or coronary embolism 
could explain this regional scarring. Global LV 
 dysfunction may also be a late consequence of 
RV dysfunction due to ventricular–ventricular 
interaction as discussed above. Additionally, 
aortic valve regurgitation, late repair, residual 
 ventricular septal defects, prolonged cardio-
pulmonary bypass and acquired heart disease 
including hypertension and coronary artery dis-
ease may have a role.   

   Right Atrial Area 

 Right atrial dilatation is associated with atrial 
arrhythmia, the most common arrhythmia burden 
in TOF and associated with morbidity [ 39 ]. 
Maximum right atrial area from four-chamber 
cine CMR indexed to body surface area appears 
to be a useful predictor of future atrial arrhthmo-
genesis [ 38 ] which may be corroborated in future 
studies. Dilated right atrium is associated with 
restrictive RV physiology [ 38 ] and tricuspid 
regurgitation.  

   Branch Pulmonary Artery Stenosis 

 Branch PA stenosis is a potential therapeutic tar-
get in repaired TOF, and meticulous cine plane 
selection should be undertaken to obtain left and 
right PA views, in addition to a PA bifurcation 
view. 3D CMR is useful for imaging discrete 
branch PA stenosis especially in complex bifur-
cation pathology and for imaging distal PA 
lesions. In-plane images of branch PA stenoses 
can be utilised to plan alignment of through-
plane views for assessment of peak velocity in 
stenotic regions. A combination of anatomical 
fi ndings, distal pulsatility on cine imaging and 
the results of differential lung perfusion calcu-
lated from velocity mapping in each branch PA 
is used to determine degree of pulmonary steno-
sis. Flow through branch pulmonary arteries is 
measured to determine differential lung perfu-
sion. Throughplane velocity mapping is usually 
aligned in the mid branch PA perpendicular to 
the walls in two cine views. This method shows 
good agreement with radionuclide lung perfu-
sion imaging [ 40 ] but avoids the ionising radia-
tion inherent to nuclear imaging. There is 
usually preferential blood fl ow to the right lung 
such that in the normal circulation, 60 % of 
main PA blood fl ow goes to the right lung and 
40 % to the left. In addition, reduced distal pul-
satility suggests more functionally signifi cant 
stenosis.  

a b c

  Fig. 9.9    Right ventricle outfl ow tract (RVOT) akinetic area 
in TOF. Examples of simple linear RVOT measurements in 
sagittal RVOT planes in TOF patients A, B and C are shown. 
These measurements should be taken after also reviewing 
the left ventricular outfl ow tract plane as well as the 

 short-axis stack. Not all akinetic areas are necessarily asso-
ciated with RVOT patching and muscle bundle resection 
alone can result in thinning and regional wall motion abnor-
mality. Artefact in the pulmonary trunk of patient B is due to 
previous percutaneous pulmonary valve implantation       
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   Aortic Assessment in the Repaired 
TOF Patient 

 Note should be made whether the aorta is right or 
left sided. Aortopathy is recognised in TOF, with 
aortic root dilatation greater in patients with unre-
paired or late repair of TOF and pulmonary atre-
sia. Progressive aortic root dilatation seems to 
occur in a subset of patients [ 41 ] and lead to aortic 
regurgitation, which may require surgical inter-
vention. Rare case reports have been made of aor-
tic dissection in very dilated aortas in TOF. This 
process is related to early left-sided volume over-
load prior to repair and intrinsic abnormalities of 
the aortic wall including cystic medial necrosis 
[ 41 ,  42 ]. Dilatation affects the ascending aorta, 
not just the aortic root in some patients, and CMR 
imaging should include at least 2 cine views for 
serial assessment of the aorta (Fig.  9.10 ). 3D 
CMR may be useful in the follow- up of patients 
with known aortopathy. Care must be taken to 
document where measures are taken and whether 
measurements are taken in systole or diastole.

      Assessment of Major Aortopulmonary 
Collateral Arteries (MAPCAs) 

 3D CE-MRA with bSSFP and fat suppression 
will provide robust visualisation of MAPCAs 
with clear delineation of spatial relationship of 
MAPCAs in relation to surrounding structures 
in addition to their course, origin and pulmo-
nary connections. Noninvasive CMR fi ndings 
have been shown to correlate completely with 
transcatheter and surgical fi ndings [ 43 ] and 
potentially to be more accurate than cardiac 
catheterisation [ 44 ]. 

 Dual-source computer tomography (CT) angi-
ography provides complementary information to 
CMR assessment of MAPCAs, with shorter 
examination times and high spatial resolution, 
although exposure to ionising radiation needs to 
be considered in CHD patients requiring lifelong 
follow-up and serial imaging. CT angiography is 
the imaging modality of choice in patients with 
pacemakers who require imaging surveillance for 
MAPCAs.  

a

d

b

ei

c

eii

  Fig. 9.10    Dilated aorta in TOF. A dilated aorta ( Ao ) in 
the setting of adult repaired TOF is shown in left ventricu-
lar outfl ow tract ( a ), coronal cross-cut left ventricular out-
fl ow tract ( b ) and ascending and arch ( c ) cine views. The 
maximum dimension at right pulmonary artery level 
could not have been documented without cross-sectional 
imaging and was 48 mm. The aortic arch was right sided 

( d ). The aortic valve ( ei ) showed failure of central coapta-
tion of the valve leafl ets ( eii ) allowing aortic regurgitation 
( arrow ). The diastolic still frame in b shows the jet of aor-
tic regurgitation ( arrow ) in which, from multiple views, 
stroke volume difference and aortic regurgitation fraction 
were mild to moderate in severity       
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   Anatomy of Coronary Arteries in TOF 

 CMR three-dimensional angiography delineates 
the origin and proximal course of the coronary 
arteries, whilst CT coronary angiography can 
provide detailed reconstructions of the coronary 
tree. These imaging modalities facilitate anatom-
ical identifi cation and provide spatial information 
to minimise the risk of damage or dissection dur-
ing planned valve surgery or transcatheter pul-
monary valve implantation. 

 Coronary anomalies are common in TOF, 
occurring in 5–12 % of patients in reported series 
[ 10 ]. A common important coronary anomaly 
(~4 % of patients) [ 10 ] is an anomalous left ante-

rior descending arising from right coronary artery 
or right sinus of Valsalva and coursing anterior to 
the RVOT. This is important as if identifi ed pre- 
repair, the surgical approach preferred may be the 
insertion of an RV–PA conduit to bypass the 
native RVOT–PA connection and avoid coronary 
arterial damage (Fig.  9.11 ). This anatomy may 
also make a percutaneous pulmonary valve 
approach unsuitable [ 45 ]. Other anomalies 
include a single coronary artery typically arising 
from the left coronary system and less commonly 
coronary to bronchial artery anastamoses and 
coronary fi stulas.

   ECG-gated CT is the imaging modality of 
choice for coronary anomalies with sensitivity 

a c e

b d f

  Fig. 9.11    Conduit assessment. Single image from 3D bal-
anced steady-state free precession ( a  and  c ) and corre-
sponding cardiac CT post-contrast images ( b  and  d ) in a 
TOF patient with pulmonary atresia variant and previous 
right ventricle to pulmonary artery (RV–PA) homograft 
repair being considered for percutaneous pulmonary valve 
implantation (PPVI) for severe pulmonary regurgitation 
and stenosis. The conduit was easily imaged by both tech-
niques. From the interventionalist’s viewpoint, knowledge 
of the relationships of proximal coronary arteries to the 
conduit and the preprocedure knowledge of the calcium 
distribution inform judgements in the catheter laboratory. 
In this case, the right coronary artery ( RCA ) passed close to 
a narrow part of the conduit, an area that warrants target 

intervention to relieve obstruction. The decision made was 
that it was reasonable to proceed with attempted PPVI 
knowing there was an increased chance the procedure 
might be abandoned after selective cannulation and imag-
ing of the coronary arteries simultaneous with balloon dila-
tation. In fact, the patient underwent successful PPVI. 
However, transcatheter therapy for valve implantation does 
not address inherent undesirable qualities of the RV outfl ow 
tract, a substrate for future ventricular arrhythmia. Image 
( e ), a still frame from an RV oblique cine and its corre-
sponding late enhancement image ( f ) show enhancement in 
the RV outfl ow tract ( arrow ) (Non-CMR data with kind 
permission of Drs Michael Rubens and Anselm Uebing, 
Royal Brompton Hospital).  LCA  left coronary artery       
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80–90 % [ 46 ] as it is able to both delineate cal-
cium and provide high spatial resolution infor-
mation regarding the coronary arteries, both of 
which may be desirable for the invasive cardiolo-
gist planning a transcatheter intervention. CMR 
provides complementary information about the 
origin and proximal course of the coronary arter-
ies and 3D bSSFP can usually also assess rela-
tionships of coronary arteries to the previous 
sternotomy or RVOT.  

   Residual Intracardiac Shunts 
and Right Ventricular Outfl ow 
Tract Obstruction 

 VSD patch leaks in repaired TOF patients may 
have haemodynamic consequences amenable to 
percutaneous or surgical intervention. LV out-
fl ow tract, RV in and out, RV oblique and short- 
axis cine views should be routinely scrutinised 
for jets suggestive of shunts. Cross-cutting rele-
vant short-axis images where there is a suspected 
jet core can be performed to visualise the intra-
cardiac shunt. Commonly a residual patch leak 
may be best seen in RV in and out or RV oblique 
cine views which show the surgical patch beneath 
the aortic valve. Other residual VSD locations 

can be demonstrated including from previously 
operated or unoperated additional VSDs 
(Fig.  9.12 ). Shunt calculation (Qp:Qs) should be 
undertaken to determine if haemodynamically 
signifi cant shunt is present.

   Residual RVOT obstruction (peak velocity 
3 m/s or more) may be subvalvar, valvar or supra-
valvar. Phase velocity mapping in addition to 
cines plays a valuable role in identifying the level 
of stenosis and determining the most signifi cant 
level of stenosis where there is multilevel RV out-
fl ow obstruction.  

   Other Associated Morphological 
Lesions 

 Certain additional associated lesions such as left 
superior vena cava to coronary sinus, atrial septal 
defect or additional inlet muscular VSD are not 
uncommon and should be actively sought. As 
discussed elsewhere in the chapter, right aortic 
arch is common and coronary artery anomalies 
may be clinically relevant. An atrioventricular 
septal defect – usually in the setting of Down 
syndrome – can coexist with tetralogy in which 
case the atrioventricular valves may need dedi-
cated assessments.  

a b

  Fig. 9.12    Residual ventricular septal defect (VSD) in 
TOF patient. An unusual remaining VSD is seen in this 
patient located in the muscular septum which has possibly 

been previously patched. The VSD jet ( arrows ) is seen in 
short-axis ( a ) and right ventricle oblique ( b ) cine views. 
 LV  left ventricle       
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   Current and Future Roles for LGE CMR 
in Arrhythmia Prediction in TOF 

 LGE CMR as a marker of focal myocardial fi bro-
sis may prove to be an important risk factor for 
tachyarrhythmia and other adverse clinical fea-
tures in TOF as cross-sectionally more extensive 
RV LGE was shown to correlate with clinical 
arrhythmia presentation [ 36 ]. In our study of 92 
TOF patients, RV LGE was found routinely in 
patterns and locations consistent with previous 
surgery but with highly variable extent. These 
included RVOT free wall which may relate to 
previous ventriculotomy, RV muscle bundle 
resection or RVOT patching, the site of perioper-
ative apical vent insertion in the LV and in the 
outlet septum at the site of previous VSD patch-
ing and suturing (Fig.  9.13 ). Additionally, 
‘remote’ RV LGE was seen in a signifi cant 
minority of patients in the body of the RV and in 
areas remote from direct surgical incision and 
related to higher prevalence of arrhythmia; thus 
expected site LGE may have differing impor-
tance for prediction of arrhythmia than expected 
site RV LGE. Faint LGE was commonly seen in 
the inferior and or superior right–left ventricular 
insertion point. In this context the appearance of 
LGE is likely to be secondary to RV hypertrophy 
exaggerating the normally occurring myocardial 
features of the insertion region as others have 
described [ 47 ]. These were therefore excluded 
from the semi-quantitative scoring of RV LGE 
extent used for analysis. The extent of RV LGE in 
the repaired TOF patient correlated to risk factors 
for adverse clinical outcomes [ 36 ]. Specifi cally, 
LGE in right and left ventricles in repaired TOF 
patients is related to increased age, later age at 
repair, ventricular dysfunction (RV and LV), 
restrictive RV physiology, exercise intolerance, 
neurohormonal activation and clinical presenta-
tion with tachyarrhythmia (Fig.  9.14 ). The latter 
is highly suggestive of a potential clinical role for 
LGE CMR in risk stratifi cation for sudden car-
diac death and malignant arrhythmias in TOF 
patients. Of note, LV LGE was also present to an 
unexpected extent in a subgroup of patients and 
unrelated to obstructive coronary disease 
(Fig.  9.15 ). Commonly, evidence of perioperative 

apical vent insertion was seen underlining the 
technique’s sensitivity, but other unexpected non-
apical vent LV LGE was also seen in a smaller 
number of patients [ 36 ]. The latter, when more 
extensive, seemed to be anteroapical, but LV 
LGE, confi ned to very small mid LV wall areas 
and papillary muscle, was also seen [ 36 ]. To sup-
port the view that LGE CMR may have a future 
role in risk assessment for arrhythmia in ACHD, 
a recent study in a heterogeneous group of CHD 
patients correlated lack of LGE with inability to 
induce ventricular tachycardia at invasive elec-
trophysiology study [ 48 ]. Our preliminary work 
has shown correlation of CMR RV LGE with 
low-voltage areas at electrophysiology study 
(Fig.  9.16 ). Others have also shown that RV LGE 
is present in TOF patients and associated with 
regional wall motion abnormality, impaired sys-
tolic function and impaired exercise capacity 
[ 37 ]. However, our own previous study of the 
value of LGE CMR in TOF was cross- sectional 
and as yet there are no prospective studies of clin-
ical outcomes in longitudinal follow-up to help 
ascertain the precise prognostic role of LGE 
CMR in TOF. Furthermore, we cannot know how 
much LGE is due to early insult from preopera-
tive cyanosis and perioperative factors or whether 
there is ongoing progressive increase in LGE 
related to age and adverse haemodynamics.

          Future Applications 

 Whether LGE CMR will prove to have incremen-
tal value, when applied to the clinical evaluation of 
TOF patients compared with ventricular volume 
and function assessment and other easier and more 
widely available markers of risk, remains to be 
proven in longitudinal prospective studies. If LGE 
CMR and other CMR features contribute in large 
prospective studies to better identifi cation of 
patients at most risk of premature death, this will 
allow referral for surgical, transcatheter or electro-
physiological intervention including implantation 
of an automated internal cardiac defi brillator to be 
expedited where appropriate and avoidance of the 
risks and signifi cant morbidity [ 49 – 52 ]. CMR is 
not only being used in determining  indications for 
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procedures and in preprocedure planning but also 
to innovate newer devices such as implantable 
valves and predict their success [ 53 – 55 ]. Future 
roles for CMR in TOF with respect to real time 
advances for interventional CMR, CMR use in 

electrophysiological procedures, CMR 4D fl ow 
assessment and CMR myocardial assessment with 
tagging, speckle tracking, T1 mapping or tractog-
raphy are likely to evolve but currently remain pri-
marily for use in a research setting.     

a b

c d

  Fig. 9.13    Typical late gadolinium enhancement ( LGE ) 
locations in adults after TOF repair. Regions affected 
appear white with LGE in contrast to the black appear-
ance of normal myocardium. Typical sites of LGE in 
adults after repaired TOF include the anterior wall of the 
right ventricle outfl ow tract ( RVOT ) ( a  and  upward point-
ing arrow   b ), the region of surgical patching of the 

 ventricular septal defect (b;  downward pointing arrow ), 
the site of apical vent insertion in the left ventricle ( LV ) 
where this was part of previous surgery ( c ) and the infe-
rior ( lower arrow ) and superior ( upper arrow ) RV–LV 
insertion points ( d ), which is very common and not 
counted in the analysis of extent of LGE (From Babu-
Narayan et al. [ 35 ] with permission)       
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  Fig. 9.14    More extensive right ventricle ( RV ) late gado-
linium enhancement ( LGE ) relates to adverse clinical fea-
tures. The  top row  shows a right atrial–right ventricular 
long-axis, short-axis and four-chamber views in a patient 
with extensive RV LGE. LGE corresponded to akinesia of 
the anterior wall on cine imaging, extending more inferi-
orly than is commonly seen, hence, also seen in the four-
chamber view ( arrows ). LGE of the trabeculated RV 
myocardium was present ( asterisk ). Differences in clini-
cal, neurohormonal and CMR variables between patients 
classifi ed according to lower-quartile, middle-quartiles 
and upper-quartile RV LGE extent score are illustrated in 

the bar chart below. More extensive RV LGE was associ-
ated with increased age, later repair, longer follow-up, pre-
sentation with clinically documented arrhythmia, 
restrictive RV physiology defi ned by anterograde fl ow in 
the pulmonary artery with pulse wave echo Doppler pres-
ent throughout the respiratory cycle, impaired peak oxy-
gen consumption at cardiorespiratory exercise testing, 
increased atrial and brain natriuretic peptides, increased 
RV end-systolic volume, impaired RV ejection fraction, 
increased left ventricle ( LV ) end-systolic volume, impaired 
LV ejection fraction and increased LV LGE (Adapted from 
Babu-Narayan et al. [ 35 ] with permission)       
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a b

ci cii

  Fig. 9.15    LV late gadolinium enhancement patterns in 
TOF. Examples of LV LGE late after TOF repair. Images 
illustrating unexpected LV infarction ( arrows ) in 2 differ-
ent patients ( a  and  b ). ( c ) Shows a further example of 

localised LV LGE ( arrows ) in ci and cii another patient. 
The cine frame in ( ci ) and corresponding LGE image in 
( cii ) suggest fi brofatty change in this region (From Babu-
Narayan et al. [ 35 ] with permission)       

  Fig. 9.16    Right ventricle ( RV ) late gadolinium enhance-
ment (LGE) associated with RV regional wall motion 
abnormality and scar at subsequent electrophysiology 
study. RVOT cine still frames in diastole ( ai ) and systole 
( aii ) demonstrate an akinetic area ( arrows ) in the RVOT 
which corresponds to RV LGE ( arrows ) on inversion 
recovery sequences late after administration of gadolinium 
( aiii ,  aiv ). A contrast-enhanced MR angiography 
(CE-MRA) was segmented to provide a 3D volume recon-
struction for image integration in the electrophysiological 

procedure ( bi ). From a 3D LGE data set (still frame from 
3D (bi)  inset ), the RVOT scar was also segmented and reg-
istered to the CE-MRA image ( arrows ) in bi and bii. CMR 
imaging was integrated with fl uoroscopy ( bii ). The mag-
netic catheter and RV apex catheter used in the procedure 
are seen ( bii ). Ventricular tachycardia was induced near to 
the anatomical scar defi ned by CMR with unstable haemo-
dynamics. Ablation at this site rendered ventricular tachy-
cardia non-inducible       
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        Many adults with congenital heart disease (CHD) 
have limited knowledge of their heart disease and 
heart history. It is not uncommon to encounter 
adult patients with transposition of the great 
arteries (TGA) that have not seen a physician in 
many years. Radiologist and cardiologist need to 
understand image fi ndings and the anatomy of 
the repair and the potential late complications 
associated with it. In this chapter, these issues 
will be reviewed. Table  10.1  shows anatomic 
defi nitions relevant to the TGA, and Table  10.2  
defi nes morphological characteristics of the ven-
tricles for correct identifi cation.

      Transposition of the Great Arteries 

    TGA is a common cyanotic defect seen in new-
borns with an incidence of about 1 per 5,000 live 
births [ 1 ]. It is seen in 5 % of CHD [ 2 ]. It is due 
to embryologic defect of conotruncal septum 
rotation resulting in ventriculoarterial discor-
dance. Almost all patients with this defect who 
reach adulthood have had prior reparative cardiac 
surgery, although some with a large ventricular 
septal defect (VSD) and subpulmonic stenosis 
can survive with Eisenmenger physiology [ 3 ]. 
Without treatment, 95 % of these patients die in 

the fi rst year, mainly from hypoxemia. Patients 
who have undergone atrial-level repair for TGA 
comprise an important group of adults with CHD. 
It is estimated there to be approximately 9,000 
patients in the United States currently alive with 
an atrial-level repair [ 4 ,  5 ]. 

   Morphology 

 In typical TGA, the atria and ventricles are in 
the usual position (Fig.  10.1 ). It is also known as 
D-TGA; the “D-” refers to the dextroposition of 
the bulboventricular loop [i.e., the position of the 
right ventricle (RV), which is on the right side]. 
In this anomaly the aorta and associated coro-
nary arteries arise anteriorly from the RV and the 
pulmonary artery arises posteriorly from the left 
ventricle (LV). The aorta also tends to be on the 
right and anterior, and the great arteries are paral-
lel rather than crossing as they do in the normal 
heart (56 %) [ 6 ] (Figs.  10.2  and  10.3 ). The sec-
ond most common arrangement is with the aorta 
just anterior to the pulmonary artery (26 %); the 
rarest fetal variant is side-by-side arrangement. 
In Massoudy et al.’s [ 7 ] study of 200 cadaveric 
hearts with TGA, fi ve categories for the relation-
ships of the great arterial trunks were found. The 
aorta could be anterior and to the right of the pul-
monary trunk (75 %), directly anterior (10 %), 
anterior and to the left (3 %), side by side with 
the aorta to the right (10 %), or posterior and to 
the right (2 %). The latter arrangement is also 
called normal relations, albeit with discordant 
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 ventriculoarterial connections [ 8 ] (Fig.  10.4 ). 
In regard to the orientation of the sinuses of the 
aorta relative to those of the pulmonary trunk, in 

most cases, the commissures between the val-
vular leafl ets face each other at the sinotubular 
junctions. Commissural mismatch is uncommon 

   Table 10.1    Anatomic defi nitions relevant to the TGA   

 Transposition of the 
great arteries (TGA) 

 Aorta arising entirely above the right ventricle and pulmonary artery more than 50 % 
above the left ventricle. Complete TGA is usually D-TGA with the aorta on the right side 
of the pulmonary valve designated as {S, D, D} in Van Praagh classifi cation. The S stands 
for atrial situs solitus (normal). The fi rst D is for a D-looped right ventricle. The second D 
stands for the right-sided aortic valve. L-TGA (the aorta to the left side of the pulmonary 
valve) is seen in situs inversus 

 Transposition with 
pulmonary atresia 

 Right ventricular aorta with pulmonary atresia often termed double outlet right ventricle 
with pulmonary atresia 

 Congenitally corrected 
transposition of the 
great arteries (ccTGA) 

 Atrioventricular discordance and ventriculoarterial discordance (Double discordance) 
resulting in normal physiology circulation {S, L, L}. The fi rst L stands for an L-looped 
right ventricle. The second L stands for the position of the aortic valve, which is anterior 
and to the left of the pulmonary valve. ccTGA is usually L-TGA in situs solitus and 
D-TGA in situs inversus 

 Anatomically corrected 
malposition (ACM) of 
the great arteries 

 The aortic origin lies to the left of the pulmonary trunk when there is situs solitus and 
concordant ventriculoarterial connection. Parallel arterial trunks, instead of the normal 
spiral relationship of the aorta and the pulmonary trunk 

 Crisscross heart or 
twisted atrioventricular 
connection 

 Rare anomaly as a result of rotation of ventricular mass along its long axis causing 
supero-inferior relationship of the ventricles with the morphological right ventricle located 
superiorly. The right atrioventricular axis appears orthogonal, rather than parallel, to the 
left atrioventricular axis. It may be seen with all kinds of atrioventricular and 
ventriculoarterial connections. Many have discordant ventriculoarterial connections 

 Subarterial 
infundibulum (conus) 

 Four possible types: subpulmonary infundibulum (normal), subaortic infundibulum (TGA 
or ccTGA), bilateral infundibulum (ACM of the great arteries, double outlet right 
ventricle), and bilaterally absent conus (double outlet left ventricle). Typically, in the 
absence of infundibulum, an arterial- atrioventricular valvular fi brous continuity exists. 
The presence of conus under a semilunar valve usually indicates that the vessel originates 
from the right ventricle 

 Ventricular loop  D-loop: refers to the normal rightward (D = dextro) loop or bend of the embryonic heart 
tube and indicates that the morphological RV infl ow tract is on the right side of the 
morphological LV (right hand topology) 
 L-loop: refers to a leftward (L = levo) loop or bend of the embryonic cardiac tube resulting 
in the infl ow portion of the morphological right ventricle being to the left of the 
morphological left ventricle (left hand topology) 

 Loop rule  In complex cases, it may be diffi cult to characterize a right or left ventricle. In general, in 
the presence of a right-sided aortic valve, the right ventricle is located to the right of the 
left ventricle (D-loop), and in the presence of a left-sided aortic valve, the right ventricle is 
located to the left of the left ventricle (L-loop) 

 Atrioventricular 
connection 

 Five types exist: concordant (normal), discordant, ambiguous, double inlet, and absent 
right or left connection. Concordant, discordant, and ambiguous connections are used 
when two ventricles are present, whereas double inlet and absent right (or left) 
connections are used for a univentricular heart. Concordant cardiac loops are the D-loop 
with situs solitus and the L-loop with situs inversus. Discordant cardiac loops are L-loop 
with situs solitus and D-loop with situs inversus 

 Ventriculoarterial 
connection 

 Double arterial trunk may have concordant connection (normal), discordant connection 
(TGA), double outlet right ventricle (the great vessels arise from the right ventricle), and 
double outlet left ventricle (the great vessels arise from the left ventricle). Single outlet 
can exist as a common arterial trunk, a single pulmonary trunk with atresia of the aortic 
trunk, or a single aortic trunk with pulmonary atresia 

 Position of the 
atrioventricular valves 

 It is correlated with the orientation of the ventricular loop . In a D-loop, the tricuspid valve 
is located to the right of the mitral valve; in an L-loop, it is to the left of the mitral valve. 
In general, the mitral valve is associated with the morphological left ventricle, and the 
tricuspid valve is associated with the morphological right ventricle 
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(13 %) and may have surgical implications dur-
ing arterial switch [ 7 ] (Fig.  10.5 ).

          About two-thirds of TGA patients have simple 
transposition and may only have a small patent 
ductus arteriosus (PDA) and/or a patent foramen 
ovale (PFO) (Fig.  10.6 ). The presence of other 
cardiac lesions constitutes complex transposi-
tion. These include large PDA, atrial septal defect 
(ASD), VSD (22 %) [ 9 ], or coarctation of the 
aorta (4 %) [ 5 ,  10 ]. Rightward (more common) or 
leftward displacement of the outlet septum fre-
quently results in subaortic or subpulmonary ste-
nosis, respectively, and is frequently associated 
with a perimembranous VSD [ 11 ,  12 ]. Subaortic 
stenosis due to either deviation of the outlet sep-
tum or prominence of the ventriculo-infundibular 
fold and septoparietal trabeculations can occur.

      Postsurgical TGA 

 If there is no atrial defect or VSD, the cyanotic 
neonate with TGA will not survive the fi rst few 
days of life without some early intervention. As 
the fi rst intervention, TGA babies may be treated 
with percutaneous Rashkind atrial balloon sep-
tostomy procedure to create a more sizable atrial 
septal defect to allow mixing of systemic and 
pulmonary venous return [ 13 ]. This procedure 
can improve their oxygenation until defi nitive 
surgery is performed. Early attempts at surgical 
repair of TGA were aimed at physiologic correc-
tion, because techniques for anatomic repair were 
not available. The surgical techniques of an atrial 
switch for patients presenting with TGA were 
described by Senning in 1959 [ 14 ] and by 

   Table 10.2    Morphological characteristics of the ventricles   

 Right ventricle  Left ventricle 

 Trabeculations  Coarse and thick at the apex  Thickened wall 
 Moderator band  Starts from the ventricular septum and extend 

towards the apex 
 None 

 Atrioventricular valve  Tricuspid  Mitral 
 Septal valve leafl et  Apical position of the septal tricuspid leafl et  Mitral-aortic valvular fi brous continuity 
 Papillary muscle  Medial papillary muscle attaching to the 

septum. Anterior papillary muscle continuous 
with the moderator band 

 Anterosuperior and posteroinferior papillary 
muscle. No septal papillary muscle 

 Infundibulum  Usually exists  Usually absent 

  Fig. 10.1    Axial    views of the heart demonstrate the 
 orientation of heart in thorax, ventricular arrangement and 
the atrioventricular valves position in normal, repaired 
transposition of great arteries ( TGA ), and congenitally 
corrected TGA ( ccTGA ). The cardiac crux has a mirror 
image appearance in ccTGA. The moderator band of 

 morphological right ventricle ( RV ) is shown by  green 
arrows . In the RV the septal leafl et of tricuspid valve ( pink 
arrows ) is attached to the septum 1 cm closer to the apex 
compared to the mitral valve ( pink arrows ). Further apical 
migration of the tricuspid valve is common in ccTGA.  LV  
morphological left ventricle       
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Mustard in 1964 [ 15 ]. By the 1980s, late compli-
cations of these repairs including sinus node dys-
function, atrial fl utter, systemic ventricular 
dysfunction, baffl e leak, and stenosis of the supe-
rior vena cava (SVC) baffl e had become well 

 recognized [ 16 ]. These complications, along with 
advances in cardiac surgery, led to the adoption 
of the neonatal arterial switch operation (ASO), 
which is now standard therapy for TGA 
[ 17 – 19 ]. 

  Fig. 10.2    Anterior and left lateral intrathoracic orienta-
tion of the heart in TGA and ccTGA. Note the anterior/
posterior arrangement of the ventricles in TGA and their 
side-by-side position in ccTGA. In ccTGA, the morpho-

logical right ventricle ( RV ) forms the left lateral cardiac 
margin (levoposition). In TGA, the ascending aorta ( AA ) 
is located on the right anterior aspect of the main pulmo-
nary artery ( PA ).  LV  morphological left ventricle       
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   Intra-atrial Baffl e 
 In the Senning repair, two longitudinal incisions 
are made through lateral walls for the right and 
left atria. A fl ap made from the atrial septum is 
sewn to the free wall of the left atrium (LA) 
between the left atrial appendage and pulmonary 
veins, isolating the pulmonary veins behind it. If 
the fl ap is not large enough, it may obstruct left 
pulmonary veins at their orifi ces. The posterior 
and anterior edges of the incision through the lat-
eral wall of the right atrium are then sutured to the 
free margin of the atrial septum and the left atrial 
incision, respectively, to reroute the deoxygenated 

caval blood to the mitral valve and the oxygenated 
pulmonary venous blood to the tricuspid valve. In 
Mustard technique which is less complicated, the 
baffl e is created by intra-atrial sewing of a trou-
ser-shaped patch of pericardium or synthetic 
material to the atrial walls (Fig.  10.7 ). In Mustard, 
the atrial septum must be excised as much as pos-
sible. At the end, the right atrium may be enlarged 
by a pericardial or a synthetic patch (Fig.  10.8 ). In 
both techniques the anatomic LV continues to act 
as the pulmonary pump and the anatomic RV acts 
as the systemic pump (Figs.  10.9  and  10.10 ). The 
Senning and Mustard repairs still have a small 

  Fig. 10.3    Heart    morphology in transposition of great 
arteries ( TGA ) status post atrial switch. Intra-atrial baffl e 
( green arrowhead ) diverts oxygenated blood of the left 
atrium ( LA ) into the right atrium ( RA ) ( red arrow ). 
Cardiac crux is normal. The morphological right ventricle 
( RV ) works as systemic ventricle and appears hypertro-
phied. In TGA the aortic valve ( a ) is located anterior and 

to the left of the pulmonary valve ( p ) in most cases. The 
pulmonary valve is sitting between the two atria. The RV 
infundibulum is not well developed and there is fi brous 
continuity between the mitral ( m ) and the pulmonary ( p ) 
valves.  AA  ascending aorta,  IVC  inferior vena cava,  MPA  
main pulmonary artery,  SVC  superior vena cava.  LV  left 
ventricle,  blue arrows  showing caval (non systemic) fl ow       
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  Fig. 10.4    Schematic 
representation of the aortic 
( red ) and pulmonary ( blue ) 
valve relationships. 
Variability between the 
presented alignments is 
common       

  Fig. 10.5    Commissural    malalignment of the aortic ( A ) 
and pulmonary ( P ) valves in TGA (shown by  arrows ). In 
normal heart and ccTGA, the intervalvular  commissures 
are well aligned. Although uncommon, mismatch 

between aortic and pulmonary valves can occur in TGA 
patient which may have surgical implication for arterial 
switch operation       

  Fig. 10.7    Illustration of Mustard procedure. ( a    ) The 
interatrial septum is removed through a right atrial inci-
sion. ( b ) A trouser-shaped patch of pericardium is created. 
( c ) A baffl e is formed by suturing the patch to the right 
atrial wall, the ostia of the inferior vena cava ( IVC ) and 
superior vena cava ( SVC ), and the anterior margin of atrial 
septal window to reroute the deoxygenated caval blood to 

the mitral valve and the oxygenated pulmonary venous 
blood ( red arrows ) to the tricuspid valve. Note in this 
example the coronary sinus ostium is not covered by the 
patch. Some surgeons may leave the coronary sinus to 
drain to the systemic venous atrium to lower possible 
suturing damage to the conduction system       
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a b c

  Fig. 10.6    Associated    fi ndings in repaired TGA. ( a ) 
Small patent ductus arteriosus ( pink arrow ).  AA  ascending 
aorta,  MPA  main pulmonary artery,  RV  right ventricle, 
inset box is systolic image showing the shunt as a dark 
line extending into the left ventricle. ( b ) Enlarged 

 pulmonary arteries due to pulmonary hypertension. Note 
incomplete opacifi cation of the left atrial appendage 
( LAA ) suggestive of atrial fi brillation. ( c ) Recurrent small 
ventricular septal defect ( arrow )       
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  Fig. 10.8    Pericardiectomy to prepare a pericardial patch 
for Mustard surgery. A large part of the right pericardium 
is usually removed. It is mostly used for baffl e construc-
tion. Part of it can be used to repair or enlarge the right 

atrial wall. The left anterior and posterior pericardium 
remain intact ( yellow arrows ). Note calcifi ed foci at the 
surgical sites of the right atrial wall and interatrial baffl e 
( green arrows )       

  Fig. 10.9     Upper row : Intra-atrial baffl e boundaries in 
transposition of great arteries ( TGA ) after atrial switch 
operation. The pericardial baffl e covers the ostia of the 
SVC and IVC and from there extends into the left atrium 
( LA ), dividing atrium into inner (venous) and outer (sys-
temic) chambers. The baffl e then attaches to the lateral 
wall of the LA between the pulmonary veins ( PV ) and left 
atrial appendage ( LAA ) ostia. Points of suturing of the 
patch, marked by  green arrows , include superior (SVC 
ostium), inferior ( IVC ), midline (remainder of atrial sep-
tum at cardiac crux), and lateral (free wall of the left 
atrium).  Lower row : nonsystemic circulation of TGA. The 

intra-atrial baffl e location is shown by  pink arrows . The 
structures participating in nonsystemic circulation include 
the SVC, IVC, LAA, anterior wall of LA, left atrial vesti-
bule, mitral ring, morphological LV, and pulmonary arter-
ies. Color-coded images show no connection to the 
coronary sinus. The coronary sinus ( CS ) may be covered 
by the baffl e and becomes part of the nonsystemic circula-
tion. This is shown in sagittal two-chamber ( 2ch ) CT in a 
different patient.  IVC  inferior vena cava,  LV  left ventricle, 
 MPA  main pulmonary artery,  P  pulmonary artery,  RA  
right atrium,  RAA  right atrial appendage,  RV  right ventri-
cle,  SVC  superior vena cava       
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role in the treatment of TGA in patients with fi xed 
subpulmonary obstruction and as part of the “dou-
ble-switch” type of repair used in the treatment of 
congenitally corrected transposition of great arter-
ies (ccTGA).

         Arterial Switch: Jatene Procedure 
 With improvements in critical care and technical 
skill, the Jatene arterial switch has become the 
optimal surgery of TGA and can be performed in 
early weeks of life [ 17 ,  18 ]. To restore the ven-
triculoarterial relationships, the coronary arteries 
are excised from the aorta, followed by transec-
tion and switch of the ascending aorta and the 
pulmonary artery. To reduce the risk of coronary 
artery kinking before their reimplantation, the 
pulmonary artery is relocated anterior to the aorta 

(the Lecompte maneuver) (Fig.  10.11 ). The pul-
monary artery may be augmented by using peri-
cardial patch to prevent the possibility of stenosis. 
Patients with anomalous coronary arteries are not 
good candidates for the Jatene procedure. In 
cases in which TGA is associated with a VSD 
and subpulmonary stenosis, the Rastelli proce-
dure is the preferred method of repair. This pro-
cedure consists of a patch closure of the VSD to 
the aortic valve and placement of a conduit 
between the RV and the pulmonary arteries [ 20 ]. 
After the Rastelli operation, assessment of pos-
sible stenosis or incompetence of the RV-to-PA 
conduit, LV outfl ow tract fl ow, biventricular 
function, and possible residual shunt is needed. 
This is probably best achieved by cardiac MRI. 
After the Mustard or Senning procedure, adults 

  Fig. 10.10    The status of atrial baffl e after atrial switch 
for transposition of great arteries. The boundaries of intra-
atrial baffl e are shown by  yellow arrows  on volume-ren-
dered CT images. Homogenous enhancement of both 
atria was achieved using a double injection CT technique. 
As a result of modest attenuation values throughout the 
heart chambers, high-quality three-dimensional images 
can be reconstructed. After atrial switch non-oxygenated 

blood of the IVC and SVC is diverted into the vestibule of 
left atrium ( LA ), the left ventricle ( LV ), and fi nally the 
main pulmonary artery ( MPA ). The oxygenated blood of 
the venous part of LA enters the right atrium ( RA ), the 
right ventricle ( RV ), and the ascending aorta ( AA ).  IVC  
inferior vena cava,  LAA  left atrial appendage,  MV  mitral 
valve location,  SVC  superior vena cava       
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with TGA may develop right ventricular failure 
and require consideration of new therapies. 
A 2-stage pulmonary artery banding and ASO 
may be performed as an alternative to heart trans-
plantation (Fig.  10.12 ).

        Postsurgical Complications 

   Complications After Atrial Switch 
 Baffl e-related complications are a frequent cause 
of reoperation and account for 30 % of reopera-
tions in patients with history of Mustard opera-
tion and 5 % of Senning operation [ 21 – 24 ]. The 
reason for a higher incidence of baffl e-related 
complications in the Mustard group may be seen 
in the use of synthetic material or folding of 
excessive baffl e material. Early complications 
include baffl e obstruction or leak and vena cava 
obstruction [ 21 ,  24 ]. Late surgical complications 
include leak and pulmonary and/or systemic 
venous pathway stenosis [ 24 ]. 

  Baffl e Stenosis . The systemic venous path-
way obstruction occurs more often after Mustard 
repair (15 %) than after the Senning procedure 
(1.4 %) [ 22 ], but there is a trend towards greater 
obstruction of the pulmonary venous path-
way in those who have undergone the Senning 

 procedure (7.6 % versus 3.8 %) [ 25 ]. Obstruction 
of the pulmonary venous pathway can manifest 
as pulmonary venous hypertension and pulmo-
nary edema. The site of obstruction is typically 
between the inferior vena cava (IVC) baffl e limb 
and the lateral atrial wall. Less commonly, the 
left pulmonary veins can become obstructed, 
causing left-sided edema. Both the superior and 
inferior caval baffl e limbs can develop stenosis, 
but the SVC limb is more frequently affected 
(Fig.  10.13 ). With MR and CT the site of steno-
sis can be easily identifi ed. The degree of ste-
nosis can also be quantifi ed using MR velocity 
 encoding. Severe stenosis is defi ned as narrow-
ing on cine images with a peak velocity of over 
1.5 m/s and a damped and continuous fl ow curve. 
Mild stenosis is defi ned when the fl ow is pulsatile 
and peak velocity in early diastole not exceeding 
1 m/s [ 26 ]. In chronic SVC stenosis, patients are 
often asymptomatic, as they may develop col-
lateral fl ow into the chest wall and paravertebral 
veins with retrograde drainage into the IVC [ 27 ]. 
Patients may also develop persistent pleural effu-
sions or chylothorax. Chronic stenosis of the IVC 
is not well tolerated owing to subsequent hepatic 
congestion and ascites. Venous stenosis can often 
be treated with transcatheter-delivered stents [ 28 ] 
(see Fig.   25.11    ). Pulmonary venous  pathway 

a b

  Fig. 10.11    Pulmonary artery appearance after Jatene 
arterial switch procedure. ( a ) Axial MRI and ( b )  Short-axis 
MRI show retrosternal course of main pulmonary artery 

( MPA ). Dilated aortic annulus (neoaorta) is shown in (b). 
 AA  ascending aorta,  AV  aortic valve,  LPA  left pulmonary 
artery,  RPA  right pulmonary artery       
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 obstruction after Mustard is often identifi ed 
using phase-contrast imaging that demonstrates 
increased venous fl ow velocity or loss of normal 
phasic fl ow patterns. However, in the setting of 
severe obstructions, pulmonary arterial blood 
fl ow is redistributed towards the unaffected side 
resulting in very low venous fl ow on the affected 
side masking fl ow acceleration. In this situation, 
measuring pulmonary artery fl ow can be help-
ful. In case of left pulmonary vein obstruction, 

arterial fl ow will be redistributed with more fl ow 
shifting to the right side. Reversed diastolic fl ow 
in the ipsilateral artery (in the absence of pulmo-
nary regurgitation) and continuous fl ow in the 
contralateral pulmonary artery may be seen in 
severe pulmonary vein obstruction [ 29 ].

    Baffl e Leaks . Leaks in the intra-atrial baffl e are 
more common with Mustard than with Senning 
repairs. Small defects in the wall of baffl e are com-
mon and usually  hemodynamically insignifi cant 

a1

a

a2

a3 a4

  Fig. 10.12    ( a ) A 26-year-old patient with post Mustard 
TGA, complete correction was performed after 2-stage pul-
monary artery banding and arterial switch operation. ( a1 ) 
and ( a2 ) are MR angiograms after pulmonary banding. The 
pulmonary band creates a dark signal on MR angiogram 
( yellow arrow ). Note anterior position of the ascending 
aorta ( AA ). ( a3 ) and ( a4 ) are MR angiogram after arterial 
switch performed 1 year after pulmonary banding. Note 

anterior position of the pulmonary artery ( PA ). ( b ) A 
25-year-old female status post Mustard TGA before ( b1  
and  b3 ) and 6 months after ( b2  and  b4 ) pulmonary artery 
( PA ) banding showing improved left ventricular ( LV ) func-
tion as shown by ventricular dilatation and decreased septal 
straightening. The right ventricle ( RV ) load is diminished. 
Stenosis of the main pulmonary artery at level of banding is 
shown ( arrows ).  IVC  inferior vena cava         
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(Fig.  10.14 ). However, small defects can increase 
the risk of paradoxical embolus and cerebrovas-
cular event, especially in patients with history of 
tachyarrhythmias or in the presence of an endo-
cardial pacemaker (see Fig.   30.13    , extracardiac 
complications). In order to decrease this risk, all 
TGA patients who require pacemaker implanta-
tion typically undergo a thorough pre- procedural 
imaging evaluation to assess for the presence of 

a baffl e leak. Complex anatomy of the interatrial 
septum after atrial switch can make detailed anal-
ysis of the baffl e diffi cult (Fig.  10.10 ). Although 
transesophageal echocardiography can provide 
most information required to evaluate these 
cases, in many cases it is not conclusive and 
additional diagnostic tests are necessary for fi nal 
decision making. CT is known for its ability to 
show detailed anatomic structures. It is fast and 

b1

b

b2

b3 b4

Fig. 10.12 (continued)
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easy to interpret (Figs.  10.9  and  10.10 ). However, 
special injection technique is required to show 
both sides of the baffl e  without much streak arti-
facts (Fig.  10.10 ). CT has also the advantage of 
showing additional anatomic problems including 
a patent ductus arteriosus or anomalous venous 
return (Fig.  10.6 ). When the LV is enlarged, it 
is important to rule out a signifi cant pathway 
leak with predominant systemic-to-nonsystemic 
shunt (equivalent of RV enlargement in concor-
dant heart chambers with an ASD). Baffl e leaks 

can sometimes be treated with placement of 
occluder devices [ 30 ] (see Fig.   30.13    , extracar-
diac complications). The combination of a baffl e 
leak proximal to a baffl e stenosis will exacerbate 
nonsystemic-to-systemic shunting and leads to 
desaturation, especially with exercise.

    Other Complications . Direct operative trauma 
to the sinus node or damage to its blood supply and 
scar lines across the atrium have been suggested as 
the principal causes of sinus node dysfunction in 
both types of atrial switch operations [ 7 ,  31 ]. 

a b

c d

  Fig. 10.13    Serial    MR angiography images ( a – d ) show 
severe superior caval baffl e stenosis ( white arrows ) caus-
ing shift of contrast injected from left subclavian vein 
( LSCV ) into the azygos ( AZ ), hemiazygos ( HAZ ), and infe-
rior vena cava ( IVC ) ( a  and  b ). Mild stenosis of the inferior 
caval baffl e is also shown ( black arrow  in  c ). Note stenosis 

of the right pulmonary artery ( RPA  in  c  and  d ) and occlu-
sion of the proximal right subclavian artery as sequelae of 
a Blalock-Taussig shunt (Courtesy of Tiffanie R. Johnson 
MD, Section of Pediatric Cardiology, Riley Hospital for 
Children, Indiana University)       
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Atrial fl utter is not uncommon after Mustard repair 
[ 22 ,  31 ]. Long-term neurologic complications 
include stroke and seizures, often related to throm-
boembolic events (see Fig.   30.14    , extracardiac 
complications). Right (systemic) ventricular fail-
ure with secondary tricuspid valve insuffi ciency is 
common [ 23 ,  25 ]. These patients can develop pro-
gressive cardiomegaly and may ultimately require 
end-stage heart failure management, including 
cardiac transplant [ 25 ]. Less common complica-
tions include pulmonary arterial hypertension 
(6 %), residual VSD, and dynamic subpulmonary 
stenosis [ 32 – 34 ] (Fig.  10.6 ). A mild degree of sub-
pulmonary stenosis is common in patients with 
TGA following atrial-level repair [ 32 ]. More-
severe subpulmonary stenosis after baffl e recon-
struction is rare and can be treated with a left 
ventricle-to- pulmonary artery valved conduit [ 33 ].  

   Complications After Arterial Switch 
 Compared to atrial switch, the rate of dysrhyth-
mias is less [ 35 ]. Complications that may be seen 

at imaging after an arterial switch procedure 
include main pulmonary artery and branch pul-
monary artery obstruction, aortic root dilatation 
with aortic regurgitation, right ventricle outfl ow 
tract (RVOT) obstruction, and coronary artery 
stenosis [ 36 ,  37 ]. The most frequent types of ste-
nosis are discrete pulmonary narrowing at the 
anastomosis and the right pulmonary artery seg-
mental stenosis because they are draped across 
the aorta behind the sternum. Dilatation of the 
neoaortic root is also common, but hemodynami-
cally signifi cant neoaortic valve regurgitation is 
uncommon [ 38 ]. Increased dimensions of the 
aortic annulus lead to loss of coaptation of the 
aortic valve leafl ets and varying degrees of cen-
tral aortic regurgitation (Fig.  10.11a ). Reduced 
elasticity of the proximal aorta, reduced LV sys-
tolic function, and increased LV dimensions as 
measured with MRI are frequently observed 
these patients [ 39 ]. It has been reported that there 
is a substantial risk of early and late coronary 
artery occlusion or stenosis in patients undergo-

  Fig. 10.14    ( a )    Two-chamber long-axis cine MR images 
show an atrial baffl e small defect of atrial baffl e show a 
small defect in diastole ( large arrow ) and a shunt ( small 
arrows ) though it during ventricular systole. ( b ) Baffl e 
leak shown by CT angiography. ( b1 ) is sagittal cut 
through the caval veins and ( b2 – b4 ) are axial images at 

three levels of baffl e. Contrast arrival through the superior 
limb of baffl e shows a defect (between  green arrows ) at 
superior caval limb between the superior vena cava ( SVC ) 
and right atrial appendage causing small right to left 
shunt.  IVC  inferior vena cava,  LA  left atrium,  RA  right 
atrium,  LV  left ventricle,  RV  right ventricle         

a 
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ing an arterial switch procedure. Most of these 
patients are asymptomatic, at least initially [ 40 ]. 
Because the RVOT and the pulmonary arteries 
are positioned immediately behind the sternum 
after the arterial switch procedure, transthoracic 
echocardiography is a poor method for evaluat-
ing obstructive lesions in these vessels. The ana-
tomic and functional signifi cance of such 
obstructions can be more accurately assessed 
with MR imaging by using a combination of 
techniques including cine imaging, gadolinium- 
enhanced MR angiography, and velocity-encoded 
MRI [ 41 ]. In patients in whom the presence of 

coronary ischemia is suspected, coronary CT 
angiography is the imaging modality of choice. 
However, coronary MR angiography is also use-
ful for the noninvasive investigation of proximal 
segments of the coronary arteries [ 42 ].  

   Conversion to Arterial Switch 
 If the systemic RV is failing after an intra-atrial 
repair, morphologically left ventricular recon-
ditioning and an arterial switch operation is an 
alternative to cardiac transplantation in selected 
patients [ 43 ]. The fi rst step in such an approach 
is a surgically placed pulmonary artery band 

b1

b

b2

b3 b4

Fig. 10.14 (continued)

10 Transposition of the Great Arteries



240

( average 1 year). This is necessary because the 
LV rapidly becomes deconditioned when exposed 
to the low-resistance pulmonary circuit, losing its 
ability to generate systemic pressure. Pulmonary 
artery banding provides adequate LV training if 
done at an early age, but results in older patients 
may not be satisfactory [ 44 ]. After banding, MRI 
is used to evaluate ejection fraction, ventricular 
mass, and tricuspid valve function. With increas-
ing morphological LV pressure after banding, a 
shift in the interventricular septum and reduction 
of the tricuspid regurgitation and right ventricle 
dysfunction are expected. Later the atrial baffl e 
can be taken down, the pulmonary artery band 
removed, and the arterial switch procedure per-
formed [ 44 ] (Fig.  10.12 ).  

   Anatomic Variability of Coronary 
Vessels 
 Anomalous origin of the coronary artery is not 
uncommon in TGA patients and may cause 

 problem during arterial switch operation [ 7 ]. In 
adult patients with the history of atrial switch, 
these anomalies can be seen in diagnostic tests 
including MRI and CT and could be of surgical 
signifi cance at the time of anatomic conversion 
surgeries (Fig.  10.15 ). In Massoudy et al.’s study 
[ 7 ], the frequency of the potentially relevant 
surgical features in a large series of autopsied 
hearts was reported. In 60 % of cases, the right 
coronary artery (RCA) arose from the right sinus 
and the left anterior descending (LAD) and left 
circumfl ex arteries from the left sinus. In 10 % 
the LAD originated from the right sinus, taking 
a retropulmonary course in 50 %, interarterial in 
10 %, and preaortic in 40 %. High takeoff above 
or at the level of sinotubular junction was seen 
in 16 %. Juxtacommissural origin of coronary 
arteries, intramural or tangential takeoff, and 
commissural mismatch of arterial trunks are rela-
tively rare but can lead to accidental injury when 
the aorta is transected during arterial switch [ 45 ] 

a b

  Fig. 10.15    TGA status post Mustard operation. Posterior 
( a ) and left lateral ( b ) views of the heart show anatomic 
distribution of the coronary veins. The coronary sinus 
(within the  yellow circle ) appears divided into two parts 
by the intra-atrial baffl e ( pink arrows ). For this reason, the 
great cardiac vein ( GCV ) and the posterolateral vein 
( PLV ) are opened into the nonsystemic atrial conduit, and 
the inferior interventricular vein ( IIV ) and the small car-

diac vein ( SCV ) follow the normal path and drain into the 
coronary sinus ( CS ) and systemic conduit. Note veins 
draining into the systemic circulation are larger due to 
increased intra-atrial pressure of the systemic side. The 
inferior vena cava ( IVC ) is shown connecting into the 
nonsystemic atrial conduit.  LV  left ventricle,  RA  right 
atrium,  RV  right ventricle (systemic)       
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(Fig.  10.5 ). Furthermore, other features, such as 
retropulmonary course of the left coronary artery 
or origin of both the RCA and the LAD from 
the right sinus, have been shown to be impor-
tant [ 46 ]. These abnormal features can now be 
diagnosed with accuracy using cardiac CT angi-
ography. With MRI diagnostic-quality images 
of the coronary ostium and proximal coronary 
artery, course can be obtained [ 42 ]. Anomalies of 
the coronary veins are rare. However, in patients 
with intra-atrial baffl e after Senning of Mustard 
operations, part of the coronary sinus tributaries 
may be divided between the right and left atria 
(Fig.  10.15 ). In patients with systemic right ven-
tricle, the coronary veins draining into the right 
atrium are enlarged.

       CT and MR Techniques 

   CT Study of the Baffl e and RV Function 
 Current standard practice for ECG-gated CT 
angiography of the heart involves injection from 
an upper extremity vein into the SVC. Noncontrast 
blood from the IVC mixing with high-density 
contrast injected through the SVC frequently 
produces artifacts that obscure anatomic detail of 
the right heart particularly the right atrium. This 
makes detailed assessment of anatomy of the 
right atrium and cavoatrial junctions diffi cult, 
especially in complicated situations such as 
 surgically corrected congenital cardiac malfor-
mations. In our institution we adopted a modifi ed 
injection protocol using dual extremity contrast 
injections which provides artifact free images of 
the right heart. We have used this technique in 
selected patients with repaired TGA to evaluate 
anatomy of the heart including the atrial baffl e 
(Fig.  10.10 ). Dual injection technique has been 
used for Fontan shunt using peripheral veins of 
lower and upper extremities with some limita-
tions related to contrast dilution [ 47 ]. Using our 
technique, a 20 gauge angiocatheter needle is 
inserted into the antecubital vein, and a second 
needle (similar size but longer in length) will be 
placed in a femoral vein under ultrasound guid-
ance, local anesthesia, and sterile conditions. 
Contrast injection steps are as follows: 80 mL of 

nondiluted iodinated contrast is injected, fol-
lowed by 30 mL of saline using a standard dual- 
barrel injector in the femoral vein at a rate of 
4 mL/s. Ten seconds after injection of femoral 
contrast, 50–70 mL of 40 % contrast diluted with 
saline (20 mL of contrast mixed with 50 mL of 
saline) is injected manually or using a second 
power injector in the antecubital vein at 3 mL/s. 
Scan is triggered at 150 Hounsfi eld units in the 
descending aorta near the tracheal bifurcation.  

   MR Techniques 
 Currently, transthoracic echocardiography is the 
imaging modality of choice for the preoperative 
diagnosis and assessment of TGA. The main role 
of MRI is in the diagnosis of postoperative com-
plications, particularly those that develop as the 
child grows older. Cardiac MRI is an excellent 
noninvasive imaging modality and may be 
repeated every 2–4 years for serial monitoring of 
ventricular function and baffl e integrity in detail 
[ 48 ]. Unfortunately, many patients have pace-
makers, which currently contraindicates MRI, 
although this circumstance might change in the 
future. In patients with a pacemaker, CT may be 
a better choice, especially for the assessment of 
anatomy and complication related to surgery. The 
goals of MRI after an atrial switch procedure 
include evaluations of the function and size of the 
ventricles, careful assessment of the intra-atrial 
baffl e for leak and stenosis, atrioventricular 
valves for regurgitation, and outfl ow tracts for 
obstruction. In post arterial switch, additional 
objectives of MRI include careful evaluation of 
pulmonary arteries for stenosis and the neoaorta 
for dilatation and valve regurgitation. Assessment 
of the RV function is very important in patients 
with atrial switch, and MRI is the method of 
choice for functional evaluation of the RV and 
follow-up studies [ 49 ]. In one study comparing 
MRI and echocardiography, transthoracic echo-
cardiography underestimated right ventricular 
ejection fraction compared to cardiac MRI [ 48 ]. 
Table  10.3  demonstrates cardiovascular MR 
imaging protocol for TGA patients. For cardiac 
function, following obtaining localizer images of 
the heart, a segmented balanced steady-state free 
precession sequence (b-SSFP) with retrospective 
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electrocardiographic gating is used for short- and 
long-axis views. Short-axis slices perpendicular 
to the ventricular septum are obtained encom-
passing the entire heart during end-expiratory 
breath holds. Typical parameters are fl ip angle, 
50–70°; repetition time, 3–4 ms; echo time, 
1–2 ms; 8 mm slice thickness; and 1–2 mm inter-
slice gap. A temporal resolution of 40–50 ms can 
be achieved. In patients who have diffi culty hold-
ing their breath, a single-shot version of this tech-
nique can be used as an alternative to the 
segmented form of data acquisition. Delayed 
gadolinium-enhanced MRI can be used to detect 
myocardial fi brosis in the systemic RV and 
should be carefully analyzed in the baseline and 
follow-up MR studies [ 50 ]. Time-resolved 
contrast- enhanced MR angiography is an easy, 
fast, and reliable technique for the assessment of 
anatomy and shunt and can be added to any MRI 
protocols for patients with CHD [ 51 ]. In post 
atrial switch it may be able to show moderate 
baffl e limb stenosis and wall defects causing 
shunt [ 26 ]. The imaging sequence will be started 
simultaneously with the power injection of 
10 mL of gadolinium-based contrast followed by 
20 mL of saline solution into an antecubital vein 
at a rate of 4–5 mL/s. A three-dimensional fast 
gradient echo sequence is used. At 1.5 T, coronal 
or axial 3D data set (coronal for baffl e stenosis 
and axial for baffl e leak) can be acquired in 5–6 s 
and repeated (i.e., 4–5 times) during one breath 
hold. The following parameters are generally 

used: TR/TE, 1.9/0.7; fl ip angle, 20°; matrix, 
variable; slice thickness, 4 mm; number of slices, 
variable; and parallel imaging with acceleration 
factor of 2. Background signal will be suppressed 
by the subtraction of the fi rst baseline data set 
from the subsequent data sets.

       Systemic Right Ventricular 
Dysfunction 

 The RV is able to turn functionally, and maybe 
structurally, into a LV (Fig.  10.16 ). The RV 
functions as the systemic pumping chamber in 
hypoplastic left heart syndrome, ccTGA, and 
post atrial switch TGA. Medium-term survival in 
patients with a systemic RV is relatively good; 
however, long-term outcome is unknown and 
decisions on the timing of operation depend on 
RV function. Accurate analysis of RV anatomy, 
volumes, and function and the degree of systemic 
atrioventricular valve regurgitation is important 
and. all patients should have a periodic assess-
ment of ventricular function by echocardiogra-
phy and/or MRI. The importance of having an 
accurate and reproducible diagnostic tool for the 
evaluation and follow-up of systemic RV vol-
umes and function is evident, and cardiac MRI 
is the gold standard and should be performed 
at least every 2–4 years. The MRI method of 
volumetric measurements is very important. 
Trabeculations in the systemic RV cavity are 

    Table 10.3    Comprehensive cardiovascular MRI protocol for TGA and ccTGA patients   

 2-Dimensional axial, sagittal, and coronal stacks of single-shot fast spin-echo images (dark blood) and balanced 
steady-state free precession (b-SSFP) (bright blood) covering the chest 
 Axial cine b-SSFP imaging in multiple contiguous sections from the level of the diaphragm to the level of the aortic 
arch to allow dynamic evaluation of the pulmonary venous baffl es, qualitative assessment of ventricular and 
atrioventricular valve function, and assessment of the aorta and pulmonary arteries 
 Oblique coronal and sagittal cine b-SSFP imaging in multiple contiguous sections parallel to the SVC and IVC in 
post atrial switch (to allow detection of a systemic venous baffl e obstruction or leak) and parallel to the right 
ventricle outfl ow tract (RVOT) and left ventricle outfl ow tract (LVOT) in cases after arterial switch (ideally, two 
orthogonal views each for the RVOT and LVOT to assess stenosis) 
 Short-axis, two-chamber (left), and four-chamber cine b-SSFP imaging for quantitative analysis of right and left 
ventricular function 
 3-Dimensional gadolinium-enhanced MR angiography (time resolved), coronal orientation 
 Short-axis, two-chamber (left), and four-chamber delayed myocardial enhancement 
 Velocity-encoded MR imaging of the aortic root and main pulmonary artery for measurement of pulmonary fl ow 
relative to aortic fl ow (Qp:Qs) and if indicated over baffl e defect (shunt quantifi cation) and branch pulmonary 
arteries (stenosis assessment) or any suspected narrowed region 

F. Saremi



243

  Fig. 10.16    Comparison of the right ventricle ( RV ) morphol-
ogy during systole with diastole in normal condition, transpo-
sition of great arteries ( TGA ) (post atrial baffl e), and 
congenitally corrected TGA ( ccTGA ). Overtime, the systemic 

RV function and morphology can change and become similar 
to a left ventricle. Note rounding and hypertrophy of the RV 
in TGA. In ccTGA the morphological RV (systemic RV) is 
thickened and the interventricular septum is straightened       
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large and very crowded near the apex and  placing 
region of interest outside the trabeculations is 
probably the easier approach. Although the infl u-
ence of papillary muscles and trabeculations on 
measured ventricular volumes of normal heart is 
not signifi cant [ 52 ], including those structures in 
measurements of systemic RV may lead to a sig-
nifi cantly higher end-diastolic and end-systolic 
volumes and lower calculated ejection fraction 

[ 53 ] (Fig.  10.17 ). Whatever method is selected 
needs to be consistent for the follow-up exami-
nations [ 54 ]. Most current volumetric techniques 
use the Simpson’s method. In this technique, 
the volume is calculated from a stack of paral-
lel planes, usually in the short-axis orientation. 
This method can be accurate for the left ven-
tricle, but it may underestimate the RV volumes 
(possibly due to incomplete coverage of the 

  Fig. 10.17    MRI shows two different methods of the right 
ventricle ( RV ) volume analysis in a patient with systemic RV 
due to TGA status post Mustard surgery. Simpson method 
(short-axis images) is used in both methods. Method A 
( upper row ) shows the inclusion of trabeculations and papil-
lary muscles in the ventricular cavity. Method B ( lower row ) 

shows exclusion of those structures. Ejection fraction is 
underestimated in method A. Method B appears to be more 
accurate. Trabeculations are numerous towards the apex of 
the RV and partial volume averaging blurs boundaries and 
method A may be a more reproducible approach. It is impor-
tant to use a single method for longitudinal follow-ups       
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RV outfl ow tract) when compared to advanced 
three- dimensional techniques using image data 
acquired from combinations of views (short and 
long axes) to reconstruct the RV [ 55 ]. The major 
advantage of using cross-references between 
long- and short-axis images, as compared with 
analysis based on short-axis-only images, is the 
ease of determining the planes of the tricuspid 
and pulmonary valves (Fig.  10.18 ). This advan-
tage is likely responsible for the slightly higher 
reproducibility of measurements compared to 
older software. However, we should be care-
ful when using new volumetric analysis meth-
ods because most reports on normal values and 
those obtained in repaired CHDs are based on 
 volumetric analysis of short-axis images. The 
assessment of the extent of myocardial fi brosis 
with delayed post contrast MRI may be of prog-
nostic value and can be associated with RV dys-
function, poor exercise tolerance, arrhythmia, 
and progressive clinical deterioration. In the 
study of Broberg et al. [ 56 ], the fi brosis index 
values were highest in systemic RV patients and 
correlated with end- diastolic volume index and 
ventricular ejection fraction.

       TGA and RV Function 
 Despite good long-term survival of near 80 % 
after atrial switch procedures [ 21 – 24 ], deteriora-
tion of the systemic ventricle function is seen in 
up to 50 % of patients [ 57 ,  58 ]. The exact cause 
of RV dysfunction is unclear. A shift in the sys-
temic RV free wall from longitudinal to 
 circumferential shortening is seen when com-
pared with the normal RV. This contraction pat-
tern resembles that of the normal LV and may be 
explained by alterations in ventricular geometry 
and/or myocardial hypertrophy (Fig.  10.16 ). In 
contrast to the normal LV, ventricular torsion is 
essentially absent and strain rate is reduced. RV 
dyssynchrony and regional functional dysfunc-
tion at rest are common [ 59 ,  60 ]. Continuous 
exposure of the RV to a high‐resistance systemic 
circulation results in a compensatory RV hyper-
trophy. This may lead to decreased myocardial 
perfusion and ischemia, scar, and failure due to 
mismatch between RV blood supply and sys-
temic RV work [ 61 ]. Abnormal response to stress 

by dobutamine or exercise testing is common 
[ 62 ,  63 ]. Regions of delayed gadolinium enhance-
ment due to focal fi brosis are described in the RV 
myocardium of 60 % of patients late after atrial 
switch [ 50 ]. In contrast, the results from Fratz 
et al. in a relatively younger group did not sup-
port this [ 64 ]. 

 In Babu-Narayan et al.’s MR study, the pres-
ence and extent of scar regions in systemic RV 
correlate directly with the degree of RV hypertro-
phy and inversely with RV systolic function [ 50 ]. 
Enhancement patterns include localized full- 
thickness RV anterior wall enhancement, small 
patchy areas of enhancement, and VSD closure 
site (see   Fig. 7.31    ). Enhancement at RV free wall 
insertion to the septum appears to be a common 
benign fi nding and due to continuous pressure 
overload. The systemic atrioventricular valve 
(anatomic tricuspid valve) insuffi ciency is com-
mon in systemic RV failure and appears to be 
related annular dilatation [ 60 ]. Pulmonary band-
ing and arterial switch operation may improve 
coaptation of the systemic valve [ 65 ].  

   Systemic RV in Congenitally Corrected 
Transposition of the Great Arteries 
(ccTGA) 
 The RV also supports the systemic circulation in 
patients with ccTGA [ 66 ,  67 ]. Long-term out-
come is not normal even in ccTGA patients with-
out associated lesions due to a propensity to 
develop RV dysfunction and tricuspid valve 
regurgitation [ 68 ,  69 ]. More than one-third of 
patients with no signifi cant associated heart 
defect may develop congestive heart failure by 
the fi fth decade [ 70 ]. As explained earlier, the 
factors responsible for accelerated systemic RV 
dysfunction include ventricular geometry, perfu-
sion abnormality, ischemia, and impaired con-
tractility [ 71 – 73 ]. Although an uncommon 
fi nding, delayed post contrast MRI is helpful to 
show the extent of myocardial scar in ccTGA 
patients [ 62 ]. A subendocardial pattern of 
enhancement may suggest coronary artery dis-
ease. Comparing systemic RV of post atrial baffl e 
TGA and ccTGA, it is shown that atrial baffl es 
restrict a rise in stroke volume under dobutamine 
stress in TGA patients [ 74 ]. The subgroups of 
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b

  Fig. 10.18    CT images of two different methods of the 
systemic right ventricle (RV) volume analysis in a patient 
with markedly dilated systemic RV due to TGA status 
post Mustard surgery. In both methods three-dimensional 
data is used to accurately measure RV indices. In method 
A, trabeculations are included (EDV = 340, EF = 15 %), 

and in method B, trabeculations are excluded (EDV = 267, 
EF = 31 %). Tracing the short-axis views with access to 
the long-axis views may increase the accuracy of RV vol-
ume analysis by improving localization of the atrioven-
tricular border       
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ccTGA patients with favorable anatomy and no 
history of surgery have better cardiac indices and 
good survival than repaired patients [ 75 ].    

   Congenitally Corrected 
Transposition of the Great Arteries 

 ccTGA was fi rst described by Von Rokitansky in 
1875 [ 76 ]. It is rare and comprises <1 % of all 
forms of CHD [ 2 ,  77 – 79 ]. The anomaly is charac-
terized by discordant connections at atrioventric-
ular and ventriculoarterial levels (double 
discordance) resulting in normal physiology cir-
culation. It is also known as L-loop transposition 
of the great arteries, physiologically corrected 
transposition, or ventricular inversion. The L-loop 
signifi es that the morphological RV is on the left 
side of the morphological LV (left-handed topol-
ogy) [ 67 ] (Figs.  10.1  and  10.2 ). In this condition, 
the systemic venous return reaches the pulmonary 
circulation through the right-sided LV, and the 
pulmonary venous return reaches the aorta 
through the left-sided RV. ccTGA is not cyanotic 
and may be discovered incidentally in asymptom-
atic patients. However, it is not a benign condi-
tion, and late complications are common that 
warrant careful, long-term follow- ups [ 80 ]. 

   Morphology 

 In ccTGA, the morphologically LV is sitting 
between the right atrium and the pulmonary trunk 
and the morphologically RV connects the left 
atrium to the aorta. Imaging characteristics that 
help locate the RV include coarse trabeculations, 
septomarginal trabeculations, septal origin of the 
moderator band, and the location of the medial 
papillary muscle complex on the interventricular 
septum. In contrast, the trabeculae of the LV are 
usually thin and the two papillary muscles are 
attached only to the free wall (Fig.  10.1 ). In the 
presence of LV noncompaction, its morphology 
can be confusing and diffi cult to differentiate 
from the RV. 

 The atrioventricular valve remains concordant 
with the associated ventricle. Therefore, the 

mitral valve remains on the nonsystemic side of 
circulation and the tricuspid valve serves on the 
systemic side. With this arrangement, when the 
interventricular septum is intact, there is reversed 
off setting of the septal attachments of the leafl ets 
of the atrioventricular valves at the crux of the 
heart, with the tricuspid valve on the systemic 
side attached closer to the apex [ 78 ]. The crux 
anatomy facilitates recognition of atrioventricu-
lar morphology because the septal leafl et of the 
tricuspid valve is always closer to apex 
(Fig.  10.1 ). In presence of a VSD, however, this 
reversed offsetting can be lost. The morphologi-
cally LV outfl ow tract is demarcated by fi brous 
continuity between the leafl ets of the pulmonary 
and mitral valves, and the presence of the subaor-
tic infundibulum helps to identify the morpho-
logically RV (Fig.  10.19 ). The ventricles are 
positioned side by side and the ventricular sep-
tum lies in a more anteroposterior position 
(Fig.  10.2 ). Excessive tilting produces a supero- 
inferior relation of the ventricles, the so-called 
crisscross heart [ 81 ]. The two arterial trunks are 
parallel rather than crossing as they do with con-
cordant ventriculoarterial connections, and the 
aorta is usually located on the left of the pulmo-
nary trunk. The pulmonary valve is wedged 
between the atrial septum and the mitral valve. In 
a small number of patients with usual atrial 
arrangement, the aorta can be found in directly 
anterior or right anterior to the pulmonary trunk.

   Dextrocardia is present in 25 % of ccTGA 
patients (Fig.  10.20 ). In hearts with an intact ven-
tricular septum, the membranous septum can be 
large [ 82 ] (Fig.  10.21 ). Associated abnormalities 
are common [ 67 ,  83 ]. The most common ana-
tomic associations include VSD in almost 80 % 
of cases [ 67 ,  80 ] and pulmonary stenosis in 
approximately 75 % of cases [ 80 ] (Fig.  10.20 ). 
The majority of VSDs are perimembranous. 
Large VSD can cause a systemic-to-pulmonary 
shunt; however, this is usually balanced because 
of the protective effect of coexisting pulmonary 
outfl ow tract stenosis. Subvalvular pulmonary 
stenosis is more common than valvular and can 
be due to muscular hypertrophy, presence of a 
fi brous shelf on the septum, or aneurysm of the 
membranous septum (Fig.  10.21 ). Pulmonary 
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atresia is rarely seen and usually repaired by a 
right ventricle-pulmonary conduit (Fig.  10.20 ). 
Tricuspid valve anomalies, including dysplasia, 
straddling, or Ebstein-like malformation, also are 
common and are reported in up to 40 % of 
patients [ 80 ]. Smaller percentage of patients with 
ccTGA have no intracardiac defect and may 
remain asymptomatic until age 40–50. Even 
without an associated abnormality, most patients 
with ccTGA develop rhythm disturbances, sys-
temic atrioventricular valve regurgitation, and 
moderately impaired systemic ventricular func-
tion causing congestive cardiac failure [ 84 ] 

(Fig.  10.22 ). The role of MRI or CT in these 
cases is mainly in the assessment of systemic RV 
function and associated tricuspid regurgitation. 
By the age of 45 years, half of the patients with 
associated lesions, and one-third of those without 
signifi cant associated lesions, present with dys-
function of the systemic RV [ 70 ,  84 ]. Progressive 
atrioventricular block occurs in up to one-third of 
adult patients [ 85 ] and 45 % of patients may 
require pacemakers. The anatomic basis for this 
block is related to abnormal alignment of the 
atrial and ventricular septal structures with an 
abnormally placed AV node [ 82 ].

  Fig. 10.19    Morphology of congenitally corrected trans-
position of great arteries (ccTGA). In ccTGA the ventri-
cles are congenitally switched with the left ventricle ( LV ) 
is located behind the sternum. The pulmonary ( p ) and aor-
tic ( a ) valves are side by side with the aorta on the left. 
This anatomic arrangement of great arteries is very uncom-

mon in TGA (<10 %). The pulmonary artery in ccTGA 
arises directly from the LV with direct fi brous continuity 
between the mitral ( m ) and pulmonary ( p ) valves. The 
right ventricle ( RV ) infundibulum is not well formed or is 
very short ( white arrow ).  AA  ascending aorta,  LA  left 
atrium,  MPA  main pulmonary artery,  RA  right atrium       
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  Fig. 10.20    Complex congenitally corrected transposition of 
great arteries (ccTGA), with dextrocardia, situs inversus, and 
status post left ventricle ( LV ) to pulmonary artery ( PA ) con-
duit for pulmonary atresia {I, D, D}. The jet of residual small 
perimembranous ventricular septal defect ( pink arrow ) is 
seen in the systolic image. The LV-to-PA conduit ( yellow 

arrows ) measured 1.5, cm and there was an LV aneurysm 
just proximal to the conduit measuring 5 cm. The right (sys-
temic) ventricle ( RV ) is hypertrophied but the systolic func-
tion was good. The LV is hypertrophied and enlarged, and 
the aorta ( Ao ) is dilated.  LA  left atrium,  RA  right atrium,  SVC  
superior vena cava,  RVOT  right ventricle outfl ow tract       

  Fig. 10.21    Large aneurysmal membranous septum in 
congenitally corrected transposition of great arteries 
(ccTGA) causing mild narrowing of the LV outfl ow tract. 
In ccTGA the atrioventricular conduction system is 
abnormally positioned due to the malalignment of the 

atrial and ventricular septal structures; the gap is usually 
fi lled by an extensive membranous septum ( arrows ) when 
the septal structures are intact.  LA  left atrium,  LV  left ven-
tricle,  RA right atrium,  RV right ventricle       
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       Imaging Techniques 
 Diagnosis of ccTGA can be made by conven-
tional angiography, echocardiography, CT, and 
MRI. Conventional angiography is invasive and 
mostly used for cardiac catheterization, assess-
ment of the coronary arteries, or interventional 
procedure. The indications for cardiac catheter-
ization are limited nowadays, since echocardiog-
raphy and MRI better delineate the anatomy, 
ventricular function, and the severity of the sys-
temic valve regurgitation (Figs.  10.22  and  10.23 ). 
The need for evaluation of the coronary arteries 
or the aortic arch, complex pulmonary atresia, or 
pulmonary venous abnormalities are better indi-
cations for a cardiac CT angiography study. 
Evaluation of the coronary arteries should also be 
performed in older patients prior to any surgical 
repair to study their anatomy and distribution and 
to evaluate for coronary arterial disease and 
osteal stenosis.

   Although echocardiography is frequently used 
in children, comprehensive anatomic and func-
tional analysis cannot be easily obtained, espe-
cially in adults and those who had previous 
surgery. In these patients, CT or MRI are usually 
preferred methods to complete the examination. 
The number of adult patients with ccTGA who 
need CT or MRI for early detection of complica-
tions has been increasing, due to better imaging 
techniques as well as increasing life expectancy 
of these patients [ 86 ,  87 ]. 

 The imaging protocols for ccTGA imaging are 
similar to TGA (Table  10.3 ). Major advantages of 
CT over MRI are the ease of technique, high spa-
tial resolution, and that it can be used in patients 
with a pacemaker [ 88 ,  89 ]. CT is advantageous 
over MRI in delineation of the coronary anatomy 
[ 88 ]. MRI is the technique of choice for func-
tional assessment of the systemic RV. MRI per-
mits quantifi cation of systemic and pulmonary 

  Fig. 10.22    A 38-year   -old female with     congenitally cor-
rected transposition of great arteries (ccTGA) and dextro-
cardia (S, L, L). In  upper row  are long-axis four-chamber 
and in  lower row  are short-axis MR images. Major prob-
lem was moderate to severe tricuspid regurgitation ( pink 
arrow ). The right ventricle ( RV ) and left atrium are dilated 

and RV outfl ow tract is thickened. Interatrial septum 
( green arrow ) is bulging to the right atrium ( RA ). Systemic 
RV is retrosternal and on the left side of the  LV  (levoposi-
tion). The aortic ( a ) valve is anterior and on the left side 
(levoposed) of the pulmonary ( p ) valve.  m  mitral valve,  t  
tricuspid valve,  LAA  left atrial appendage       
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blood fl ows and shunt analysis by using velocity- 
encoded cine sequences. However, MRI study 
can be time-consuming and requires patient 
cooperation. Performing a comprehensive MR 
examination needs skilled technologists who are 
familiar with congenitally malformed hearts so 
that imaging planes are optimized during the 
procedure.   

   Postsurgical ccTGA 

 Indications for surgery include large VSD, pul-
monary stenosis, systemic atrioventricular valve 
regurgitation, and complete heart block [ 68 ,  90 ]. 
The anatomic details encountered will ultimately 
determine the surgical repair. Replacement of the 
systemic atrioventricular valve is usually recom-
mended should the valve regurgitation become 
severe (Fig.  10.23 ). Double-switch anatomic 
repair is achieved with Mustard procedure com-
bined with an arterial switch operation. 
Pulmonary banding may be performed before 
anatomic repair to prepare the LV to function as a 
systemic ventricle. It is recommend that in ado-
lescence an LV systolic pressure close to 100 % 
systemic pressure is required before restoring the 
LV to the systemic circulation [ 91 ]. Additional 
recommended criteria include an LV mass to LV 
volume ratio of greater than 1.5 or an LV wall 
thickness and mass that is normal for a systemic 
LV using established echocardiographic or MRI 

values [ 73 ]. Anomalous coronary arterial anat-
omy can be a relative contraindication to the 
double switch. For patients with a VSD and pul-
monary stenosis, a Rastelli procedure with LV-to- 
aortic baffl e and RV-to-pulmonary artery conduit 
can be performed [ 90 ]. Late failure of the sys-
temic RV in the    latter group has led to the increas-
ing use of combined Rastelli and atrial switch 
procedures [ 68 ,  92 ]. Imaging evaluation of post 
double-switch patients may again involve assess-
ment of problems with the atrial baffl e, tricuspid 
valve regurgitation, those related to arterial 
switch including coronary arterial obstruction or 
stenosis, aortic regurgitation, and pulmonary 
artery stenosis.  

   Anatomic Variability of Coronary 
Arteries 

 The coronary arteries arise from the two aortic 
sinuses that are adjacent to the pulmonary trunk. 
In most cases, the epicardial distribution of the 
arteries follows their respective ventricles. 
Therefore, the morphological left main coronary 
artery arises from the right aortic sinus and bifur-
cates into the anterior descending and circumfl ex 
arteries, and the morphological right coronary 
artery originates from the left aortic sinus, giving 
rise to the marginal branches [ 93 ,  94 ]. The sys-
temic RV is then perfused by a single right coro-
nary artery which may not be large resulting in 

a b c

  Fig. 10.23    ( a ) and ( b ) Congenitally corrected transposi-
tion of great arteries (ccTGA) status post ventricular sep-
tal defect repair ( arrow  in  a ) showing markedly dilated 
right ventricle ( RV ) and left atrium ( LA ). The tricuspid 

valve appears thickened and prolapsed. Moderate tricus-
pid regurgitation was shown. ( c ) Status post repair of tri-
cuspid regurgitation with a St. Jude mechanical 
prosthesis       
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perfusion abnormality and decreased coronary 
artery reserve [ 72 ] (Fig.  10.24 ). A relatively large 
conal branch supplying the RVOT is common 
(60 %). Conal branch may arise from the left main 
artery [ 94 ]. Anomalies in origin, course, and dis-
tribution of the coronary arteries are not uncom-
mon, and knowledge of their presence can help 
determine the most appropriate surgical approach 
for anatomic correction surgery. Ismat et al. 
showed coronary artery abnormalities in 40 % of 
patients that could have complicated anatomic 
surgical repair including single coronary artery, 
eccentric ostia, and high-riding artery above the 

intercoronary commissure [ 94 ] (Fig.  10.25 ). In 
another coronary artery anatomy study of ccTGA 
patients [ 95 ], there was little deviation from a 
standard branching pattern, but early branching 
and RV muscle bridging, as well as malalignment 
of the aortic and pulmonary sinuses, occurred fre-
quently. Typical coronary distribution is also 
reported in most ccTGA angiography studies by 
Dabizzi et al. [ 96 ]. Atherosclerotic coronary 
artery disease may be seen in adult CHD, and 
knowledge of the anatomic distribution may be 
important for coronary artery bypass surgery or 
transcatheter stenting [ 97 ].

  Fig. 10.24    Typical orientation of the coronary arteries in 
congenitally corrected transposition of great arteries 
(ccTGA). Three branches arise from a right anterior sinus 
including the left circumfl ex ( Cx ), the left anterior 
descending artery ( LAD ), and a large conal branch sup-
plying the anterolateral wall of morphological right ven-

tricle ( RV ). The Cx is dominant in this case and forms the 
posterior descending artery ( PDA ). The right coronary 
artery ( RCA ) originates from a posterior sinus and contin-
ues as acute marginal branch.  AA  ascending aorta,  LA  left 
atrium,  PA  pulmonary artery,  LV  left ventricle,  TV  tricus-
pid valve       
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       The Cardiac Veins 

 ccTGA patients are at increased risk for systemic 
ventricle dysfunction, arrhythmias, and valvular 
complications and may benefi t from resynchroni-
zation pacing, pacemaker placement, or radiofre-
quency ablation [ 98 ,  99 ]. Furthermore, abnormal 
anatomic course of the coronary venous system 
is common in these patients (Fig.  10.25 ). Bottega 

et al. reported different coronary sinus variants in 
14 % of ccTGA hearts including atresia, abnor-
mal location below the level of the Eustachian 
valve, and multiple ostia [ 100 ]. The ventricular 
venous drainage was also abnormal and followed 
the morphological RV. Preprocedure knowledge 
of these anatomic variants may be important for 
effective transvenous cardiac interventions. For 
example, stimulation of the morphological RV 

  Fig. 10.25    Congenitally corrected transposition of great 
arteries (ccTGA); coronary artery and vein anatomy. The 
left anterior descending ( LAD ) artery arises from the right 
coronary cusp and runs in the anterior interventricular 
groove. Conal branches arise from the LAD and right 
coronary artery ( RCA ). The RCA is high riding and origi-
nates above a posteriorly located aortic sinus and runs 
around the tricuspid valve ( TV ) to form the circumfl ex 

artery ( Cx ) and gives rise to the posterior descending 
artery ( PDA ). The great cardiac vein ( GCV ) drains directly 
into the right atrium ( RA ). The coronary sinus ( CS ) is 
formed by confl uence of the inferior interventricular vein 
( IIV ) and two ventricular veins. Note short posterior left 
ventricular vein.  AA  ascending aorta,  IVC  inferior vena 
cava,  PA  pulmonary artery,  LV  left ventricle,  RV  systemic 
right ventricle,  SVC  superior vena cava       

 

10 Transposition of the Great Arteries



254

may be diffi cult because of the relatively small 
and short lateral epicardial veins [ 100 ] 
(Fig.  10.25 ). However, large collateral vessels 
from the morphological RV draining into the 
interventricular vein may be used, or in certain 
circumstances, enlarged Thebesian veins can be 
directly cannulated. Cardiac CT venography is an 
effective method in demonstration of these 
 variants [ 101 ].   

   Anatomically Corrected Malposition 
of the Great Arteries 

 The anatomically corrected malposition of the 
great arteries is a rare CHD with ventriculoarte-
rial “concordance” but abnormal aortopulmonary 
relationship [ 102 – 104 ]. Bilateral subaortic and 
subpulmonary infundibula are seen in 50 % of 
cases [ 103 ]. Knowing this anomaly is important 
as it could be mistaken with TGA. The arterial 
trunks arise from their morphologically appropri-
ate ventricles, and they exit from the base of the 
ventricles in a parallel rather than helical fashion. 
Imaging consideration should focus on the asso-
ciated anomalies, ASD, VSD, and RVOT obstruc-
tion [ 105 ]. Anomalous origin of the coronary 
arteries is very common, especially a single or 
dual origin of the coronary arteries from the right 
coronary aortic sinus [ 103 ].     
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          The Univentricular Heart in Adults 

 A univentricular heart, or univentricular atrio-
ventricular (AV) connection (UAVC), is not a 
single lesion but a broad term encompassing 
congenital malformations leading to single ven-
tricular physiology, a very rare condition where 
one dominant ventricle supports both circula-
tions. Tricuspid atresia is the classic example and 
the most common variety of UAVC. Other variet-
ies include double-inlet right or left ventricle, 
mitral atresia, hypoplastic left heart syndrome, 
unbalanced common AV canal, pulmonary atre-
sia, and heterotaxy syndromes. Heterotaxy syn-
dromes refer to disorders of lateralization 
whereby the arrangement of abdominal and tho-
racic viscera differ from normal and mirror 
image of normal [ 1 ]. 

   Nomenclature and Classifi cation 

 A univentricular heart is defi ned by the entire atrial 
input being committed to a single chamber in the 
ventricular mass [ 2 ]. The AV relationship may be 
double inlet or with absence of right or left AV 
connection [ 2 ]. The dominant ventricle may be of 
left, right, or undetermined morphology. A rudi-
mentary ventricular chamber may or may not be 
present [ 2 ]. The ventriculo-arterial (VA) relation-
ship may be concordant, discordant (transposi-
tion), double outlet, or single outlet (with atresia of 
one of the semilunar valves) [ 2 ]. The term single 
ventricle may cause some confusion since hearts 
that function as a single chamber may possess two 
anatomic chambers [ 3 ]. While it may indicate the 
absence of a rudimentary chamber, the term single 
ventricle is less useful for anatomic description. 
However, it may be used to explain that, physio-
logically, a unique pumping chamber is present. 
The above defi nitions would exclude hearts with 
two well- developed but nonseptable ventricles. 
However, the natural history or surgical manage-
ment of patients with such lesion may lead to an 
Eisenmenger syndrome or completion of a Fontan 
operation. Principles outlined in this chapter may 
be of use to image these patients.  

   Prevalence 

 The prevalence of UAVC is estimated to be 0.03 
per 1,000 adults and 0.13 per 1,000 children [ 4 ]. 
The higher prevalence in children likely refl ects 
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the success of the last decades in pediatric cardiac 
surgery; therefore, the number of adults with 
UAVC is expected to increase in the coming years.  

   Surgical Palliation 

 Survival to adulthood without repair is pos-
sible for patients with UAVC. It may result in 
Eisenmenger syndrome with the complications 
of chronic cyanosis and pulmonary hypertension. 
However, patients with double-inlet left ventricle 
(LV) and perfectly balanced circulations may 
survive to the sixth decade with good functional 
capacity and preserved ventricular function [ 5 ]. 
General objectives of surgical management are 
to provide unobstructed systemic outfl ow, unob-
structed systemic and pulmonary venous return, 
and controlled pulmonary blood fl ow [ 1 ]. Imaging 
of these procedures will be discussed at length in 
the second part of this chapter. Pulmonary blood 
fl ow may initially be provided by a systemic-to-
pulmonary shunt, such as a classic or modifi ed 
Blalock-Taussig shunt (Fig.  11.1a ) between the 
ipsilateral subclavian and pulmonary artery, or 
by a bidirectional cavopulmonary anastomosis 

(Glenn shunt, Fig.  11.1b ). Aortopulmonary col-
laterals may require unifocalization in staged 
procedures [ 1 ]. Unrestricted pulmonary fl ow 
may require banding of the pulmonary artery to 
prevent pulmonary hypertension and allow later 
completion of a Fontan operation. The Fontan 
operation separates the pulmonary and from sys-
temic circulation. Three main subtypes of Fontan 
circuit (Fig.  11.1a–c ) have been proposed since 
its original description in 1971 for palliation of 
tricuspid atresia [ 6 ]. The Fontan has evolved from 
a valved conduit between the right atrium (RA) 
and PA to a total cavopulmonary connection, with 
an intracardiac or extracardiac tunnel. Most adults 
have either a direct RA to PA anastomosis or an 
intra-atrial tunnel from the inferior vena cava to 
the right PA with a Glenn shunt. In the presence 
of a left superior vena cava, bilateral Glenn shunts 
are used in a modifi cation called the Kawashima 
operation. Criteria have been proposed to select 
patients for Fontan completion. They also serve 
as a reminder of conditions that should be main-
tained to keep the Fontan circuit functioning in 
the long term. Deciding on candidacy for Fontan 
completion in adults is beyond the scope of this 
chapter, but suffi ce it to say that Fontan circuits 

a b c

  Fig. 11.1    Variations of Fontan surgery are illustrated. In 
a classic Fontan right atrium-to-pulmonary artery anasto-
mosis ( a ) is performed. In (a), the modifi ed Blalock-
Taussig shunt, shown in white, was taken down and 
oversewn. ( b ,  c ) Demonstrate total cavopulmonary con-
nections formed by a superior cavopulmonary anastomo-

sis (bidirectional Glenn shunt) and completed by either an 
intracardiac lateral tunnel ( b ) or extracardiac conduit ( c ) 
Fontan operation. In (c), permanent atrial epicardial pace-
maker leads are illustrated in  grey  (From Khairy et al. [ 1 ] 
with permission)       
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function more effi ciently if the mean PA pressure 
is less than 15 mmHg, the systemic ventricular 
ejection fraction is normal, the systemic AV valve 
is competent, and the pulmonary arteries are not 
distorted.

   A particular sequence of staged palliation was 
proposed in 1983 for hypoplastic left heart syn-
drome and is termed the Norwood operation [ 7 ]. 
The syndrome is a combination of aortic valve 
atresia, mitral atresia or stenosis, a diminutive or 
absent LV, and severe hypoplasia of the ascend-
ing aorta and aortic arch. The diminutive ascend-
ing aorta and aortic arch are reconstructed with 
anastomosis to the proximal main PA, establish-
ing unobstructed fl ow from the right ventricle 
(RV) to the aorta. A systemic-to-pulmonary shunt 
ensures pulmonary blood fl ow until completion 
of the Fontan circuit within 2 years of life [ 7 ]. An 
increasing number of patients with a Norwood 
repair will reach adulthood.  

   Long-Term Outcomes of the Fontan 
Operation 

 One study found that, after a median of 12.2 years, 
29.1 % of patients with Fontan palliation had died 
[ 8 ]. Fontan revisions and conversions were per-
formed in 1.9 and 8 % of patients, respectively [ 8 ]. 
Major causes of attrition were thromboembolic, 
heart failure, and sudden deaths [ 8 ]. Another series 
reported outcomes in 499 consecutive Fontan 
patients [ 9 ]. Survival rates at 1, 5, and 10 years 
were 82, 74, and 71 % [ 9 ]. The most important risk 
factor for mortality was right ventricular domi-
nance [ 9 ]. Other risk factors included AV valve 
regurgitation, not having transposition, and hetero-
taxy [ 9 ]. In a multicenter study, the combination of 
clinically relevant arrhythmias, atriopulmonary or 
AV connection, and signs of heart failure was 
associated with 25 % mortality by 3 years [ 10 ].   

   Imaging Findings and Protocols 

 In this section, we will review the comprehensive 
approach to cardiac magnetic resonance (CMR) 
and cardiac computed tomography (CCT) 

 imaging for a patient with UAVC. The common 
feature to all forms is an intracardiac admixture 
of systemic and pulmonary venous blood lead-
ing to systemic desaturation with either reduced 
or excessive pulmonary blood fl ow. The clinical 
management strives to rectify pulmonary blood 
fl ow and separate the systemic and pulmonary 
venous returns, essentially rendering the heart 
an arterial blood pumping chamber to the aorta, 
while systemic venous blood is directed toward 
the pulmonary arteries for reoxygenation (the 
Fontan procedures). Most adult patients will have 
benefi ted from palliation with a Fontan opera-
tion. Therefore, the baseline anatomy should 
be described, but fi ndings associated with the 
long- term evolution of the Fontan operation are 
equally, if not more, important. 

 Given their ability to depict cardiac anatomy 
in three dimensions, CMR and CCT are widely 
used in the diagnosis and management of patients 
with complex congenital cardiac diseases, includ-
ing UAVC. Unlike echocardiography these tech-
niques provide a wide fi eld of view and are not 
limited by acoustic windows. Notwithstanding 
these advantages, the complexity and variety of 
UAVC still warrant a thorough understanding of 
complex congenital heart disease and the clinical 
questions relevant to each case. The imaging spe-
cialist should obtain the maximal available clini-
cal documentation of the patients’ anatomy and 
surgical and interventional history prior to plan-
ning a CMR or CCT study. In the pediatric popu-
lation and in experienced hands, CMR and 
echocardiography may be suffi cient to success-
fully plan Fontan surgery, avoiding the risks and 
the radiation exposure of cardiac catheterization 
and CCT [ 11 ,  12 ]. Their respective strengths and 
weaknesses are summarized in Table  11.1  [ 13 ]. 
The major weakness of CMR or CCT is its cur-
rent inability to directly measure pulmonary 
pressures and resistances, information easily 
obtained by catheterization.

     Preparation for CMR and CCT 

 For each patient, a chest X-ray should always be 
obtained prior to CMR or CCT to provide basic 
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anatomic landmarks and evidence of prior surgi-
cal interventions, such as pacemaker and pace-
maker leads, artifi cial valves, stents, and surgical 
clips. Some items may hinder image quality, par-
ticularly in gradient-recalled echo (GRE) imaging 
as opposed to black-blood fast spin echo (BB FSE) 
or as in the case of pacemakers represent a relative 
contraindication to CMR and prompt referral to 
CCT. Although CMR and CCT techniques are 
based on diametrically opposed imaging princi-
ples, important features are shared by the two 
modalities for UAVC imaging such that many of 
the principles discussed for CMR imaging will 
also apply to CCT imaging. Comments specifi c to 
CCT imaging will be covered in the last section 
with examples provided throughout. In addition 
to clinical and basic X-ray information, vital signs 
should be taken prior to examination, especially 
systemic oxygen (O 2 ) saturation measured by 
pulse oximetry, as cyanotic patients may have dif-
fi culties performing extended breath holds. 
Although standard CMR imaging planes and 
sequences generally capture the most clinically 
important fi ndings, close collaboration between 
physician and technologist is essential to tailoring 
the examination to each patient’s needs, as anato-
mies are markedly heterogeneous and unforeseen 

fi ndings are frequent. All examinations must 
strive to obtain the maximum clinically useful 
information in the shortest time possible, since 
these individuals frequently have reduced func-
tional (and breath hold) tolerance. Efforts should 
be directed toward ensuring that the experience 
remains positive, especially considering that fol-
low-up studies are often required.  

   Native UAVC Anatomy and 
Evaluation of the Unoperated Patient 

 Determining AV and VA connections and func-
tion as well as characterizing ventricular mor-
phology and function are fundamental issues to 
address by CMR or CCT. Often, such charac-
terization has been performed by the pediatric 
cardiology and radiology imaging team and is 
clearly documented prior to referral. However, in 
the odd case of a patient unknown to your center, 
an organized and systematic approach can pro-
vide extremely important and sometimes lifesav-
ing information to the care team. As described 
in the segmental or sequential approaches, ana-
tomic structures must fi rst be described by their 
intrinsic anatomic characteristics, second on their 

    Table 11.1    Comparison of cardiac MRI and CT for imaging of patients with univentricular atriopulmonary 
connection   

 Cardiac MRI  Cardiac CT 

 Advantages  Radiation-free  Superior spatial resolution (<1 mm) 
 Superior temporal resolution (20–30 frames/s)  Well tolerated (infrequent claustrophobia) 
 Good spatial resolution (1–2 mm)  Short examination duration (a few minutes) 
 May be performed without contrast  Compatible with ferromagnetic implants 

(pacemakers, valves) 
 Disadvantages  Incompatible with ferromagnetic implants 

(e.g., pacemakers) 
 Radiation exposure (3–15 mSv) 

 Artifact from compatible implants (artifi cial 
valves and clips) 

 Requires contrast infusion 

 Claustrophobia (10 %)  Artifact from metal implants (pacemakers, artifi cial 
valves, and clips) and calcium 

 Long examination duration (45–90 min)  Low temporal resolution (10–15 frames/s) 
 Utility in 
UAVC 

 Great vessel (arterial and venous) and cardiac 
segment morphology 

 Great vessel (arterial and venous) and cardiac 
segment morphology 

 Global and regional ventricular function  Coronary arteries 
 Valvular function  Alternative for global ventricular function 

assessment  Blood fl ow (volume and velocity) assessment 

  Legend:  UAVC  univentricular atrioventricular connections,  mSv  millisievert  
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 position, and third in their relationship to other 
parts of the heart and circulation [ 14 ]. 

   Cardiac Chamber Anatomy 
 The RA almost always receives fl ow from the 
inferior vena cava (IVC) and superior vena cava 
(SVC), unless a cavopulmonary anastomosis has 
been created or a conduit implanted. Connection 
to the ostium of the coronary sinus is the hall-
mark of an anatomic RA. The left atrium (LA) 
usually receives the pulmonary veins that may 
vary in number and drainage type. 

 Ventricular morphology determines the nature 
of the AV valve such that the RV is associated 
with the tricuspid valve and the LV with the mitral 
valve. Semilunar valve identifi cation is deter-
mined by the connecting great vessel. Determining 
ventricular morphology is sometimes challenging 
but certain features are fairly typical for each ven-
tricle (Table  11.2 ). A dominant ventricle of LV 
morphology shows a rather posterior or inferiorly 
situated cavity with relatively smooth walls and 
AV valve to semilunar valve fi brous continuity or 
proximity, even if either valve is atretic. An 
accompanying hypoplastic ventricle of RV mor-
phology typically lies anterosuperiorly to the 
dominant LV. A dominant ventricle of RV mor-
phology appears more trabeculated (although a 
hypertrophied overloaded LV can have a similar 
appearance) with fi brous discontinuity between 
the AV valve and semilunar valve. Demonstrating 
AV valve and semilunar valve continuity may be 
challenging in the straight axial projection, as this 
relationship is supero-inferior and often requires 
coronal and sagittal or even double-oblique cor-
relations. From a practical perspective, ventricu-
lar looping may be determined by the right-hand 
technique. If the right hand is placed in the RV 
with the thumb directed toward the infl ow, palm 

facing the septum, and the fi ngers point to the out-
fl ow, it is considered D-looping.

   Double-inlet ventricular morphology can be 
well appreciated in axial or four-chamber views, 
showing both AV valves connecting to a single 
dominant ventricle with a severely hypoplastic 
accessory ventricle seen either anterosuperiorly 
(RV) or inferoposteriorly (LV). The annulus of 
each valve appears oriented toward the apex of a 
single ventricle, regardless of the coexistence of a 
smaller ventricle and ventricular septal defect 
(VSD). Again, AV-to-semilunar valve continuity 
is an important feature as is position (i.e., RV 
more often anterosuperior and LV more often 
inferoposterior). A double-inlet ventricle can be 
easily differentiated from an AV septal defect 
(AVSD) where two distinct ventricles can be 
identifi ed apically despite the presence of a large 
inlet VSD and that each component of the AV 
valve is oriented toward a different apex.  

   Segmental Approach 
 Evaluation of the adult with UAVC by CMR or 
CCT shares several features with protocols estab-
lished for echocardiography [ 15 ]. We thus 
describe visceral arrangement and cardiac anat-
omy in the following segments: systemic and 
pulmonary venous return, atria (including sep-
tum), AV valves, ventricles (including septum), 
semilunar valves, and great vessels (including 
aortopulmonary or collateral fl ow). At each level, 
key issues specifi c to UAVC include (1) mode of 
AV connection, (2) position and type of the 
accessory chamber, (3) outlet foramen obstruc-
tion, (4) AV valve abnormality, (5) positions of 
the great arteries and connections, (6) pulmonary 
obstruction, and (7) ventricular morphology [ 15 ]. 
Tables  11.3  and  11.4  summarize our anatomic 
and functional imaging objectives and protocols.

   Table 11.2    Features of ventricular morphology   

 Feature  Right ventricle  Left ventricle 

 Position  Usually anterosuperior  Usually inferoposterior 
 AV valve to semilunar valve relationship  Discontinuity  Fibrous continuity 
 Trabeculation pattern  Coarse with a moderator band  Fine and bullet-shaped 
 Subarterial muscular conus  Present  Absent 

  Legend:  AV  atrioventricular  
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    The AV connection may be classifi ed as (1) 
double inlet via 2 AV valves, (2) single inlet via 
one AV valve (with atresia of the other right or 
left AV valve), or (3) common inlet via a com-
mon AV valve [ 15 ]. The accessory chamber is 
part of the ventricular mass, but it does not 
receive at least half of an AV valve orifi ce. The 
accessory chamber is called an “outlet chamber” 
if it gives rise to one or both great arteries [ 15 ]. 
The VA connection may be described as (1) PA 
arising from the main outlet chamber and aorta 
arising from the outlet chamber, (2) aorta arising 
from the main outlet chamber and PA arising 
from the outlet chamber, (3) one great artery aris-
ing from the main ventricular chamber with atre-
sia of the other semilunar valve, or (4) both great 
arteries arise from one chamber [ 15 ]. Once the 

connections have been identifi ed, attention 
should turn to other structures.  

   Imaging Planes 
 As patients with UAVC often have thoracic 
deformities (e.g., rotoscoliosis) and abnormali-
ties of situs and looping, a Cartesian basic 
three- plane (i.e., axial, coronal, and sagittal as 
used in CCT) approach often rewards the imag-
ing specialist with useful extracardiac anatomic 
landmarks to determine cardiac structure 
arrangement or situs. Cardiac centered double-
oblique planes similar to those used in echocar-
diography can thereafter be used for ventricular 
and valvular function measurement and depic-
tion of conduit and great vessel anatomy as 
needed. 

   Table 11.3    CMR imaging sequences   

 Item (duration)  Objective  Sequence  Remarks 

 1 (2 min)  Establish basic thoracic, cardiac, 
and great vessel landmarks 

 Low resolution axial, sagittal, 
and coronal localizers 
(GRE or SSFP) 

 2 (5 min)  Establish basic thoracic, cardiac, 
and great vessel landmarks 

 Medium resolution axial, 
sagittal and coronal (single-
shot BB FSE) 

 Slice thickness 6–8 mm, 
gap 0–3 mm 

 3 (5 min)  Establish cardiac and great vessel 
landmarks and ventricular function 

 Axial cinema (balanced SSFP)  20 slices: thickness 
6–8 mm, gap 0–3 mm 

 4 (3 min)  Establish cardiac and great vessel 
landmarks, atrial or veno-
pulmonary connection, aortic 
branches, systemic-to- pulmonary 
shunts 

 Coronal cinema (balanced 
SSFP) 

 14 slices: thickness 
6–8 mm, gap 0–3 mm 

 5 (2 min)  Establish cardiac and great vessel 
landmarks, atrial or veno-
pulmonary connection 

 Sagittal cinema (balanced 
SSFP) 

 Ten slices: thickness 
6–8 mm, gap 0–3 mm 

 6 (10 min)  Assess valvular and ventricular 
function 

 Vertical and horizontal oblique 
long axis, short-axis stack ± 3 
and 4-chamber views (balanced 
SSFP) 

 Two long-axis slices, 10 
short-axis, 12 long-axis 4 
chamber, 13 chamber: 
thickness 6–8 mm, gap 
0–1 mm 

 7 (2 min)  Great vessel and shunt morphology  Gadolinium contrast- enhanced 
angiography in coronal 
projection (fast GRE) 

 Cover aortic and pulmonary 
roots and descending aorta 

 8 (5 min)  Blood fl ow and velocity 
measurement of aortic, pulmonary 
and systemic and pulmonary 
venous fl ows 

 Phase-contrast velocity 
mapping in double-oblique 
views (fast GRE) 

 Aliasing velocities can be 
guided by echo imaging 
results 

 9 (5 min)  Detection of myocardial fi brosis 
by late gadolinium enhancement 

 Ventricular imaging in short 
and long-axis views (IR GRE) 

 Identical locations and 
views as in #6 

  Legend:  GRE  gradient-recalled echo,  SSFP  steady-state free precession,  BB FSE  black-blood fast spin echo,  IR  
inversion- recovery prepared,  gap  distance between slices  
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 Fast triplanar (axial, coronal, and sagittal) 
images in steady-state of free precession (SSFP) 
scout views are fi rst obtained to establish cardiac 
and thoracic landmarks and the situs. This can be 
followed by either a basic (free-breathing or 
breath held) high-resolution BB FSE in the axial 
plane (Fig.  11.2 ), covering the upper abdomen to 

above the aortic arch (using 6–8 mm slices with 
0–3 mm gaps), or a lower-resolution triplanar 
half-Fourier sequence (HASTE) FSE to confi rm 
atrio-visceral arrangement, depicting liver, 
spleen, and stomach positions; bronchial and PA 
relationships; and important extracardiac  fi ndings 
such as lymphadenopathy, pulmonary nodules, 

    Table 11.4    CMR imaging objectives in Fontan patients   

 Morphology  Function and fl ow measurement 

 Liver  Dilatation, nodular aspect suggestive of 
cirrhosis 

 Systemic veins  Dilatation, veno-venous collaterals  Quantifi cation of venous return by 
velocity mapping of IVC and SVC 

 Right atrium and Fontan 
conduit 

 Dilatation, presence of thrombus, residual 
shunt, or fenestration 

 Velocity mapping at RA to PA junction 
in classic APA 

 Pulmonary arteries  Anatomy, size, thrombus, arteriovenous 
fi stulas 

 Quantifi cation of PA fl ow by SSFP and 
velocity mapping in TCPC and lateral 
tunnel 

 Pulmonary veins and left 
atrium 

 Number of veins, obstruction by dilated 
RA 

 Quantifi cation of total pulmonary blood 
fl ow by velocity mapping for each vein 

 AV valves and systemic 
ventricle 

 Type of AV and VA connection and 
ventricular situs 

 Quantitative ventricular function and 
volumes 

 Aorta and aortopulmonary 
collaterals 

 Anatomy of thoracic aorta and 
aortopulmonary collaterals originating 
from the descending aorta 

 Quantitative aortic root fl ow and 
pre-diaphragmatic fl ow 

  Legend:  IVC  inferior vena cava,  SVC  superior vena cava,  RA  right atrium,  PA  pulmonary artery,  APA  atriopulmonary 
anastomosis (classic Fontan),  SSFP  cinema in steady-state free precession,  TCPC  total cavopulmonary connection,  AV  
atrioventricular,  VA  ventriculo-arterial  

  Fig. 11.2    Black-blood fast spin echo MR axial images 
from basal to apical levels ( upper row ) and coronal views 
from anterior to posterior ( lower row ) in a patient with 
tricuspid atresia, transposition of the great arteries, and 

bidirectional Glenn shunt.  AA  ascending aorta,  CS  coro-
nary sinus,  IVC  inferior vena cava,  PA  pulmonary artery, 
 LA  left atrium,  RA  right atrium,  LV  left ventricle,  RV  right 
ventricle       
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and hepatosplenomegaly. Most often, usual 
arrangement (situs solitus) is seen, with the liver 
and IVC on the right side of the patient, a 
 vertically oriented “right” main stem bronchus 
with anteriorly coursing right PA on the right, 
while the stomach and spleen and a horizontally 
oriented “left” main stem bronchus with a superi-
orly coursing left PA on the left-hand side. Mirror 
image (situs inversus) or ambiguous arrange-
ments can occasionally be appreciated. In most 
cases, intracardiac anatomy can be depicted 
clearly without contrast in CMR based on the dif-
ferent relaxation properties of blood, muscle, and 
fat. Intravenous contrast is required for CCT.

      Ventricular Volumes and Function 
 Since many UAVC patients present low cardiac 
output or fl ow rate, even the best black-blood 
FSE sequences may reveal abnormal intracavi-
tary signals suggesting thrombus or mass, par-
ticularly in an enlarged RA (Fig.  11.3a ). To 
prevent misinterpretation, we also use bright- 
blood single-shot SSFP sequences liberally using 
basic axial, sagittal, and coronal planes (6–8 mm 
slices with 0–2 mm gaps) to confi rm basic anat-
omy, segmental relationships, and valvular and 
ventricular function and exclude intracardiac 
thrombus more specifi cally (Fig.  11.3b ) [ 16 ]. 
Most patients are capable of breath holding to 
ensure proper image registration but occasionally 
we use respiration triggered gating if patients are 

fatigued or unable to hold their breath. With its 
3D capabilities and excellent temporal and spa-
tial resolution, CMR provides better noninvasive 
quantitative ventricular function assessment than 
echo or CCT.

   Quantitative evaluation of ventricular function 
is a pivotal part of the assessment of adults with 
UAVC and is a crucial parameter in the outcome 
of patients converted to a Fontan circulation [ 17 ]. 
Ventricular systolic function can be addressed by 
obtaining short-axis slices planned from basic 
long-axis plane localizers. The dominant ventri-
cle may have an unusual shape and the defi ned 
geometric assumptions may not hold. Therefore, 
evaluation of ventricular volume and function by 
CMR requires parallel tomographic images [ 17 ]. 
Commercially available calculation packages 
enable tracing end-diastolic and end- systolic 
endocardial and epicardial contours to determine 
ventricular volumes, mass, and ejection fraction. 
Although short-axis planes provide excellent 
blood to endocardial delineation of all myocar-
dial segments, the major diffi culty is in assessing 
the basal slices near the AV and semilunar valves 
as this plane moves back-and-forth toward the 
apex during the cardiac cycle (Fig.  11.4a ). To 
include a slice in ventricular quantitation, the 
myocardium must be present for more than half 
(1/2) of the short-axis perimeter for a given slice 
to be used in volume calculations [ 18 ]. Accuracy 
and inter-study variability are dependent on 

a b

  Fig. 11.3    ( a ) Insuffi cient blood pool nulling in black-
blood fast spin echo in patient with tricuspid atresia with 
supero- inferior ventricles with intracavitary thrombus-
like signal in the right atrium ( RA ), ( b ) same projection as 

( a ) in bright- blood balanced steady-state free precession 
not showing thrombus within the RA.  LV  left ventricle,  LA  
left atrium       

 

F.-P. Mongeon et al.



267

a

b

  Fig. 11.4    Stack of short-axis ( a ) and four-chamber ( b ) 
sequential cine images using balanced steady-state free 
precession in a patient with tricuspid atresia. Hypoplastic 
right ventricle ( RV ) is best shown in short-axis views. 
Note absence of the tricuspid valve replaced by large fatty 

wedge in the right atrioventricular groove. Lateral Fontan 
tunnel ( asterisk ) is seen in ( b ).  AoV  aortic valve,  Ao  aorta, 
 RA  right atrium,  RAA  right atrial appendage,  LV  left ven-
tricle,  LA  left atrium,  LPA  left pulmonary artery,  RPA  right 
pulmonary artery       
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operator experience but can be within a 5 % mar-
gin of error in normals [ 19 ]. Long-axis views 
provide a better localization of AV the valve 
(Figs.  11.4b  and  11.5 ) and semilunar valve func-
tion and planes and are particularly useful for the 
RV volume and function assessment but are lim-
ited in assessing the inferior wall function [ 20 ]. 
Inter-study variability is higher for the RV than 
for the LV and is also proportional to chamber 
dilatation and systolic dysfunction [ 21 ].

    In UAVC, the dominant ventricle is most com-
monly of left morphology, followed by systemic 
right ventricles, and ventricles of undetermined 
morphology [ 22 ]. The majority of adult patients 
with UAVC have normal ventricular function, 
possibly refl ecting a selection of patients with 
better late outcomes following childhood opera-
tions. Ammash et al. reported normal ventricular 
function in 11 of 13 adults with unrepaired UAVC 
[ 5 ]. In 62 adults with palliated or unrepaired 
UAVC, Angeli et al. found a mild decrease in the 
average systemic ventricular ejection fraction 
(52 %) with a range from 20 to 70 % [ 22 ]. There 
was no correlation between peak oxygen con-
sumption and ejection fraction. The ventricle was 
also, on average, mildly dilated with a mean vol-
ume of 106 ± 448 mL/m 2  [ 22 ]. Patients undergo-
ing heart transplant were all in functional class 
IV, had moderate to severe AV valve regurgita-
tion, and an ejection fraction between 18 and 

35 %. The anatomic type of the ventricle and spe-
cifi c lesion appear to infl uence survival. Best sur-
vival seems to occur in patients with double-inlet 
LV, transposition of the great arteries, and pulmo-
nary stenosis, allowing streaming of blood fl ow 
from the LA to aorta [ 22 ].  

   Tricuspid Atresia 
 In patients with tricuspid atresia, severe RV 
hypoplasia is characteristic and quantitative 
dominant LV function should be measured as 
outlined above (Figs.  11.2  and  11.4 ). Many 
patients exhibit a mildly decreased LV ejection 
fraction following the Fontan operation with 
normal LV mass and volumes [ 23 ]. The addition 
of myocardial tagging has shed light on subtle 
abnormalities of reverse ventricular torsion in 
such patients [ 24 ]. If, despite the above views, 
questions persist on valvular function, intra-
cardiac shunt, or ventricular quantitative func-
tion, we occasionally obtain a stack of long-axis 
oblique views in the four-chamber orientation 
determined from the available short-axis and 
long-axis localizers (Fig.  11.4b ). Systemic 
venous and RA dilatation are generally present 
with the classic fatty wedge seen in the right AV 
groove on axial or long-axis four-chamber views 
(Fig.  11.4b ). The RA receives the coronary 
sinus and has a broad- and triangular-shaped 
 appendage. A large atrial septal defect (ASD) 

a b

  Fig. 11.5    ( a ) Double-inlet left ventricle in four-chamber 
view, showing clear delimitation of the plane of the atrio-
ventricular valves. ( b ) Tricuspid atresia is shown for com-

parison.  RA  right atrium,  LV  left ventricle,  RV  right 
ventricle,  LA  left atrium,  TV  tricuspid valve,  MV  mitral 
valve,  asterisk  lateral Fontan tunnel       
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is the only outlet for the RA in the native form, 
and a VSD is the only possible intracardiac out-
let to the PA with the dominant single and fre-
quently dilated LV supporting both circulations. 
The LV characteristically appears as a smooth-
walled ventricle with fi brous continuity between 
the AV (mitral) valve and the semilunar (aortic 
or pulmonary) valve. The small hypoplastic RV 
lies anteriorly and to the right. Mitral and aortic 
valve function is usually normal. 

 The three intracardiac morphological charac-
teristics to demonstrate in tricuspid atresia are (1) 
VA connection, (2) VSD size, and (3) subpulmo-
nary and pulmonary stenosis or atresia. In most 
cases (75 %), the VA connection is concordant, 
with the LV connected to the aorta and hypoplas-
tic RV to the PA with a restrictive VSD and pul-
monary and subpulmonary stenoses leading to 
profound cyanosis. In the remainder, VA discor-
dance is seen (RV to aorta and LV to PA) 

(Fig.  11.2 ), usually with a nonrestrictive VSD 
between the LV and aorta and a normal pulmo-
nary valve, leading to LV volume overload and, 
ultimately, pulmonary hypertension unless some 
form of early correction is provided.  

   Other Types of Univentricular AV 
Connections 
 A double-inlet ventricle is when both AV valves 
are connected to one dominant, usually left, ven-
tricle with VA discordance and pulmonary steno-
sis protecting the pulmonary circulation and a 
VSD (bulboventricular foramen) leading to the 
subaortic (hypoplastic) ventricle (Figs.  11.5  and 
 11.6 ). Another form of UAVC is a supero-inferior 
twisting of the ventricles, so-called “crisscross” 
heart, where the LA empties into a right-sided LV 
with pulmonary atresia and a bulboventricular 
foramen leading into a small left-sided subaortic 
RV (Fig.  11.7 ). Finally, some patients with a very 

  Fig. 11.6    CMR assessment of double-inlet ventricle 
using black-blood spin echo in the axial plane.  RA  right 
atrium,  LV  left ventricle,  RV  right ventricle,  LA  left atrium, 

   MV  mitral valve,  AoV  aortic valve,  Ao  aorta,  RPA  right 
pulmonary artery       
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large VSD or a complete AV canal defect with 
unbalanced ventricular morphology cannot 
undergo a biventricular repair and are managed a 

univentricular Fontan approach (Fig.  11.8 ). 
Long-axis axial and four-chamber views best 
depict double-inlet anatomy, valvular function, 
and extent of the VSD (Figs.  11.4  and  11.5 ). 
Ventricular outfl ow chamber obstruction was 
present in 14 % of patients with UAVC hearts in 
one series [ 15 ]. Subpulmonary obstruction was 
more common than subaortic obstruction.

         Imaging UAVC from Native Anatomy 
to Palliative Surgical Procedures 

 In the native stage of UAVC, PA anatomy must 
be precisely depicted for patient management. 
The presence of reduced pulmonary blood fl ow 
will be palliated by systemic-to-pulmonary 
shunts, while nonrestrictive torrential pulmo-
nary fl ow will require protection from  pulmonary 
hypertension. 

   Systemic-to-Pulmonary Shunts 
 In a classic Blalock-Taussig shunt, the  subclavian 
artery is anastomosed directly to the  ipsilateral 

a b

  Fig. 11.7    CMR assessment of crisscross heart showing ( a ) the relationship of the left atrium ( LA ), right atrium ( RA ), 
and infundibulum ( INF ) and ( b ) the relationship of the LA, RA, and aortic valve ( AoV )       

  Fig. 11.8    Complete atrioventricular canal defect with 
dextrocardia in the four-chamber view showing a large 
atrial septal defect and a large ventricular septal defect, 
therefore functioning as a single ventricle physiology.  F  
Fontan conduit,  RA  right atrium,  RAA  right atrial append-
age,  RV  right ventricle,  LA  left atrium,  LAA  left atrial 
appendage,  AVV  atrioventricular valve,  asterisk  atrioven-
tricular valve regurgitation,  LV  left ventricle,  Ao  aorta,  PV  
pulmonary vein       
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PA. A modifi ed Blalock-Taussig shunt is 
constructed by suturing a graft between the sub-
clavian artery and PA. Absence of one subclavian 
artery is a common sequel of a classic Blalock- 
Taussig shunt, which usually has little clinical 
impact. There may be PA stenosis at the site of 
implantation of a classic or modifi ed Blalock- 
Taussig shunt (see Fig.   10.13    ). Central shunts 
are placed between the ascending aorta and 
right PA (Waterston) or between the descend-
ing aorta and left PA (Potts). After closure, they 
may cause focal stenosis of the great arteries. 
Aortic arch imaging either in SSFP or by con-
trast-enhanced angiography in the coronal plane 
is the preferred view to demonstrate Blalock-
Taussig or central shunt patency and the presence 
of native aortopulmonary collaterals (see section 
“ Collaterals ” below). A coronal view may also 
depict a Blalock-Taussig systemic-to-pulmonary 
shunt between the subclavian artery and ipsilat-
eral PA. These shunts are usually closed at the 
time of the Fontan operation. However, they may 
remain patent and cause volume overload of 
the univentricular pumping chamber. If central 
shunts remain patent, they can cause unrestricted 
pulmonary fl ow and pulmonary hypertension. As 
PA size and pulmonary arterial resistance are cru-
cial determinants of success in patients upgraded 
from a simple systemic-to-pulmonary shunt to 
the Fontan operation, CMR must provide precise 
characterization of pulmonary arteries and dimen-
sions. In patients who do not undergo a Fontan 
operation, blood supply to the lungs may depend 
on the patency of a systemic-to- pulmonary shunt. 
It is, therefore, critical to ensure patency of these 
shunts in cyanotic UAVC patients.   

   Imaging of Fontan Procedures 

 In patients having undergone the Fontan opera-
tion, characterization of the type of surgery may 
be readily achieved by CMR. Historically, if the 
Fontan was constructed before the 1990s, it likely 
takes the form of a direct RA to PA or atriopul-
monary anastomosis (APA), usually via the RA 
appendage. RA to PA Fontans are associated with 
giant pressure overloaded RAs (Fig.  11.9a ). 

Modifi cations of the classic Fontan technique 
may be appreciated, such as the Björk operation, 
where the RA is anastomosed to a small hypo-
plastic RV outlet chamber in the hope of improv-
ing PA fl ow (Fig.  11.9b ). In addition to causing 
systemic venous hypertension and, ultimately, 
cardiac cirrhosis, massive RA dilatation predis-
poses to supraventricular arrhythmias, increases 
the likelihood of stagnant fl ow and thrombus 
within the RA, and may compress right pulmo-
nary veins that course posterior to the RA before 
entering the LA, thereby increasing pulmonary 
vascular resistance.

   In the 1990s, a more streamlined type of con-
duit, called the lateral tunnel, was developed, par-
titioning the RA with a Dacron or Gore-Tex 
patch, to improve energy effi ciency and reduce 
RA dilation (Fig.  11.10 ). Since the late 1990s, 
some centers have modifi ed their approach be 
directing IVC fl ow to the PA by means of an 
entirely extracardiac conduit (Fig.  11.11 ) [ 25 ]. 
Unfortunately for CMR, many of these patients 
also had prophylactic epicardial pacing systems 
at the time of surgery such that CCT is favored 
over CMRs for subsequent investigation 
(see below). In all patients, Fontan conduit 
patency can fi rst be determined from cine views 
and measured by velocity mapping. The remain-
der of this section will cover key topics in imag-
ing UAVC patients who have undergone a 
Fontan-type palliation.

      Phase-Contrast (PC) Velocity Mapping 
 In a fashion analogous to Doppler’s fundamental 
role in echocardiography to measure blood velocity 
and fl ow in order to derive pressure gradients and 
cardiac output, background noise-corrected PC 
velocity mapping is an integral part of CMR exam-
ination in patients with UAVC. Such a technique 
has been shown superior to nuclear ventilation per-
fusion studies to determine pulmonary perfusion 
[ 26 ]. We use the available triplanar GRE and other 
double-oblique SSFP images to plan proper align-
ment of PC velocity mapping perpendicular to 
blood fl ow (Fig.  11.12 ). Comprehensive CMR 
assessment usually involves fl ow measurement at 
multiple levels. As pulmonary arterial fl ow can 
originate from multiple sources (e.g.,  subpulmonary 
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a

b

  Fig. 11.9    ( a ) Classic atriopulmonary Fontan connection 
in coronal view. The right atrium is massively enlarged, 
but the right atrium-to-pulmonary artery anastomosis 
( double-headed arrow ) is widely patent. ( b ) Björk modi-
fi cation of the Fontan operation with severely dilated right 
atrium in axial plane. The right atrium is anastomosed to 

a small hypoplastic right ventricular outlet chamber ( dou-
ble-headed arrow ).  L  liver,  IVC  inferior vena cava,  RA  
right atrium,  LA  left atrium,  AoV  aortic valve,  LV  left ven-
tricle,  Ao  aorta; RPA, right pulmonary artery,  LPA  left 
pulmonary artery,  SVC  superior vena cava       
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ventricle, if present, native or surgically created 
shunts), quantifi cation of total pulmonary blood 
fl ow may be challenging. Although we interrogate 
the main PA (and its proximal branches if discon-
tinuous) in each patient, the most reliable way to 
quantify pulmonary blood fl ow may be to measure 

pulmonary venous fl ow returning to the LA, 
although pulmonary AV fi stulas may drain directly 
to the LA. We also calculate fl ow at the level of the 
aortic root and compare it to the stroke volume 
obtained from the systemic ventricle in order to 
quantify AV valve regurgitation, in the absence of 

a

b

  Fig. 11.10    CMR assessment of lateral tunnel ( a ) in coro-
nal view in tricuspid atresia and ( b ) in long-axis four-
chamber view in a patient with large AV canal defect, 
using steady-state free precession. The superior cavopul-
monary anastomosis (bidirectional Glenn shunt) is seen in 

the  center and right top panel  images.  IVC  inferior vena 
cava,  F  Fontan conduit,  G  Glenn shunt,  RA  right atrium, 
 LA  left atrium,  AVV  atrioventricular valve,  AoV  aortic 
valve,  asterisk  ventricular septal defect,  LV  left ventricle, 
 Ao  aorta,  LPA  left pulmonary artery       
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signifi cant interventricular shunting. Quantifi cation 
of aortopulmonary collateral fl ow is also possible 
but more cumbersome (see below).

      Pulmonary Arteries and Relative 
Lung Flows 
 PA banding may be required early in life to pre-
vent pulmonary overcirculation until Fontan 
completion in patients with preserved antegrade 
pulmonary fl ow. Magee et al. found mild PA dis-
tortion to be present in 14 % of Fontan patients. 
In patients with severe PA distortion, one PA was 
implicated in 11 % and both in 4 % of patients 
[ 27 ]. Contrast-enhanced (CE) magnetic reso-
nance angiography (MRA) allows tridimensional 
visualization of PA distortion or extrinsic com-
pression [ 17 ]. CMR can also detect unrecognized 
pulmonary atresia [ 28 ]. Pulmonary arteries may 

also be small because their growth may fail to 
follow somatic growth after the Fontan operation 
[ 29 ]. PA fl ow and distensibility, but not PA area, 
are lower in Fontan patients than in controls [ 30 ]. 
Pulmonary arteries in Fontan patients also show 
evidence of endothelial dysfunction in the form 
of inadequate response to low-dose dobutamine 
and of variation in patterns of wall shear stress, as 
assessed by CMR [ 30 ]. Under low-dose dobuta-
mine stress, total fl ow and peak fl ow rate increase, 
but stroke index does not [ 30 ]. In part, this may 
also be due to the absence of a subpulmonary 
pumping chamber. In controls, peak wall shear 
stress occurs during systole. In total cavopulmo-
nary connection Fontans, there is no change in 
wall shear stress throughout the cardiac cycle, 
and in atriopulmonary connection Fontans, peak 
wall shear stress occurs in diastole [ 30 ]. 

  Fig. 11.11    CMR assessment of extracardiac Fontan con-
duit in coronal view using steady-state free precession. 
The total cavopulmonary connection combines a conduit 
between the inferior vena cava and right pulmonary artery 
( top center and right panels ) and bidirectional Glenn shunt 

as superior cavopulmonary anastomosis ( top center panel ). 
 L  liver,  IVC  inferior vena cava,  F  Fontan conduit,  G  Glenn 
shunt,  RA  right atrium,  LA  left atrium,  LAA  left atrial 
appendage,  AoV  aortic valve,  LV  left ventricle,  Ao  aorta, 
 RPA  right pulmonary artery,  LPA  left pulmonary artery       
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Differences in wall shear stress may affect PA 
remodeling late after the Fontan operation. 

 VA connections and central PA anatomy are 
well shown by axial and coronal SSFP but small 
or peripheral PA vessels are best shown by 
contrast- enhanced MRA (see below) because of 
magnetic susceptibility between lung tissue and 
blood vessels. Various indices are used, generally 
indexing PA branch area or diameter to the body 
surface area (the Nakata index).  

   Systemic Venous Anatomy and Function 
 According to Magee et al. [ 27 ], 15 % of patients 
with univentricular hearts have a bilateral SVC 

connection. In that case, the Fontan circuit is 
constructed using bilateral SVC to PA connec-
tions (Glenn shunts). CMR or CCT studies 
should demonstrate patency of the systemic 
veins. If contrast enhancement is used, the injec-
tion and image acquisition should be appropri-
ately timed to image the superior and inferior 
venae cavae. Systemic venous fl ow after Fontan 
is readily studied with phase-contrast CMR [ 17 ]. 
Multidimensional phase-velocity MRI and shear 
stress measurements by MRI have provided 
important insights into understanding of RA and 
Fontan physiology [ 31 ] and may help to assess 
advantages of different surgical approaches, 

  Fig. 11.12    CMR phase-contrast velocity mapping of Fontan conduit fl ow.  PA  pulmonary artery,  RA  right atrium,  LA  
left atrium,  syst  systolic fl ow,  diast  diastolic fl ow,  A  fl ow from atrial contraction       
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highlighting the advantages of TCPC over clas-
sic APA. CMR has also helped to describe sys-
temic venous hemodynamics in Fontan patients. 
The pressure gradient between systemic veins 
and PAs maintains the pulmonary circulation 
without the benefi t of a subpulmonary ventricu-
lar pump. Fogel et al. [ 32 ] showed that SVC fl ow 
is directed toward the right PA and that IVC fl ow 
is directed toward the left PA. IVC fl ow amounts 
to 2/5 of the total systemic venous return. In 
patients with a classic (RA to PA) Fontan, there 
is increased IVC fl ow in diastole and increased 
SVC fl ow in systole, with signifi cant retrograde 
fl ow (15–22 % regurgitant fraction) in the SVC 
[ 33 ]. The forward and reverse fl ow pattern in 
classic Fontans is energy ineffi cient in compari-
son to the continuous balanced fl ow throughout 
the cardiac cycle observed in patients with a 
TCPC [ 33 ]. Fontan patients with ascites or pleu-
ral effusions have a lower IVC return (1.5 L/min/
m 2 ) and increased SVC to total caval fl ow ratio 
(0.56 vs. 0.35 in patients with better hemody-
namics) [ 34 ]. Total caval fl ow decreases with 
age [ 34 ]. 

 A coronal view usually best depicts a Glenn 
shunt [ 35 ,  36 ]. The Glenn shunt may be a classic 
unidirectional connection to the ipsilateral PA 
(elbow-shaped) or a bidirectional connection to 
both PAs (T-shaped), as depicted in Figs.  11.10 , 
 11.11 , and  11.13 . Classic APC Fontan fl ow can 
be measured cranial to the RA to PA anastomosis 
and is generally phasic with predominantly dia-
stolic fl ow and atrial kick augmentation 
(Fig.  11.12 ). As RA-propelled blood fl ow is slug-
gish, a signal void from spin dephasing is gener-
ally absent despite conduit stenosis. Conduit 
stenosis usually takes the form of a low velocity 
continuous fl ow. In classic APA Fontan conduits, 
PA fl ow measurement can be determined at the 
RA to PA junction in an oblique para-axial view. 
In the case of lateral tunnel or extracardiac Fontan 
with a bidirectional Glenn, each PA must be 
interrogated in a parasagittal plane to obtain total 
pulmonary fl ow.

   To complete the UAVC and Fontan circuit 
assessment, 3D CE MRA using a gadolinium 
contrast agent is almost always performed, unless 
contraindicated (e.g., severe renal insuffi ciency 

or prior severe adverse reaction to gadolinium). 
A dry background high-resolution spoiled fast 
high-resolution GRE sequence of the thorax is 
fi rst obtained followed by a real-time tracking of 
the Gd bolus by fast GRE sequence until contrast 
opacifi cation of the area of interest. This is fol-
lowed by a second high-resolution spoiled fast 
GRE sequence. Subtraction of the fi rst and sec-
ond sequences leads to a high-quality 3D angio-
graphic image (Fig.  11.13 ). The major technical 
challenge in Fontan assessment is the fact that the 
Fontan circuit receives fl ow from both the supe-
rior (1/3) and inferior (2/3) caval veins so that a 
contrast infusion from the upper extremity to the 
SVC would underfi ll the Fontan circuit (and 
falsely suggest thrombus) on the fi rst-pass acqui-
sition, unless a second data set is obtained during 
the following systemic venous phase. An equilib-
rium study using an intravascular agent such as 
Gadofosveset may be of interest to delineate 
intricacies of the systemic venous return, includ-
ing frequently encountered pulmonary arteriove-
nous and system-to-pulmonary veno-venous 
fi stulas. The advantage of CE MRA over that 
produced by CCT is not only the lack of radiation 
but also the ability to record multiple imaging 
series at no extra radiation cost. Time-resolved 
MRA can provide such multiple images at differ-
ent times of contrast opacifi cation based on the 
relative stability of the thoracic great vessel 
structure. The technique works by overweighting 
acquisition of center of k-space data to follow 
contrast changes, while acquiring a framework of 
great vessel contours (k-space periphery) at base-
line and throughout acquisition. This technique 
shortens total 3D imaging acquisition time, 
enabling multiple data sets to be acquired. The 
advantage of extracellular compared to intravas-
cular agents is the possibility to perform late 
gadolinium enhancement (LGE) studies on the 
systemic ventricle (Fig.  11.14 , see below). In 
patients with contraindications to CMR (e.g., 
pacemakers), a high-quality angiogram can be 
performed using iodinated-enhanced CCT, with 
proper timing of the contrast bolus, preferably in 
the late venous (with detection of contrast in the 
IVC) or portal phase. Overall, delayed images do 
not provide high-quality angiographic images.
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a b

  Fig. 11.13    Contrast-enhanced CMR angiography. ( a ) 
Anterior 3D projection of classic atriopulmonary Fontan. 
Right atrium ( RA ) is massively dilated. A prominent metal 
artifact in the area of prior stenting is present at the most 
proximal left pulmonary artery ( LPA ) causing pseudoste-

nosis. ( b ) Anteroposterior or coronal projection of volume 
rendering of lateral tunnel and bidirectional T-shaped 
Glenn with hepatic veins and pulmonary arteries, respec-
tively.  HV  hepatic vein,  IVC  inferior vena cava,  F  Fontan 
conduit,  G  Glenn shunt,  RPA  right pulmonary artery       

a b

  Fig. 11.14    CMR late gadolinium study of double-inlet 
left ventricle showing a scar within the myocardium of the 
anterolateral wall ( a ). The  b  shows an orthogonal view, 
with the reference line ( green line ) confi rming the pres-
ence of late gadolinium enhancement as well as in septal 

crest and right atrial free wall.  RA  right atrium,  LV  left 
ventricle,  asterisk  ventricular septal defect,  RV  right ven-
tricle,  LA  left atrium,  Ao  aorta,  LGE  late gadolinium 
enhancement       

 

 

11 Univentricular Heart



278

      Thrombus 
 Thrombus formation may occur in the RA or at 
other sites such as a pulmonary root pouch from 
oversewing of the pulmonary valve in the course 
of a cavopulmonary connection. Thrombus for-
mation is a risk factor for thromboembolic death 
[ 8 ]. In the RA, thrombus poses a risk of pulmo-
nary emboli, while a PA stump predisposes to 
systemic emboli [ 37 ] (see Figs.   30.10     and   30.11    ). 
Atrial enlargement, arrhythmias, and sepsis are 
risk factors for thrombus formation [ 22 ]. 
Thrombus formation in a classic Fontan may jus-
tify conversion to a TCPC connection. The pres-
ence of thrombus can be readily seen by cine 
sequences, appearing as a wall-adherent hypoin-
tense round or sessile mass. The thrombotic 
nature of a mass may be demonstrated by rapid 
decline of signal intensity on T2*-weighted 
imaging. On contrast-enhanced CMR, a throm-
bus will not show enhancement on fi rst-pass per-
fusion imaging and will appear as a low-signal 
mass using on LGE sequences using a long inver-
sion time (600 ms) [ 38 – 40 ].  

   Pulmonary Venous Drainage 
and Obstruction 
 Close attention should be paid to pulmonary 
venous drainage, in particular, in patients with 
isomerism [ 17 ]. Compression of pulmonary 
veins by the giant RA may occur in patients with 
classic APC Fontans. Pulmonary venous obstruc-
tion can be demonstrated by long-axis axial or 
four-chamber views using cinema or black-blood 
imaging. To assess pulmonary veins, MRA or 
CTA may also be used. In an angiographic study, 
O’Donnell et al. characterized the following 
three patterns of pulmonary venous compression: 
(1) compression of the left lower pulmonary vein 
as it crosses anterior to the descending aorta and 
posterior to the atrium, (2) uninvolved upper lobe 
pulmonary veins, and (3) reduced fl ow in the PA 
to the affected lung [ 41 ]. Of note, lower pulmo-
nary vein compression is usually ipsilateral to the 
aortic arch [ 41 ]. CMR was also sensitive to iden-
tify pulmonary vein stenosis but was only per-
formed in seven patients [ 41 ]. Detailed reviews 
have previously described the CMR evaluation 
of pulmonary venous anatomy and fl ow [ 42 ].  

    Collaterals 
 After a TCPC, venous decompression channels 
may develop between the superior and inferior 
vena cava and RA, with progressive cyanosis. 
Magee et al. reported that 31 % of patients have 
systemic venous collaterals after bidirectional 
Glenn shunts [ 27 ]. Collaterals are associated with 
a signifi cant gradient between the SVC and RA 
[ 27 ]. The most frequent decompressing venous 
channels are the azygos and hemiazygos veins, 
followed by pericardiophrenic, pericardial, para-
vertebral, and mediastinal veins [ 27 ]. Systemic 
venous decompression may also occur through 
internal mammary, chest wall, hepatic, superior 
intercostal, and cervical veins. In the study by 
Magee et al., 38 % of patients eventually under-
went coil occlusion of collaterals. 

 Systemic-to-pulmonary collaterals may also 
develop after bidirectional cavopulmonary anas-
tomosis in 59 % of patients, requiring interven-
tion in 30 % of them [ 43 ]. Systemic-to-pulmonary 
collaterals cause volume overload of the sys-
temic ventricle and fl ow at systemic pressure in 
the pulmonary system. Risk factors include a 
prior right-sided systemic-to-pulmonary shunt, 
lower ventricular end-diastolic volume and pul-
monary vascular resistance prior to the Glenn 
shunt, and use of cardiopulmonary bypass dur-
ing surgery [ 43 ]. Evaluation of collateral fl ow 
without CMR is impractical and relies on cross-
sectional areas of collateral vessels or invasive 
measurements at the time of Fontan completion, 
on cardiopulmonary bypass. Cinema in SSFP 
can detect the presence of veno-venous or aorto-
pulmonary collaterals [ 12 ,  44 ]. CMR allows 
noninvasive calculation of collateral fl ow either 
as ascending aorta fl ow minus total caval fl ow 
(superior + inferior caval fl ows) or as total pul-
monary venous fl ow minus pulmonary artery 
fl ow (right + left pulmonary arteries fl ow) 
[ 44 ,  45 ]. However, these methods cannot distin-
guish between systemic- to-pulmonary collater-
als fl ow and systemic- to-pulmonary venous 
collateral fl ow. Prakash et al. studied systemic-
to-pulmonary collateral fl ow by CMR in patients 
with Fontans and at an earlier palliative stage 
[ 45 ]. Median systemic-to-pulmonary collateral 
fl ow indexed to body surface area was higher in 
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the pre-Fontan group and decreased after the 
Fontan operation [ 45 ]. Systemic-to-pulmonary 
collateral fl ow also decreased with increasing 
age [ 45 ]. In Fontan patients, the highest quartile 
of systemic-to- pulmonary fl ow was associated 
with a higher ventricular end-diastolic volume 
[ 45 ]. Independent associations were found 
between systemic-to-pulmonary fl ow and pre-
Fontan status, unilateral branch PA stenosis, 
hypoplastic left heart syndrome, and previous 
catheter occlusion of a systemic- to-pulmonary 
collateral vessel [ 45 ]. 

 Schmitt et al. proposed a method to calculate 
pulmonary venous resistance in Fontan patients, 
taking collateral fl ow into account. Collateral 
fl ow is obtained by the difference between effec-
tive antegrade ascending aorta fl ow and the sum 
of antegrade right and left PA fl ows. Pulmonary 
venous resistance, therefore, is equal to the trans-
pulmonary gradient divided by the sum of right 
and left pulmonary fl ows plus collateral fl ow 
[ 46 ]. Schmitt et al. also reported that collateral 
fl ow increases under dobutamine stress, with a 
decrease in pulmonary vascular resistance and no 
change in stroke volume [ 46 ]. The contribution 
of systemic-to-pulmonary fl ow to total pulmo-
nary output was 13 % at rest and increased to 
>25 % under dobutamine stress [ 46 ].  

   Myocardial Fibrosis 
 LGE CMR allows detection of regional fi brosis 
in ischemic and nonischemic cardiomyopathy 
[ 47 – 50 ]. It signifi es an increased partition coef-
fi cient of gadolinium in a given volume owing to 
the presence of scar from either necrosis (as in 
post myocardial infarction) or replacement fi bro-
sis from ventricular strain or postoperative scar. 
The pattern of LGE allows distinction between 
various cardiomyopathies [ 51 ] and provides 
prognostic information [ 52 ]. In a retrospective 
review, Rathod et al. identifi ed myocardial LGE, 
indicating regional fi brosis, in 28 % of Fontan 
patients [ 53 ]. It was independently associated 
with a lower ejection fraction, higher end- 
diastolic volume and ventricular mass, and non- 
sustained ventricular tachycardia [ 53 ]. LGE was 
transmural in 40 % of patients, subendocardial in 
32 %, subepicardial in 20 %, and speckled in 

12 % [ 53 ]. Transmural and subendocardial LGE 
is typical of myocardial infarction, while subepi-
cardial enhancement is encountered in myocardi-
tis. Circumferential subendocardial LGE is a 
pattern typical of endocardial fi broelastosis and 
was seen in 16 % of patients [ 53 ]. Fibrosis can be 
localized to areas of the myocardium, such as an 
infarction. It may also be generalized, leading to 
expansion of the myocardial extracellular space 
by diffuse collagen deposition [ 50 ]. Since it relies 
on a difference in signal intensity that may not 
exist if the fi brosis is diffuse, LGE imaging may 
only partially refl ect the extent fi brosis. 
Gadolinium-based contrast agents enter the 
extracellular space and shorten the T1 of the 
whole myocardium. T1 mapping techniques that 
determine myocardial T1 have, therefore, 
allowed measurement of the fraction of myocar-
dial volume occupied by extracellular space 
[ 54 ,  55 ]. Such techniques currently remain in the 
realm of research are close to clinical applica-
tions. They have been applied successfully to a 
variety of congenital heart defects. Patients with 
systemic right ventricles and cyanosis have the 
highest degree of diffuse fi brosis by this tech-
nique [ 56 ].  

   Liver Disease 
 Both CMR and CTC provide the opportunity to 
screen for signs of liver disease, even if the whole 
liver is not routinely included in CMR examina-
tion. Hepatopathy results from transmission of 
pulmonary pressure to the systemic veins. The 
most common fi ndings by CCT or CMR in 
Fontan patients are abnormal parenchymal 
enhancement, hypervascular nodules, signs of 
cirrhosis and, rarely, hepatocellular carcinoma 
[ 57 ]. An example of liver congestion on a routine 
SSFP localizing sequence is shown in Fig.  11.15 .

       Cardiac CT (CCT) Imaging 

 With the expanded use of permanent pacing in 
patients with univentricular hearts, especially 
after palliative surgery, cardiac CT (CCT) is 
increasingly requested to help delineate cardiac 
structures and great vessel anatomy. Although 
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CMR and CCT employ drastically different tech-
niques to generate images, the imaging philoso-
phy remains similar. It begins with the segmental 
approach to describe the heart and great vessel 
from the standpoint of blood fl owing from the 
veins and atria to the great vessel, with anatomy 
defi ned for each segment. Systemic and pulmo-
nary venous return must be described precisely; 
AV connections and AV valve anatomy are next 
with ventricular morphology or situs and VA 
connections completing intracardiac anatomic 
assessments. Image acquisition is performed 
from the axial approach with computer-based 
reconstruction generating high-quality orthogo-
nal and double-oblique planes similar to the ones 
obtained by echocardiography and CMR. The 
required time is much shorter but at the expense 
of exposure to radiation and iodinated contrast 
(with inherent risks of allergy and  nephrotoxicity). 
Advantages of CCT also include a larger and 
shorter bore enabling claustrophobic patients to 
better tolerate this examination compared to 
CMR and better assessment of the coronary cir-
culation. The main weakness of CCT compared 
to echo and CMR is in its lower temporal resolu-
tion limiting the ability of CCT to assess ventric-
ular and valvular function (Table  11.1 ). 

 Contrast-enhanced gated CCT, although 
fraught with more radiation exposure, is the most 

comprehensive CT imaging mode, providing an 
estimation of ventricular function and vessel 
anatomy. Given the radiation exposure, the tim-
ing of a contrast-enhanced CCT examination 
rests on providing timely important answers to 
questions raised during echocardiographic fol-
low- up, such as preoperative testing in the con-
text of a failing Fontan circulation and 
contraindications or inability to undergo CMR 
examination. 

 As in contrast-enhanced CMR, in order to 
obtain complete Fontan circuit opacifi cation, 
iodinated contrast must reach not only the SVC 
but also the IVC (Fig.  11.16 ). Timing is thus at a 
relatively late stage with triggering of image 
acquisition based on contrast detection in the 
IVC (also called portal phase). The CCT images 
thus obtained occur at equilibrium with contrast 
dilution in the arterial and venous beds, rendering 
interpretation of CCT an even greater challenge 
in the face of complex anatomy. Fontan conduit 
anatomy is particularly well depicted in the 
 coronal plane, and the diagnosis of thrombus 
must be cautiously made in the presence of insuf-
fi cient conduit opacifi cation or low cardiac out-
put with stasis (see Fig.   30.12    ).

   In terms of fi eld of view, image acquisition 
must cover the liver, extending cephalad to the 
base of neck vessels. Liver CT is among the best 

a b

  Fig. 11.15    CMR image of liver in a Fontan patient: ( a ) 
Axial plane and ( b ) coronal plane steady-state free pre-
cession. The liver is severely enlarged and appears nodu-

lar. Mild ascites is present. The inferior vena cava is 
markedly dilated.  IVC  inferior vena cava,  HV  hepatic 
vein,  RA  right atrium,  LA  left atrium,  Spl  spleen,  Ao  aorta       
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techniques to diagnose and estimate the severity 
of cardiac cirrhosis [ 58 ]. Dilatation of systemic 
veins, including azygos and hemiazygos systems, 
is a frequent fi nding. Precise identifi cation and 
description of veno-venous and arteriovenous 
collaterals is important as these may be respon-
sible for signifi cant systemic arterial desaturation 
(see Fig.   30.5    ). Atrial and ventricular dimensions 
and volumes can be determined by double- 
oblique plane reconstruction. Knowledge of 
CMR or echo prescription planes to generate 
long- and short-axis views is a defi nite advantage 
for cardiac radiologists, enabling multimodality 
comparisons to ultimately guide cardiovascular 
specialists to provide better patient care. Double- 
oblique reconstructions are cardiac rather than 
thorax centered. A stack of four-chamber views 
can be generated from a sagittal set. The central 
imaging plane should intercept the middle point 
of the mitral annulus and the LV apex. A stack of 
three-chamber views can be generated from a 
coronal set intercepting the center of the aortic 
and mitral annuli and the LV apex. A stack of 

short-axis views can be generated from a plane 
perpendicular to the four-chamber view. Despite 
the lower temporal resolution of CCT (10–15 vs. 
20–30 phases per cardiac cycle in CMR), an esti-
mate of ventricular function can be achieved if 
retrospective data acquisitions are obtained 
(at the cost of higher radiation doses), using com-
mercially available software by tracing end- 
diastolic and end-systolic contours (as in CMR). 
Central PA anatomy is best demonstrated in the 
axial projection while peripheral segmental anat-
omy is best viewed in the coronal projection. 
Thoracic aortic anatomy and the presence of aor-
topulmonary collaterals from the descending 
aorta can be appreciated by combining axial, 
coronal, and sagittal views, provided the imaging 
planes extend cephalad enough. Objectives of the 
systematic diagnostic approach to UAVC by 
CCT are similar to CMR and provided in 
Table  11.4 . 

 An important aspect of CCT imaging is the 
assessment of coronary arteries. The coronary 
anatomy can serve as an additional  distinguishing 

a b

  Fig. 11.16    Angio-CT depiction of a superior cavopul-
monary anastomosis (Glenn shunt) in right anterior 
oblique projection. ( a ) Note that during this fi rst-pass 
angiography, only the superior portion of the Fontan cir-
cuit is opacifi ed. ( b ) Note the contrast visible in the supe-

rior vena cava, the hypoplastic left ventricle, and the 
transposition of the great arteries (anterior aorta).  F  
Fontan,  G  Glenn shunt,  RA  right atrium,  Ao  aorta,  PA  pul-
monary artery,  RPA  right pulmonary artery,  LV  left 
ventricle       
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feature in univentricular hearts, since coronaries 
usually follow ventricular situs. A morphological 
RV, even in the subaortic position, will generally 
be supplied by a single right coronary artery 
coursing in the AV groove. A morphological LV, 
even in the subpulmonary position, will be sup-
plied by a left main artery rapidly branching into 
an anterior descending and circumfl ex artery 
coursing in interventricular and AV grooves, 
respectively (Fig.  11.17 ). Congenitally aberrant 
coronary arteries may, however, be encountered, 
especially in complex cases.

       Conclusion 

 In summary, a systematic segmental approach 
provides the most comprehensive and clini-
cally useful way to describe anatomy in com-
plex congenital heart disease. CMR and CCT 
are second- line but critical techniques in the 
evaluation of patients with univentricular 

atrioventricular connections (UAVC), provid-
ing a relatively comprehensive noninvasive 
three-dimensional assessment of some of the 
most complex cardiac lesions known to man. 
A thorough knowledge of the anatomy, phys-
iopathology, and natural history of these dis-
orders is key to guiding imaging specialists in 
order to maximize the contribution of these 
techniques to the diagnosis and management 
of these complex conditions.     
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        The visceroatrial situs describes the laterality and 
relative position of viscera, including the cardiac 
atria, the tracheobronchial tree, and the abdomi-
nal viscera [ 1 ]. Visceroatrial situs abnormalities 
are associated with congenital heart disease [ 2 ]. 
Mild forms of situs abnormalities may remain 
undiagnosed and can be incidentally discovered 
in adults on imaging, while other situs abnormal-
ities are associated with severe congenital anom-
alies, which are fatal early in life unless treated. 
Determination of the visceroatrial situs and bul-
boventricular loop predicts the probability and 
type of congenital heart disease [ 3 ]. 

 This chapter reviews the various confi gura-
tions of visceroatrial situs and the segmental 
approach to cardiac anatomy described by van 
Praagh [ 4 ]. We present a methodical stepwise 
approach for determining the visceroatrial situs, 

the bulboventricular loop, and their associated 
anomalies [ 5 ]. With the advancement in the diag-
nosis and treatment of congenital heart disease, 
patients with situs abnormalities associated with 
severe congenital heart disease can survive into 
adulthood. Imaging is essential in diagnosing 
complications of their long-standing disease or 
its treatment. We will review the role of CT and 
MRI in imaging adult congenital heart disease 
and its relationship to anomalies of visceroatrial 
situs. 

   Thoracic and Abdominal Situs 

 In congenital heart disease, a segmental approach 
is used for the description of the cardiac anatomy, 
and an alphabetical nomenclature has been 
devised to describe each segment [ 4 ,  6 ]. The fi rst 
step in the segmental approach described by van 
Praagh is the determination of the cardiac situs. 
Only the atria retain their laterality throughout 
cardiac embryogenesis, and therefore, the paired 
atria determine the cardiac situs [ 7 ]. Three 
 distinct types of atrial situs exist: situs solitus 
{S,–,–}, situs inversus{I,–,–}, and situs ambig-
uus [ 8 ] or indeterminate situs{A,–,–} [ 9 ]. In situs 
solitus {S,–,–}, the morphologic right atrium is 
positioned to the right of the morphologic left 
atrium. Situs inversus {I,–,–} represents the mir-
ror image of situs solitus with the morphologic 
right atrium to the left of the morphologic left 
atrium. In situs ambiguous {A,–,–}, the cardiac 
situs is neither situs solitus nor situs inversus, and 

        M.   Kontzialis ,  MD      
  Department of Radiology and Radiological Science , 
 The Johns Hopkins Hospital ,   Phipps B-112, 600 N. 
Wolfe Street ,  Baltimore ,  MD    21287 ,  USA   
 e-mail: marinoskon@gmail.com   

    H.   Spindola-Franco ,  MD      
  Department of Radiology ,  Albert Einstein College 
of Medicine, Montefi ore Medical Center , 
  111 East 210 St. ,  Bronx ,  NY   10467 ,  USA   
 e-mail: hspindol@montefi ore.org   

    L.  B.   Haramati ,  MD, MS      (*) 
  Cardiothoracic Imaging, Department of Radiology 
and Medicine ,  Albert Einstein College of Medicine, 
Montefi ore Medical Center , 
  111 East 210 St. ,  Bronx ,  NY   10467 ,  USA   
 e-mail: lharamati@gmail.com  

  12      Visceroatrial Situs in Congenital 
Heart Disease 

              Marinos     Kontzialis      ,     Hugo     Spindola-Franco      , 
and     Linda     B.     Haramati     



286

such situs is distinctively known as heterotaxy or 
isomerism (Table  12.1 ).

   The next step in the segmental approach is the 
determination of the bulboventricular loop, which 
can be D-loop {–,D,–}, L-loop {–,L,–}, or X-loop 
{–,X,–}. With D-looping {–,D,–}, the bulboven-
tricular tube bends and shifts to the right, placing 
the bulbus cordis, the precursor of the right ven-
tricle, to the right of the primitive ventricle which 
is the precursor of the left ventricle. Therefore, in 
situs solitus with D-looping {S,D,–}, there is 
atrioventricular concordance with the right 
atrium connected to the right  ventricle and the 
left atrium connected to the left ventricle 
(Fig.  12.1a ). In early fetal development, the ven-
tricular portion of the heart, the ventricular mass, 
is in the right hemithorax. Subsequently, the bul-
boventricular loop shifts to the left hemithorax, 
resulting in levoversion. In the case of partial 
shift of the bulboventricular loop to the midline 
or failure to shift to the left, the result is situs soli-
tus with mesoversion and situs solitus with dex-
troversion, respectively.

   In L-looping {–,L,–}, the heart tube folds and 
rotates to the left, which places the bulbus cordis 
to the left of the primitive ventricle. That means 
that the ventricular mass is in the left hemithorax, 
and the bulboventricular loop tends to rotate to 
the right hemithorax. Therefore, situs solitus with 
L-looping {S,L,–} results in atrioventricular 
 discordance, with the right atrium connected to 
the left ventricle and the left atrium connected 
to the right ventricle (Fig.  12.1b ) [ 10 ]. As above, 
the degree of shift of the cardiac mass determines 

the orientation (version) of the cardiac apex. 
Complete shift of the apex toward the right 
results in situs solitus with atrioventricular dis-
cordance and dextroversion; partial shift to the 
midline results in mesoversion and absence of 
shift results in levoversion. In a similar manner, 
formation of an L-loop (concordant loop) in 
cases of situs inversus results in atrioventricular 
concordance {I,L,–} (Fig.  12.1c ), whereas a 
D-loop (discordant loop) results in atrioventricu-
lar discordance {I,D,–} (Fig.  12.1d ). Therefore, a 
complete, partial, or a failure of shift of the car-
diac apex to the right further classifi es these 
forms into situs inversus with dextroversion, 
situs inversus with mesoversion, and situs inver-
sus with levoversion [ 1 ,  7 ,  10 ]. 

 In X-loop {–,X,–}, a single ventricle is pres-
ent, and ventricular looping is undefi ned. Single 
ventricle or univentricular heart has three major 
presentations according to the trabecular pattern. 
If the pattern is similar to either the right or the 
left ventricle, then it is called single right or sin-
gle left ventricle, respectively. If the trabecular 
pattern is indeterminate, then it is called single 
“undifferentiated” ventricle. The atrial connec-
tion is through a common atrioventricular valve 
(common inlet; AV canal) or through two atrio-
ventricular valves (double inlet; right and left AV 
valves). Both atrioventricular valves may be pat-
ent (double inlet) or one may be often atretic 
(single inlet). Anatomically, the two valves are 
different from the tricuspid and mitral valves, 
and therefore, they should be referred to as right 
and left atrioventricular valve. The exit of fl ow of 
the main ventricular cavity into the great vessels 
may be direct or through a rudimentary outlet 
chamber. In single right ventricle, the exit is usu-
ally direct, whereas in single left ventricle, the 
exit is through a rudimentary chamber (outlet 
chamber). The outlet chamber can be anterior, 
superior and to the right (normally related), or 
anterior, superior, and to the left (inverted) of the 
base of the main cavity. It is uncommon for the 
outlet chamber to be in front of the main cavity. A 
bulboventricular foramen (ventricular septal 
defect; outlet foramen) connects the two cham-
bers. The aorta and the pulmonary artery are 
almost always transposed (D- or L-malposition), 

   Table 12.1    Types of visceroatrial situs   

  Situs solitus  
 Totalis (levocardia) 
 Mesocardia 
 Dextrocardia 
  Situs inversus  
 Totalis (dextrocardia) 
 Mesocardia 
 Levocardia 
  Heterotaxy  
 Polysplenia syndrome 
 Asplenia syndrome 
  Thoracoabdominal discordance  
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  Fig. 12.1    Drawings demonstrate variations in looping 
and horizontal shift of the cardiac apex. ( a )  Situs solitus 
with D - looping  resulting in atrioventricular concordance. 
The cardiac mass normally shifts from right to left, transi-
tioning from dextroversion to mesoversion and fi nally to 
levoversion. ( b )  Situs solitus with L - looping  resulting in 
atrioventricular discordance. The cardiac mass usually 

shifts from left to right resulting in dextroversion. ( c )  Situs 
inversus with L - looping  results in atrioventricular concor-
dance. The cardiac mass shifts from left to right, leading 
to dextroversion. ( d )  Situs inversus with D - looping  results 
in atrioventricular discordance. The cardiac mass shifts 
from right to left, leading to levoversion.  RA  right atrium, 
 LA  left atrium,  RV  right ventricle,  LV  left ventricle       
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and both great vessels may arise from the rudi-
mentary chamber or from the main cavity. 
Subvalvular or valvular pulmonary stenosis may 
be present, and restriction of the bulboventricular 
foramen may be found. The outlet foramen may 
straddle the right or left atrioventricular valve 
depending on its location. 

 After determining the cardiac situs and 
the position of the bulboventricular loop, the 
next step in the segmental approach is to iden-
tify the ventriculoarterial relationship [ 4 ,  6 , 
 11 ]. Normally, the heart tube folds to the right 
{–,D,–}, and the developing ascending aorta is 
positioned to the right of the developing pulmo-
nary artery in the truncus arteriosus with both 
structures at the same level. Growth in the sub-
pulmonic free wall of the truncus elevates the 
pulmonic valve and advances it anteriorly with 
a rightward rotation; while resorption in the 
subaortic free wall results in the aortic-mitral 
fi brous continuity [ 12 ]. Therefore, normally the 
pulmonic valve is positioned anteriorly, superi-
orly, and to the left of the aortic valve ( solitus ) 
{–,–,S}. The mirror-image confi guration results 
in an anteriorly placed pulmonic valve to the 
right of the aortic valve ( inversus ) {–,–,I}. 

 Defi ning the atrial situs (cardiac situs), the 
ventricular topology, and the position of the 
great vessels does not predict the atrioventricu-
lar and ventriculoarterial connections, which 
must be separately evaluated [ 4 ,  11 ]. Similarly, 
the orientation of the cardiac apex (ventricular 
mass) is independent of the position of the car-
diac atria and depends on the degree of the hori-
zontal shift of the cardiac mass. Defi ning the 
position of the cardiac apex after identifi cation 
of the atrial situs and the cardiac loop deter-
mines the “version.” The terms dextroversion, 
mesoversion, and levoversion indicate the posi-
tion of the cardiac apex, when this structure is 
not in the usual location for the corresponding 
visceroatrial situs. The terms dextrocardia, 
mesocardia, and levocardia refer to the position 
of the heart within the thoracic cavity and, in 
common parlance, are used interchangeably 
with the version terminology. The cardiac situs 
is usually concordant with the thoracic situs 
(tracheobronchial tree) and the position of the 

ventricular mass (cardiac apex) and must be 
determined to predict the probability and type 
of congenital heart disease. There are two forms 
of determinate situs, situs solitus with levover-
sion or levocardia, the normal confi guration 
{S,D,S}, and situs inversus with dextroversion 
or dextrocardia {I,L,I}, the mirror-image 
confi guration. 

 Interestingly, the degree of shift of the cardiac 
apex in the horizontal plane (the version) pre-
dicts the occurrence and complexity of congeni-
tal heart disease. Severe congenital heart disease 
is present in more than 90 % of people who have 
situs solitus with dextroversion and situs inver-
sus with levoversion [ 1 ,  13 ]. The severity and 
occurrence rate is much lower in both situs soli-
tus and situs inversus with mesoversion 
(Table  12.2 ).

   The thoracic and abdominal organs are usu-
ally lateralized on either side of the midline. Situs 
solitus totalis {S,D,S} refers to the expected con-
fi guration of thoracic and abdominal organs with 
a trilobed right lung and a right-sided liver and 
inferior vena cava. The cardiac apex is toward the 
left and the spleen, the stomach and the aorta are 
also positioned on the left. In the case of normal 
thoracoabdominal concordance, the rate of con-
genital heart disease is 0.8 % [ 13 ]. The mirror- 
image confi guration of thoracic and abdominal 
organs is referred to as situs inversus totalis 
{I,L,I} and has a 5 % incidence of congenital 
heart disease [ 13 ]. Approximately 20 % of the 
cases of situs inversus totalis are associated with 
Kartagener syndrome [ 14 ] comprised of the clas-
sic triad of situs inversus totalis, chronic sinusitis, 
and bronchiectasis [ 15 ]. Conversely, only half of 

   Table 12.2    Congenital heart disease incidence for vari-
ous confi gurations of visceroatrial situs   

 Situs confi guration  Incidence (%) 

 Situs solitus totalis  0.8 
 Situs solitus mesocardia  0.8 
 Situs solitus dextrocardia  90 
 Situs inversus totalis  5 
 Situs inversus mesocardia  0.8 
 Situs inversus levocardia  95–100 
 Polysplenia  75 
 Asplenia  99–100 
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the patients with primary ciliary dyskinesia have 
situs inversus [ 12 ,  13 ]. 

 In the rare occasion of thoracoabdominal dis-
cordance (thoracic situs solitus with abdominal 
situs inversus or vice versa), there is high inci-
dence of congenital heart disease [ 1 ,  16 ]. 

   Heterotaxy Syndromes [ 1 ,  2 ,  17 – 19 ] 

 In situs ambiguus or heterotaxy, there is duplica-
tion of right- or left-sided structures and  abnormal 

arrangement of organs and vessels, not in the 
expected confi guration of situs solitus {S,D,S} or 
situs inversus{I,L,I}. Splenic abnormalities are a 
hallmark of heterotaxy, and there is a high asso-
ciation with complex anomalies of the cardiovas-
cular system. Rather than a distinct set, there is a 
spectrum of anomalies. The two major forms of 
heterotaxy are polysplenia and asplenia or 
Ivemark syndrome [ 1 ]. 

 Polysplenia is associated with multiple 
spleens and bilateral left-sided structures (left 
isomerism) (Fig.  12.2a ) [ 1 ,  2 ,  20 – 22 ]. In contrast 

Atrium

Transverse
liver

Midline liver

RV LV

Atrium

Ventricle

  Fig. 12.2    Schematic diagrams of polysplenia and asple-
nia. ( a ) Polysplenia is characterized by bilateral bilobed 
lungs and bilateral hyparterial bronchi. Positions of mul-
tiple small rounded spleens and stomach are variable. 
Congenital heart disease occurs in 75 % of these patients 
and is usually mild. ( b ) Asplenia is characterized by 

 bilateral trilobed lungs and bilateral eparterial bronchi. 
Liver is often midline, spleen is absent, and position of 
stomach is variable. Congenital heart disease is nearly 
universal. Associated cardiac defects are generally severe 
and include common atrium and single ventricle with pul-
monary stenosis or atresia       
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to asplenia, polysplenia is more common in 
females and has a milder course, often present-
ing in childhood with a left to right shunt. 
However, some present in adulthood with an 
atrial septal defect and approximately 25 % of 
patients have no signifi cant cardiac anomalies. 
Polysplenia is  characterized by bilateral bilobed 
lungs and two hyparterial bronchi. A common 
atrium is usually present with morphologic char-
acteristics of bilateral left atria. Congenital car-
diac defects include endocardial cushion defects, 
double-outlet right ventricle, and left-sided 
obstructive lesions such as coarctation of the 
aorta, subaortic stenosis, or less commonly 
hypoplastic left heart syndrome. In contrast to 
asplenia, right ventricular obstruction and trans-
position of the great vessels are unusual, although 
minor forms of pulmonic stenosis have been 
described. Anomalous systemic and pulmonary 
venous drainage are seen, including partial 
anomalous pulmonary venous return, duplicated 
superior vena cava and azygos, or hemiazygos 
continuation of the inferior vena cava.

   The gastric fundus can be right or left, and 
intestinal malrotation is common [ 23 ]. Multiple 
spleens are characteristic and can be seen on 
either side of the abdomen, resulting in the 
absence of Heinz and Howell-Jolly bodies on 
peripheral blood smear. The liver is usually mid-
line or symmetric, and biliary and pancreatic 
abnormalities may be present (Table  12.3 ) [ 24 ].

   Asplenia (Fig.  12.2b ) is characterized by an 
absent spleen and duplication of right-sided 
structures (dextro isomerism, bilateral right sid-
edness) [ 1 ,  2 ,  25 – 28 ]. It is twice as common in 
males and has a high association with congenital 
heart defects (99–100 %) that present early in life 
and carry a grave prognosis. Unrecognized asple-
nia is only rarely encountered in adulthood. 
Congenital absence of the spleen is associated 
with immune defi ciency, infections, and Heinz 
and Howell-Jolly bodies on peripheral blood 
smear. 

 Asplenia is associated with bilateral trilobed 
lungs and two eparterial bronchi. Anomalous 
systemic and pulmonary venous drainage are 
common, including bilateral superior venae 
cavae, total anomalous pulmonary venous 

return, and D- or L-malposition of the great 
arteries. There is usually a common atrium with 
anatomic characteristics suggestive of bilateral 
right atria or a large atrial septal defect. An 
atrioventricular canal (atrioventricular commu-
nis) is often present, as is a single ventricle or a 
large ventricular septal defect (bulboventricular 
foramen). If two atrioventricular valves are 
present, both may be patent or either one may be 
atretic. Right ventricular outfl ow tract obstruc-
tion is common, usually pulmonic stenosis or 
atresia, resulting in pulmonary undercirculation 
and cyanosis. Aortic stenosis or atresia is 
unusual in asplenia. 

 In the abdomen, the spleen is characteristi-
cally absent and the liver is usually midline. 
There is commonly ipsilateral course of the infe-
rior vena cava and the aorta, resulting in their jux-
taposition below the diaphragm [ 29 ]. The gastric 
bubble can be on either side of the midline, and 
there is a high occurrence of intestinal malrota-
tion [ 23 ]. Other associations include agenesis of 
the gallbladder, annular pancreas, imperforate 
anus, horseshoe kidney, and urethral valves 
(Table  12.4 ).

   Table 12.3    Polysplenia   

  Cardiovascular anomalies  
 Anomalous systemic venous connections (bilateral 
superior venae cavae) and interruption of the IVC with 
azygos continuation 
 Anomalous pulmonary venous return (partial or total of 
the cardiac variety) 
 Common atrium 
 Primum or secundum atrial septal defect 
 Ventricular septal defect often of the endocardial 
cushion type 
 Double-outlet right ventricle 
 Left-sided obstructive lesions (coarctation of the aorta, 
subaortic stenosis, hypoplastic left heart syndrome) 
 Cardiac malposition 
  Noncardiac anomalies  
 Bilateral hyparterial bronchi and bilobed lungs 
 Two or more spleens 
 Transverse or symmetric liver 
 Gallbladder anomalies including biliary atresia 
 Intestinal malrotation 
 Genitourinary abnormalities 

  From Spindola-Franco [ 1 ] with permission  
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       The Role of Imaging 

 The presentation of situs abnormalities in the 
adult depends largely on the underlying congeni-
tal heart disease and falls into two main groups. 
The fi rst group includes patients who have situs 
abnormalities without congenital heart disease 
that can escape early diagnosis. This includes the 
majority of adults with situs solitus with meso-
cardia and situs inversus with mesocardia or dex-
trocardia (Fig.  12.3 ) and a minority of patients 
with polysplenia. Situs abnormalities associated 
with mild congenital heart disease, such as sim-
ple shunt lesions or complex congenital heart dis-
ease that is physiologically mild, such as 
corrected transposition of the great arteries, can 
also remain undiagnosed during childhood. They 
may present and become clinically apparent later 
in life, when long-standing disease and comor-
bidities unmask the underlying defect, or they 
may be incidentally detected on imaging [ 30 ]. 

Severe forms of congenital heart disease that are 
usually diagnosed prenatally or at birth and 
undergo treatment early in life comprise the sec-
ond group. These patients present in adulthood 
for follow-up imaging or for imaging to help 
diagnose and treat symptoms related to their 
long-standing disease or its treatment.

   In describing a patient’s visceroatrial situs, the 
chest radiograph is useful to assess not only the 
location of the cardiac apex (ventricular mass) and 
gastric bubble but also the tracheobronchial situs, 
which is usually concordant with the atrial situs 
[ 1 ]. These structures are also well demonstrated on 
CT and MRI, which allow simultaneous evalua-
tion of the abdominal viscera. Dextrocardia in 
adults can be associated with any form of situs and 
is present in up to half of patients with heterotaxy 
[ 9 ,  31 ]. When an anomaly of visceroatrial situs is 
identifi ed, knowledge of the associated cardiac 
anomalies is key to making the appropriate fi nd-
ings and ultimately the correct diagnosis, which 
serves as a guide to patient management. 

   Table 12.4    Asplenia   

  Cardiovascular anomalies  
 Bilateral superior venae cavae 
 Common atrium or a large atrial septal defect 
 Single ventricle or a large ventricular septal defect 
 AV communis (atrioventricular canal) 
 Transposition of the great arteries 
 Anomalous pulmonary venous return (either 
supracardiac or infracardiac) 
 Cardiac malposition 
 Midline crossing of the IVC just below the diaphragm 
to enter the systemic venous atrium 
 Common course of the IVC and the abdominal aorta 
 Severe pulmonary stenosis or atresia 
  Noncardiac anomalies  
 Bilateral eparterial bronchi and trilobed lungs 
 Absent spleen associated with Howell-Jolly bodies on 
peripheral blood smear and susceptibility to infections 
 Transverse or symmetric liver 
 Intestinal malrotation 
 Gallbladder agenesis 
 Annular pancreas 
 Imperforate anus 
 Horseshoe kidney 
 Ureteral and urethral valves 

  From Spindola-Franco [ 1 ] with permission  

  Fig. 12.3    A 60-year-old woman with situs inversus tota-
lis and no associated congenital heart disease. There is 
tracheobronchial situs inversus with a right-sided hyparte-
rial bronchus and a left-sided eparterial bronchus. 
Dextrocardia and right-sided aortic arch are present. The 
stomach ( G ) is in the right upper quadrant and the liver 
shadow is seen in the left upper quadrant       

 

12 Visceroatrial Situs in Congenital Heart Disease



292

 When CT or MRI is performed for a cardiac 
indication, it is typically to answer specifi c ques-
tions, since echocardiography remains the fi rst- 
line cardiac imaging modality [ 32 ]. Tailoring the 
examination appropriately requires every effort 
to obtain relevant anatomic and surgical history 
and review of prior imaging. CT and MRI outper-
form echocardiography in demonstrating extra-
cardiac vascular anatomy and systemic and 
pulmonary venous connections [ 33 ]. MRI is con-
sidered a reference standard for estimating ven-
tricular volumes and function. Phase-contrast 
sequences for fl ow quantifi cation are useful in 
documenting the presence or absence of shunts 
by calculating the pulmonary to systemic blood 
fl ow ratio (Qp:Qs) and regurgitant volumes and 
estimating the degree of stenosis [ 34 ]. There is 
increasing evidence that delayed enhancement 
and viability sequences have prognostic implica-
tions in these adults. 

 Situs solitus and situs inversus with mesocar-
dia have the same rate of congenital heart dis-
ease as patients with normal situs or situs solitus 
totalis (0.8 %). However, when congenital heart 
disease is present, the diagnosis of corrected 
transposition of the great arteries should be 
 considered [ 35 ]. Corrected transposition of the 
great arteries in patients with situs solitus totalis 
is L-transposition of the great arteries, while in 
situs inversus the same physiology occurs with 
D-transposition of the great arteries. In situs 
solitus with L-transposition {–,–,L}, asymmet-
ric growth in the subaortic conus free wall and 
resorption in the subpulmonic conus free wall are 
usually associated with L-looping of the primi-
tive heart tube, resulting in atrioventricular and 
ventriculoarterial discordance {S,L,L}. In situs 
inversus, the mirror image occurs {I,D,D}. In 
either scenario, the left atrium connects to the 
right ventricle, which in turn connects to an 
anteriorly located aorta with a subaortic conus. 
The right atrium connects to the left ventricle, 
which in turn connects to the posterior pulmo-
nary artery, which is in fi brous continuity with 
the mitral valve. The aorta arises from the heart 
anterior and superior (to the left in situs solitus 
or to the right in situs inversus) of the pulmo-
nary artery. Corrected transposition therefore 

 represents a double discordance or “physiologi-
cally corrected” transposition. 

 These patients may present at any age with 
arrhythmias related to abnormal development of 
the conduction pathways. An intracardiac shunt 
is present in 60 %, most commonly a ventricular 
septal defect. When a shunt is absent, the initial 
diagnosis often comes to light in adulthood. 
Because their systemic ventricle is the right ven-
tricle, patients with corrected transposition are at 
increased risk for developing heart failure and 
tricuspid insuffi ciency as they age. Surveillance 
MRI is recommended in these patients primarily 
to monitor the volumes and function of the sys-
temic right ventricle on steady-state free preces-
sion (SSFP) cine images (Fig.  12.4 ). A dephasing 
jet of tricuspid insuffi ciency can be sought and 
the degree of tricuspid insuffi ciency can be esti-
mated, if it is an isolated valvular abnormality, by 
calculating the differences in the left and right 
ventricular stroke volumes. Direct quantitation of 
atrioventricular valve regurgitation using phase- 
contrast MR is still an evolving technique. If the 
patient has a pacemaker or ICD, an ECG-gated 
cardiac CT can be performed to evaluate right 
ventricular volumes and function.

   Typical fi ndings of L-transposition of the 
great arteries should also be noted on cross- 
sectional imaging. The left-sided, systemic, mor-
phologic right ventricle is heavily trabeculated 
and has a moderator band, while the right-sided, 
morphologic left ventricle is smooth walled. The 
aorta and pulmonary artery have a typical paral-
lel course as they emerge from the heart with the 
aorta arising anterior and to the left of the pulmo-
nary artery (Fig.  12.5 ).

   The segmental anatomy in polysplenia is vari-
able depending on the location of the heart and 
associated anomalies. With levocardia and nor-
mally related great arteries, it is {A,D,S}. Patients 
with polysplenia may initially present in adult-
hood with a left to right shunt, such as an atrial 
septal defect or partial anomalous pulmonary 
venous return, when the shunt becomes symp-
tomatic or is detected incidentally on imaging. 
   More typically, however, patients with polysple-
nia present in infancy or early childhood with an 
AV canal defect. Patients with polysplenia may 
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also have physiologically neutral anomalies such 
as azygos continuation of the inferior vena cava 
or a duplicated inferior or superior venae cavae, 
which only become evident during catheter 
placement or as an incidental fi nding on 
imaging. 

 ECG-gated CT or MRI performs well in 
depicting the anatomy of an atrial septal defect. If 
it is a secundum type defect and repair with a clo-
sure device is contemplated, the adequacy of the 
rims must be described [ 30 ]. If the patient had 

repair of an atrial septal defect in childhood 
(Fig.  12.6 ), care should be taken to note the type 
of anomaly, the adequacy of the repair including 
integrity of the septum, the atrioventricular valve 
function, and the Qp:Qs, if MR is performed. As 
there may be multiple associated anomalies, 
other shunt lesions should be sought. The pulmo-
nary and systemic venous anatomy should be 
scrutinized, as anomalies are common and 
superbly depicted on both CT and MR angiogra-
phy (Fig.  12.7 ).

a b c

d e f

  Fig. 12.4    A 20-year-old man with situs inversus and 
mesocardia who has congenitally corrected transposition 
of the great vessels (D-TGA). ( a ) PA radiograph demon-
strates a right-sided hyparterial bronchus and a left-sided 
eparterial bronchus consistent with thoracic situs inver-
sus. There is mesocardia. The stomach bubble is right 
sided and the aortic arch is left sided. ( b ,  c ) Coronal con-
trast-enhanced MRA images demonstrate a normal-sized 
heart with mesoversion. The ascending aorta ( A ) arises 
anteriorly from the trabeculated systemic right ventricle 
( RV ). The pulmonary artery arises posteriorly from the 

smooth-walled left ventricle ( LV ). The liver ( L ) is left 
sided and the stomach ( G ) is right sided. ( d ,  e ) Axial 
steady-state free precession (SSFP) shows a right-sided 
morphologic left atrium ( LA ) connecting to a trabeculated 
right-sided RV. The right atrium ( RA ) is on the left con-
necting to the smooth-walled LV. ( f ) Axial black- blood 
image at the level of the pulmonary artery bifurcation 
shows the ascending aorta ( A ) to be anterior and to the 
right ( D-position ) of the pulmonary artery. A left-sided 
superior vena cava ( SVC ) drains into the right atrium. The 
descending aorta is on the left       
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    Other fi ndings of polysplenia should be sought 
and described on imaging. Bilateral hyparterial 
bronchi are evident on chest radiography and 
beautifully depicted on coronal CT and MR 
images (Figs.  12.6  and  12.8 ). The pulmonary 
arteries are similarly symmetric. Azygos contin-
uation of the IVC is common (65 %) and associ-
ated with absence of the intrahepatic inferior 

vena cava [ 20 ]. Images of the upper abdomen 
will show multiple small round spleens. The liver 
is typically transverse. The stomach may be on 
either side.

   Patients with situs anomalies who had more 
severe complex congenital heart disease diag-
nosed and treated during childhood are now sur-
viving in larger numbers [ 36 ]. It is crucial to 

a b

c d

  Fig. 12.5    A 60-year-old woman with situs solitus, meso-
cardia, and congenitally corrected transposition of the 
great arteries (L-TGA). ( a ) AP chest radiograph shows 
thoracic (tracheobronchial) situs solitus. There is meso-
cardia. ( b ) Oblique-sagittal multiplanar CT reconstruction 
shows the anterior trabeculated right ventricle ( RV ) giving 
rise to aorta ( A ), and there is characteristic parallel 

 orientation of the great vessels. ( c ,  d ) Axial CT images 
demonstrate the aortic valve ( AV ) with a visible coronary 
artery ( white arrow ) anterior and to the left (L-position) of 
the pulmonary valve ( PV ). The left atrium ( LA ) connects 
to the trabeculated anterior RV and the right atrium ( RA ) 
to the smooth-walled posterior left ventricle ( LV ).  PA  pul-
monary artery       
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know as much as possible about each patient’s 
underlying diagnosis, surgical treatment, results 
of prior imaging, and the clinical question in 
order to properly tailor the MRI or less  commonly 

CT examination. We will focus on a detailed 
 discussion on several different situs confi gura-
tions and the role of MRI and CT in evaluating 
adults with associated complex congenital heart 

a b

c d

  Fig. 12.6    A 39-year-old woman with polysplenia syn-
drome, who had repair of an atrial septal defect in child-
hood and presents with pulmonary hypertension. ( a ) 
Anteroposterior chest radiograph shows cardiomegaly with 
left-sided cardiac apex; the main bronchi are symmetric 
and hyparterial ( black arrows ), and the pulmonary arteries 
are dilated. The gastric bubble is on the left ( G ). ( b ) Axial 
CT demonstrates evidence of the atrial septal defect repair 
( white arrow ) with dilatation and hypertrophy of the right 
ventricle consistent with pulmonary hypertension. 

The  azygos vein is dilated ( star ). ( c ) Coronal CT in lung 
window depicts the symmetric hyparterial bronchi and pul-
monary arteries. The azygos vein and arch ( star ) are dilated 
in this patient with azygos continuation of the inferior vena 
cava. ( d ) Coronal CT in soft tissue window shows multiple 
spleens in the left upper quadrant. Note the dilated pulmo-
nary arteries. The unenhanced azygos vein and arch ( star ) 
are enlarged and similar in caliber to the contrast-enhanced 
aorta.  RA  right atrium,  RV  right ventricle,  LA  left atrium, 
 RPA  right pulmonary artery,  LPA  left pulmonary artery       
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disease: situs solitus with dextrocardia, situs 
inversus totalis, and asplenia. 

 Patients with situs solitus and dextrocardia or 
dextroversion have congenital heart disease in 
90 % of cases, most commonly, complex anoma-
lies associated with cyanosis such as tricuspid 
atresia or pulmonary stenosis or atresia [ 9 ]. Their 
segmental anatomy is typically {S,D,S}. Imaging 
evaluation of these patients depends on the 
underlying anomaly and surgical history. Some 
adults underwent only a palliative repair with a 
shunt, such as a Blalock-Taussig shunt (Fig.  12.9 ) 
[ 37 ]. This is particularly common in older 
patients, because of the limited surgical tech-
niques available during their childhood or due to 
unfavorable anatomy, such as non-confl uent cen-
tral pulmonary arteries. In that scenario, MRI is 
usually performed to evaluate the shunt, quantify 
ventricular volumes and function, and assess the 
atrioventricular and ventriculoarterial valves.

   Currently, patients with tricuspid atresia most 
often undergo a functional single ventricle repair, 
which results in a Fontan circulation (to be dis-
cussed in the asplenia section) [ 38 ]. Patients with 
tetralogy of Fallot or isolated pulmonary stenosis 
or atresia with confl uent central pulmonary 
 arteries generally undergo repair with valvotomy, 
transannular patch, or right ventricular to pulmo-
nary artery conduit, depending on the underlying 

anatomy. These repairs generally result in distor-
tion of the right ventricular outfl ow tract and pul-
monary regurgitation (Fig.  12.7c ); recurrent 
pulmonary stenosis may also develop [ 39 ,  40 ]. 
Currently, an adjusted right ventricular end- 
diastolic volume of 150 ml/m 2  may serve as a 
reference value for guiding pulmonary valve 
replacement [ 41 ]. MRI in these patients is per-
formed to evaluate right ventricular volumes and 
function and left ventricular function, which can 
be impacted by right ventricular dysfunction 
(right ventricular-left ventricular interaction, as 
the ventricles share the septum and are encased 
by the pericardium). Other relevant information 
includes the pulmonary regurgitant volumes and 
fraction, which can be quantifi ed on phase- 
contrast images. Delayed enhancement at the 
sites of surgical repair or elsewhere in the ventri-
cles predicts a poorer prognosis [ 42 ]. 

 Patients with situs inversus totalis usually 
do not have congenital heart disease, but when 
present (5 %), complete transposition of the 
great arteries must be considered (Fig.  12.10 ). 
These patients present in infancy with cyanosis, 
because they have atrioventricular concordance 
and ventriculoarterial discordance, i.e., two cir-
cuits in parallel. The physiology is the same as 
D-transposition, but, in situs inversus, complete 
transposition is L-transposition {I,L,L}. This 

  Fig. 12.7    A    23-year-old man with polysplenia and repaired 
tetralogy of Fallot. ( a ) PA radiograph shows levocardia and 
bilateral symmetric hyparterial bronchi ( black arrows ). 
There is an abnormal contour to the left upper mediastinum 
( white arrows ). The stomach ( G ) is on the left. ( b ) Oblique-
sagittal multiplanar reconstructed image from a contrast- 
enhanced MRA demonstrates a left-sided superior vena 
cava ( white arrows ) draining directly in the left atrium ( LA ) 

accounting for the left upper mediastinal border on radio-
graph and representing a small right to left shunt. The 
ascending aorta ( A ) and the pulmonary artery are also seen. 
( c ) Still image from a short-axis cine MR in diastole shows 
a dilated right ventricle ( RV ) with deformity of the RV out-
fl ow tract ( star ), typical for repaired tetralogy of Fallot.  PA  
pulmonary artery,  LV  left ventricle       
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anomaly results from growth in the subaortic 
conus and resorption in the subpulmonic conus 
free wall [ 12 ]. The left-sided aorta with subaor-

tic conus protrudes anteriorly and connects to the 
anatomic right ventricle. With resorption in the 
subpulmonic free wall, the right-sided pulmonary 

  Fig. 12.8    A    24-year-old woman with polysplenia, who 
had an atrioventricular canal repaired in childhood. ( a ) PA 
radiograph shows bilateral hyparterial bronchial anatomy, 
typical of polysplenia ( arrows ). There is mild cardiomeg-
aly with a left-sided cardiac apex. The stomach ( G ) is in 
the left upper quadrant. ( b ) Coronal CT reconstruction 
demonstrates the hyparterial bronchi inferior to the right 
and left pulmonary arteries ( RPA  and  LPA , respectively). 
There is azygos continuation of the inferior vena cava and 
the azygos arch is enlarged (*). The stomach ( G ) is seen in 
the left upper quadrant, along with multiple small rounded 
spleens ( S ) with typical enhancement pattern. ( c ) Axial 

CT at the level of the carina demonstrates duplicated 
superior venae cavae with dilated azygos and hemiazygos 
veins draining into the larger right and smaller left cavae 
( SVC  and  LSVC ), respectively. There is a small patent 
ductus arteriosus extending from the proximal descending 
aorta ( A ) to the proximal left pulmonary artery ( arrow ). 
( d ) Oblique multiplanar CT reconstruction demonstrates 
the funnel-shaped patent ductus arteriosus with a larger 
aortic ( A ) and smaller pulmonary arterial communication 
( arrow ). Star denotes azygos continuation of the inferior 
vena cava.       
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artery demonstrates pulmonary mitral fi brous 
continuity and connects to the morphologic left 
ventricle. The aorta is anterior, superior, and to 
the left of the pulmonary artery, and the great 
vessels are in parallel orientation as they emerge 
from the heart. The most common corrective sur-
gery in adults with complete transposition is the 
atrial switch (Mustard or Senning) procedures, 
which were the dominant procedures during the 
1970s and 1980s [ 43 ,  44 ]. A baffl e at the atrial 
level directs blood from the systemic venous cir-
culation (superior and inferior venae cavae) to 
the left ventricle and out through the pulmonary 
artery (Fig.  12.10 ). Complications of the atrial 
switch procedure include baffl e leaks and steno-

sis [ 35 ]. Over the long term, failure of the sys-
temic right ventricle is also a concern. MR or CT 
performs well in evaluating the patient after atrial 
switch [ 45 ]. It is crucial to image the superior and 
inferior systemic venous limbs of the baffl e and 
the pulmonary venous return to rule out stenosis. 
This requires both early and later phase imag-
ing in order to have adequate opacifi cation of the 
inferior vena cava. Left and right ventricular wall 
motion and overall function is best assessed with 
SSFP cine MR imaging, although retrospectively 
ECG-gated CT can serve this function. The cur-
rent favored surgery is the arterial switch, which 
came into clinical practice in the late 1980s [ 46 ]. 
The arterial switch is considered physiologically 

  Fig. 12.9    A 51-year-old woman with situs solitus, dextro-
cardia, and tricuspid atresia status post classic left Blalock- 
Taussig shunt in childhood. ( a ) PA radiograph demonstrates 
situs solitus with a normal left-sided hyparterial bronchus 
and right-sided eparterial bronchus. The stomach bubble is 
on the left. There is dextrocardia and cardiomegaly. ( b ) 
Axial-balanced steady-state free precession (SSFP) image 
demonstrates a dilated and hypertrophied single left ven-
tricle ( LV ) with a dephasing jet ( arrow ) into the dilated left 
atrium consistent with mitral regurgitation. There is a small 

high- signal intensity pericardial effusion. ( c ) Oblique refor-
mat from the contrast-enhanced MRA demonstrates a pat-
ent left classic Blalock-Taussig ( white dashed arrow ) shunt 
with a severe stenosis ( arrow ) at its anastomosis with the 
left pulmonary artery ( LPA ). ( d–f ) Coronal contrast-
enhanced MRA images show malposition of the great arter-
ies with the ascending aorta ( A ) arising anterior and parallel 
to the stenotic main pulmonary artery. A large atrial septal 
defect ( star ) is also seen between the right and left atrium 
( RA  and  LA , respectively)       
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favorable because the left ventricle becomes the 
systemic ventricle. This procedure is currently 
only seen in children and young adults [ 47 ]. 
Complications of arterial switch include coro-
nary artery compression and myocardial infarc-
tion early on [ 48 ]. Later complications include 

 pulmonary artery stenosis, particularly at the 
bifurcation. As the native pulmonary valve serves 
as the aortic valve, there is an increased risk of 
root dilatation and valve incompetence [ 45 ]. MR 
and ECG-gated CT angiography both perform 
well in demonstrating the aortic root, pulmonary 

  Fig. 12.10    A 28-year-old man with situs inversus totalis 
and complete transposition of the great arteries (L-TGA) 
status post atrial switch. ( a ) AP radiograph shows a right-
sided hyparterial bronchus and a left-sided eparterial bron-
chus consistent with thoracic situs inversus. There is 
dextrocardia. The stomach bubble is right sided. ( b ) Axial 
CT image shows a normal-sized heart and dextrocardia. The 
interatrial baffl e directs the systemic venous return into the 
left ventricle ( LV ) ( white arrow ). The pulmonary venous 
( PV ) return ( black arrow ) is directed into the systemic right 

ventricle ( RV ). The hypertrophied, trabeculated systemic 
RV is anterior to the smooth-walled LV. ( c ) Sagital and ( d ) 
axial CT images demonstrate typical fi ndings of complete 
transposition of the great arteries with the aorta ( A ) arising 
anteriorly from the trabeculated RV and the pulmonary 
artery arising posteriorly from the smooth-walled LV. The 
aorta ( A ) and the pulmonary artery ( PA ) are parallel and 
their normal spiraling orientation is absent. The aorta is 
anterior and to the left of the pulmonary artery. A left-sided 
superior vena cava ( SVC ) is present       
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artery, and coronary artery anatomy. MRI may be 
performed to evaluate valve and ventricular func-
tion and myocardial scars.

   Many adults with asplenia have a single ven-
tricle or severe anomalies that required a func-
tional single ventricle repair, such as hypoplastic 
left heart, atrioventricular valve atresia, and 
double- outlet or double-inlet ventricle. The 
prognosis of most patients with a single func-
tional ventricle used to be extremely poor until 
the introduction of staged surgical procedures 
[ 49 ]. The surgical goal for single ventricle 
patients is the complete separation of the sys-
temic and  pulmonary circulations with the single 

ventricle serving as the systemic pump and the 
pulmonary fl ow passively supplied by systemic 
venous return, thus establishment of Fontan cir-
culation [ 38 ]. The fi rst stage of the procedure is 
to establish adequate pulmonary circulation. 
Depending on the underlying anomaly, the pul-
monary circulation may be inadequate, such as 
in pulmonary atresia, or may be excessive, such 
as in hypoplastic left heart. If the pulmonary cir-
culation is inadequate, many patients will 
undergo a bidirectional Glenn shunt, which rep-
resents an end-to-side anastomosis of the supe-
rior vena cava to the right pulmonary artery [ 50 ]. 
If the pulmonary  circulation is exuberant and the 

  Fig. 12.11    A 26-year-old man with asplenia, tricuspid 
atresia, and single ventricle who underwent a variant of 
the classic Fontan repair with atriopulmonary anastomo-
sis. PA radiograh ( a ) and coronal MR angiogram ( b )  
demonstrate bilateral eparterial bronchi ( black arrows ) 
with right-sided aortic arch and right-sided gastric bubble. 
Axial systole and ( c ) axial balanced steady-state diastole 
balanced steady-state free precession (SSFP) images 
demonstrate levocardia and a single competent atrioven-
tricular valve, which connects to the single left ventricle 
( LV ). The right ventricle ( RV ) is a diminutive rudimentary 

chamber. ( d ,  e ) Coronal contrast-enhanced MRAs dem-
onstrate patent atriopulmonary Fontan ( F ) directing the 
systemic venous return into the pulmonary arteries. There 
is adequate opacifi cation of the superior and inferior 
limbs ( white arrows ) of the Fontan circuit, and the venous 
fl ow is unobstructed. Hepatic enhancement pattern is sug-
gestive of cirrhosis. ( f ) There is characteristic absence of 
spleen from the left upper quadrant, and the stomach ( G ) 
is on the right.  Ao  aortic arch,  RPA  right pulmonary artery, 
 LPA  left pulmonary artery       
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systemic circulation is inadequate, the patient 
may initially undergo pulmonary artery banding 
plus surgery to establish adequate systemic arte-
rial supply. In the second stage, a complete sys-
temic venous to pulmonary artery circulation is 
established usually by placement of an intra- or 
extracardiac conduit connecting the inferior 
vena cava with the left or right pulmonary artery. 
Despite the improved outcomes with the staged 
surgical approach, the cavopulmonary Fontan 
circulation remains a palliative procedure. MRI 
using SSFP cine images can be performed to 
assess the size and function of the single ventri-
cle and atrioventricular valve competence. 
Delayed gadolinium enhancement inversion 
recovery sequences are particularly useful for 
the evaluation of myocardial fi brosis. Single 
ventricle function can also be assessed on retro-
spectively ECG-gated CT. Unobstructed venous 
fl ow is crucial and stenosis usually develops 
along suture lines. When performing MR or CT 
angiography in patients with a Fontan circula-
tion, adequate opacifi cation of both the superior 
and inferior limbs of the Fontan circuit is tricky. 
Techniques include performance of both early 
and delayed phases of imaging or simultaneous 
contrast injection through upper and lower 
extremity veins. CT has higher spatial resolution 
than MR; MRI, however, allows fl ow quantifi ca-
tion. The Fontan pathway should be assessed on 
MR using in-plane SSFP cine images 
(Fig.  12.11 ). Phase-contrast images should be 
performed to assess for Fontan pathway fl ow, 
systemic to pulmonary circulation shunting 
(Qp:Qs), and fl ow to the right and left lungs.

   When performing CT or MRI in a patient with 
asplenia, besides evaluating the heart, other 
anomalies associated with asplenia should be 
sought and described. The tracheobronchial tree 
typically has bilateral right-sided lungs with 
three lobes and bilateral eparterial bronchi 
(Fig.  12.11 ). The patient will often have dupli-
cated superior vena cava and a midline inferior 
vena cava. In the abdomen, the liver is typically 
transverse and the spleen is absent. The location 
of the stomach is variable and intestinal malrota-
tion is usual. Pancreatic, biliary, and renal anom-
alies may also be present.  

   Conclusion 

 In conclusion, a systematic segmental 
approach is useful in defi ning the visceroatrial 
situs and cardiac anatomy. The clinical pre-
sentation of patients with situs abnormalities 
depends on the severity of the underlying con-
genital heart disease. Initial adult presentation 
of mild anomalies may be diagnosed on chest 
radiography or chest CT performed for other 
indications. Complex cardiac anomalies that 
were treated in childhood often merit imaging 
with cardiac MRI or CT tailored to assess for 
complications of long- standing disease or its 
treatment. Understanding abnormalities of 
visceroatrial situs and their associations is 
crucial to optimize imaging for proper diagno-
sis and as a guide to management.     
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        Atrial septum defects (ASDs), ventricular sep-
tum defects (VSDs), and patent ductus arteriosus 
(PDA) are common congenital heart defects in 
both children and adults [ 1 – 3 ]. Morphological 
classifi cation of these anomalies is important for 
treatment decisions. Accurate morphological 
classifi cation requires imaging technique that is 
able to identify the defect and defi ne its site, size, 
and relationship to the structures forming its mar-
gins. Imaging technique should also be able to 
identify associated anomalies, the amount of 
shunt through the defect, and accurate analysis of 
the heart and valve functions. Echocardiography 
is a great method for diagnosis of intracardiac 
shunts with good resolution to image cardiac 
morphology in detail and can identify small 
intracardiac defects and measure the shunt vol-
ume. Cardiac MR provides a comprehensive 
assessment of intracardiac anatomy and accu-
rately quantifi es biventricular function and blood 
fl ow. Detections of small defects (i.e., apical 
VSD) may require high-resolution imaging and 
CT can be the preferred technique. Assessment of 
associated extracardiac anomalies such as anom-
alous venous return can be optimally done with 
CT. In this chapter, a complete review of the 
shunts and clinical applications of CT and MRI 
will be presented. 

   Interatrial Communications 

 Interatrial communications or ASDs present as 
an isolated abnormality or in association with 
other cardiovascular malformations. Generally, 
ASDs can be categorized into three major types 
including ostium secundum, ostium primum, and 
sinus venosus defects (Fig.  13.1 ). Unroofed coro-
nary sinus (CS) can also be classifi ed in this 
group although the abnormal defect is not directly 
related to the interatrial septum. Secundum ASD 
is the most common type and about two-thirds 
are seen in females. The exact cause is not clear 
and genetic factors may play a role. For example, 
ASD is the most common cardiac malformation 
of Holt-Oram syndrome and ostium primum 
defects are seen in 40 % of Down syndrome and 
may be associated with Ellis-Van Creveld and 
DiGeorge syndromes [ 1 ].

     Developmental Considerations 
and Anatomy 

 In order to understand anatomy and different 
anomalies of the interatrial septum, it is neces-
sary to be familiar with certain aspects of the 
atrial septation and the development of the sinus 
venosus and the pulmonary vein. 

   Embryology 
 Around the fourth week of development, the 
sinus venosus opens into the posteroinferior part 
of the common atrium in the midline and receives 

        F.   Saremi ,  MD     
  Department of Radiology, Cardiothoracic Section , 
 University of Southern California, USC Keck 
Hospital ,   1500 San Pablo St. , 
 Los Angeles ,  CA   90033 ,  USA   
 e-mail: fsaremi@usc.edu  

  13      Cardiac Shunts: ASD, VSD, PDA 

           Farhood     Saremi     



306

on each side the systemic (common cardinal 
veins), placental (umbilical), and vitelline 
(omphalomesenteric) blood by separate paired 
veins [ 4 – 6 ] (Fig.  13.2 ). At 5 weeks, the opening 
of the sinus venosus shifts into the right atrium 
(sinoatrial orifi ce) and is guarded by right and left 
venous valves which unite at the cephalic end of 
the orifi ce to form the septum spurium. The pul-
monary vein enters the heart as a single structure 
(common pulmonary vein) with its orifi ce adja-
cent to the developing left atrioventricular (AV) 
junction.

   The septum primum is also identifi able 
medial to the left venous valve and just to the 
right of the orifi ce of the common pulmonary 
vein. At 6 weeks, the liver has invaded the 
omphalomesenteric and umbilical veins, the 
umbilical veins have lost their connection with 
the sinus venosus, and the ductus venosus and 
intrahepatic portion of the inferior vena cava 
(IVC) are formed. With these changes, the sinus 
venosus now receives the two common cardinal 
veins and the IVC, formed by the termination of 

  Fig. 13.1    Classifi cations    of atrial septal defect (ASD): 
( 1 ) secundum type 1, ( 2 ) secundum type 2 ( red circle ), ( 3 ) 
sinus venosus (superior), ( 4 ) sinus venosus (inferior), ( 5 ) 
atrioventricular septal (septum primum) defect ( green 
circle ), and ( 6 ) unroofed coronary sinus.  PAPVR  partial 
anomalous pulmonary venous return,  SVC  superior vena 
cava,  IVC  inferior vena cava       

  Fig. 13.2    Development of the sinus venosus and omphalomesenteric system. The timing of developments and the rela-
tive relationship between structures in cartoons are speculative.  IVC  inferior vena cava,  SVC  superior vena cava       
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the right omphalomesenteric vein (Fig.  13.2 ). 
These connections result in more enlargement of 
the right horn of sinus venosus. At this time, the 
septum primum has begun its growth from the 
roof of the atrial component, carrying on its 
leading edge a prominent mesenchymal cap. 
With time, the mesenchymal cap fuses with the 
atrioventricular cushions, dividing the AV canal 
into the prospective tricuspid and mitral valve    
orifi ces. The dorsal area of fusion grows into the 
heart tissue and vestibular spine develops which 
as it fuses with the primary atrial septum ensures 
that the pulmonary vein enters the cavity of the 
left atrium. Soon, the upper margin of the sep-
tum primum breaks to form a large secondary 
interatrial communication (ostium secundum or 
foramen ovale). In the seventh week, the septum 
secundum starts to form on the right side of the 
septum primum but the foramen ovale is still 
large. The septum secundum is nothing but 
infolding of the roof between the two atria (inter-
atrial groove). The left common cardinal vein 
and the left horn of the sinus venosus regress, the 
latter forming the coronary sinus (CS). The 
superior vena cava (SVC), IVC, and CS now 
open into the posterior right atrium and fi nd their 
fi nal location, the so-called sinus venarum 
(Fig.  13.2 ). At 8 weeks, the “septum secundum” 
develops further. The interatrial groove deepens 
superiorly to separate the opening of the SVC to 
the right atrium and the attachments of the right 
pulmonary veins to the left atrium. The inter-
atrial groove is fi lled by varying amount of extra-
cardiac adipose tissue and is not a true septum. 
Its thickness determines the prominence of the 
fossa ovalis margin at its anterosuperior border. 
In general at 8 weeks, the incorporation of the 
sinus venosus into the right atrium and separa-
tion of the two atria are complete, and the com-
mon pulmonary vein has been taken into the left 
atrium. 

 By the ninth week, the left sinus valve disap-
peared. The residual of the septum spurium can 
be seen as a prominent trabeculation in right 
atrial appendage near the superior cavoatrial 
junction. Remnant of the left sinus valve may be 
seen on the right side of septum secundum on CT 
or echocardiography studies. The right venous 

valve will remain as the Eustachian and Thebesian 
valves guarding the ostia of the IVC and coronary 
sinus, respectively. By the 11th week, the right 
and left pulmonary veins have been taken into the 
left atrium which then contains four pulmonary 
orifi ces. As a reminder, the four pulmonary 
venous components, with separate orifi ces on 
both sides of the left atrial roof, do not achieve 
their defi nitive positions until after completion of 
atrial septation. In other words, the “septum 
secundum” is only seen at the stage when four 
pulmonary venous orifi ces are present.  

   Arial Septum 
 The normal atrial septum is made up of the fl oor 
and rims of the fossa ovalis, with the superior and 
posterior rims being infoldings of the atrial walls 
between the attachments of the caval veins to the 
right atrium and the ostia of the right pulmonary 
veins to the left atrium [ 7 ] (Fig.  13.3 ).

   The fl oor of the fossa ovalis is formed by the 
septum primum. It is a relatively thin fi bromus-
cular fl ap that, anterosuperiorly, overlaps an 
extensive muscular border, also known as “lim-
bus” which is mainly formed by the septum 
secundum. In at least 70 %, the fl ap of fossa ova-
lis is adhered to the limbus. The inferoposterior 
border of the fossa ovalis continues directly into 
the wall of the IVC and its anteroinferior border 
is continuous with the epicardial fat squeezed 
between the atria and the ventricles at the AV 
junction (AV sandwich) (Fig.  13.3 ). The size of 
fossa ovalis and its margins may vary greatly. If 
the seal is incomplete, a patent foramen ovale 
(PFO) will remain at the anterosuperior quadrant 
of the rim orientated in a craniocaudal, dorsoven-
tral, and right-to-left axis (Figs.  13.3  and  13.4 ). 
A PFO has been known to be a very common 
fi nding since 1930, when Thompson and Evans 
identifi ed a “pencil-patent” defect (0.6–1.0 cm in 
diameter) within the atrial septum in 6 % of 
unselected autopsies and a “probe-patent” fora-
men (0.2–0.5 cm) in 29 % [ 8 ]. Hagen et al. found 
a PFO in 27 % of 965 autopsied hearts [ 9 ]. The 
incidence and size of PFO did not differ with 
gender but varied signifi cantly with age; 34 % of 
PFOs occurred in the fi rst three decades, 25 % in 
the fourth to eighth decades, and 20 % in the 
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ninth and tenth decades. The size of the PFO 
ranged from 1 to 19 mm (4.9 mm, mean) and 
increased progressively in size from a mean of 
3.4 mm in the fi rst decade to 5.8 mm in the tenth 
decade (perhaps because smaller defects seal 
with age).

      Patent Foramen Ovale 
 PFO is probably the most common cause of 
right-to-left shunting in patients with paradoxi-
cal embolism [ 10 ,  11 ]. It is also an important 
mechanism by which an embolic stroke can 
develop in young patients and appears to be 
more common in larger PFOs [ 11 ]. The presence 
of shunting through the PFO not only depends 

upon the transatrial pressure gradient but also 
likely relates to anatomic features of the PFO; 
these include the size of opening into the right 
atrium, length of the PFO tunnel, and the extent 
of excursion of the fl ap membrane [ 11 – 14 ]. 
Moreover, the risk of stroke appears to be 
increased in the presence of structures that direct 
fl ow toward a PFO (i.e., prominent Eustachian 
valve) or hemodynamic changes that increase 
right-sided pressure (i.e., large pulmonary embo-
lism). In a study performed by Natanzon and 
Goldman [ 14 ], the magnitude of right-to-left 
shunting was larger and the length of fl ap valve 
was shorter in patients with cryptogenic strokes 
as compared to those patients whose PFO was 

a b c

  Fig. 13.3    Components    of the interatrial septum. Upper 
row images are four-chamber ( 4ch ) and short axis ( SAX ) 
images of three different patients. Lower row images 
include magnifi ed views of the upper row images. The 
septum secundum forms the interatrial groove covering 
the superior ( S ), posterior ( P ), and inferior ( I ) margins of 
the fossa ovalis ( FO ).  Blue line  denotes the septum 

 primum. ( a ) Small FO with fatty infi ltration of the inter-
atrial groove and atrioventricular sandwich ( AVS ). ( b ) 
Shows a patent foramen ovale ( PFO ). ( c ) Shows a large 
FO and a short interatrial groove.  IVC  inferior vena cava, 
 LA  left atrium,  mAV  muscular AV septum,  MV  mitral 
valve,  RA  right atrium,  SI  septal isthmus,  STV  septal leaf-
let of tricuspid valve,  VT  ventricular septum       
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incidentally found on transesophageal echocar-
diography (TEE). Similar fi ndings have been 
reported with cardiac CT. In a recent multi-
detector CT (MDCT) study of asymptomatic 
individuals, 92 % of left-to-right shunts occurred 
with a PFO tunnel length of 6 mm or less in 
length [ 12 ]. When the fl ap length is very short, 
a bidirectional shunt is more probable. Patients 
with an atrial septal aneurysm (ASA) also have a 
very short PFO tunnel length. In a recent post-
mortem study by Ho et al. [ 13 ], two types of 
PFO were described: valve competent and valve 
incompetent. PFOs with a short, overlapping 
fl ap and with an ASA were classifi ed as incom-
petent with high likelihood of bidirectional fl ow. 
Similar morphology has also been described 
using MDCT in patients with a short PFO tunnel 
length or those with an atrial septal aneurysm 
(ASA) [ 12 ] (Fig.  13.5 ).

       Imaging Modalities in PFO Shunt 

 Imaging diagnosis of a shunt can be performed 
directly or indirectly. Direct assessment of an 
intracardiac shunt is mainly performed by echo-
cardiography and MRI; for extracardiac shunts, 
CT or MR is commonly performed. Given its 
wide availability, noninvasive nature, and low 
cost, echocardiography is currently the most pop-
ular. With widespread use of cardiac CT for other 
indications, it has recently gained momentum for 
the analysis of intracardiac shunts and PFO. MRI 
enables direct fl ow quantifi cation and provides 
valuable information about size, shape, location, 
and spatial relationship to other structures [ 15 ]. 
However, the present MRI technique may be 
inferior to contrast-enhanced TEE in detection of 
right-to-left PFO shunting (i.e., during Valsalva 
maneuver) and identifi cation of ASA [ 15 – 17 ]. 

a b c

d e f

  Fig. 13.4    Anatomic    variations of the interatrial septum. 
( a ) Straight thin line of septum is seen. No appreciable fat 
is seen in the interatrial groove. ( b ) Thickened interatrial 
groove due to fat accumulation. Fossa ovalis is well 

demarcated. ( c ) Severe fatty infi ltration of the septum. 
Fossa ovalis is not seen. ( d ) Small PFO shunt is shown by 
 arrow . ( e ) Aneurysm of the atrial septum ( arrow ). ( f ) 
Secundum ASD       
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Although TEE is a great modality to show a 
right-to-left shunt, most of shunts are positive 
only after the Valsalva maneuver [ 18 ]. 
Demonstration of a PFO tunnel by MDCT may 
predict the potential for a shunt. Only a limited 
number of studies have been performed compar-
ing MDCT to TEE [ 12 ,  19 ]. Current CT tech-
niques for coronary angiography are capable of 
showing a left-to-right shunt. This can be impor-
tant as demonstration of a left-to-right shunt, par-
ticularly when a short fl ap valve length or ASA 
exists, indicates an incompetent valve mecha-
nism with high likelihood of a bidirectional shunt 
(Fig.  13.5 ). Furthermore, no provocative test is 
necessary to demonstrate a left-to-right shunt 
with MDCT. Current techniques for placement of 
PFO closure devices rely on fl uoroscopic land-
marks combined with TEE or intracardiac echo-
cardiography guidance [ 20 ]. CT has been used 
for localization of the fossa ovalis to aid for trans-
septal catheterization [ 21 ]. Given that a PFO is a 
3-dimensional (3D) structure with dynamic 
opening and closing, describing the exact size 
with one simple dimension is not possible. With 
CT, scan-detailed 3D information can easily be 

obtained. CT can accurately demonstrate the 
relationship of important structures to the PFO 
including the distance to the aortic root, anoma-
lous coronary artery course, and the location of 
the coronary sinus ostium. These information 
may be important before device closure place-
ment [ 12 ].  

   Associated Findings with PFO 

   Chiari Network 
 The Chiari network represents coarse or fi ne fi bers 
in the right atrium, arising from the Eustachian or 
Thebesian valve and strands within the right 
atrium connecting these valves with the crista ter-
minalis, right atrial wall, or interatrial septum. It is 
a remnant of the embryonic right valve of the sinus 
venosus [ 22 ,  23 ] and should be differentiated from 
a large Eustachian valve by looking carefully for 
attachments to other parts of the right atrium. 
A Chiari network has been reported in 2–4 % of 
autopsy studies [ 23 ,  24 ] and is generally thought 
to not be of clinical signifi cance. However, in rare 
instances, the network may be the site of thrombus 

a b

  Fig. 13.5    Short axis images show incompetent valves in 
patent foramen ovale (PFO) with free fl ow of contrast 
through the opening ( white arrows ). ( a ) The free fl ap 
valve is too short to cover the superior rim of the septum 

secundum ( black arrow ). ( b ) Atrial septal aneurysm 
( small arrows ) also demonstrates very short PFO tunnel 
( large black arrow ) causing a left-to-right shunt ( white 
arrow ).  LA  left atrium,  RA  right atrium       
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formation [ 25 ] (Fig.  13.6 ). In a large study using 
TEE, a Chiari network was seen in 2 % [ 26 ]. 
Chiari network is frequently associated with a 
PFO (83 %), right-to- left shunting (55 %), and an 
ASA (24 %). Fine networks may be diffi cult to 
visualize with CT or MRI. With special right heart 
imaging techniques to clearly opacify the right 
atrium, a Chiari network may be seen in selected 
MDCT studies (Fig.  13.6 ).

      Atrial Septal Aneurysm 
 An ASA is another important anatomic feature to 
consider in evaluating a PFO. The incidence of 
ASA is 4.6–10 % [ 27 – 29 ] by TEE. An ASA is 
associated with a PFO with a prevalence of 
30–60 % [ 30 – 32 ] and is most likely associated 
with an increased rate of embolic events [ 33 ]. 
The prevalence of an ASA in patients with cere-
bral ischemia and normal carotid arteries is 
higher (28 %) than in patients without cerebral 
ischemia (10 %) [ 29 ]. An ASA can easily be 
assessed by CT and MRI. In one study with 
MDCT, an ASA was seen in 4 % of patients, and 
63 % of patients with ASA were found to have a 
left-to-right shunt [ 12 ] (Fig.  13.5 ). An ASA is 
defi ned as a bulging of >15 mm beyond the plane 

of the atrial septum [ 34 ] and classifi ed according 
to Hanley’s diagnostic criteria by Pearson [ 33 ] 
into two types based on the direction and timing 
of protrusion. Generally, right atrial protrusion is 
the most common (76 %) and usually shows tran-
sient motion toward the left atrium during systole 
or with the Valsalva maneuver [ 33 ] (Fig.  13.7 ). 
Increased interatrial septum mobility is believed 
to enhance the probability of paradoxical embo-
lism by mechanically directing blood fl ow from 
the IVC through the PFO into the left atrium.

      Persistent Eustachian Valve in Adults 
 The Eustachian valve (EV), which guards the 
anterior-inferior aspect of the IVC, is a remnant 
of the embryonic right valve of the sinus venosus. 
Embryologically, the EV directs oxygenated 
blood from the IVC across the PFO into the sys-
temic circulation [ 35 ] (Fig.  13.8 ). By directing 
the blood from the IVC to the interatrial septum, 
a persistent EV may prevent spontaneous closure 
of the PFO after birth and may, therefore, indi-
rectly predispose to paradoxical embolism. 
A prominent EV is a common fi nding in CT or 
MRI studies of the heart and thorax and should 
not be mistaken with a thrombus.

  Fig. 13.6    Demonstration of Chiari network with dedi-
cated CT of the right heart. Axial and right ventricle ( RV ) 
two- chamber ( 2ch ) view show rounded and band-like 
structures ( arrows ) at the inferior cavoatrial junction 
attaching to the walls of inferior vena cava ( IVC ) and 

coronary sinus ( CS ) ostia. This was confi rmed by echo 
which also showed possible thrombus covering the net-
work. Patient had a history of right ventricle ( RV ) endo-
cardial pacemaker.  RA  right atrium       
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       Cardiac MR Techniques 

 In general, MR protocols for intracardiac shunts 
contain most of the routine sequences. The choice 
of sequences and extent of coverage depend on the 
anatomy of interest. For example, in PDA analysis, 
MR angiography of the great vessels is necessary 
and the choice of cine and phase- contrast sequences 
can be individualized. As an another example, the 
entire chest is covered when looking for partial 
anomalous pulmonary venous return (PAPVR). An 
overview of MR protocol is listed below. 

   Protocol 
   Positioning 
 Scout images will be obtained in supine. Table 
repositioning will be made to place the anatomy 
of interest (i.e., interatrial septum) at the magnet 
isocenter.  

   Morphological Imaging 
 Two-dimensional axial, sagittal, and coronal 
images to defi ne cardiovascular anatomy. Both 
dark- and bright-blood images are acquired 
with half-Fourier fast-spin-echo and balanced 

  Fig. 13.8    Prominent Eustachian valve ( EV ) shown on 
axial CT and MR images ( arrows ). The EV guards the 
anterior-inferior aspect of the inferior vena cava ( IVC ). 

Note variation in morphology on systolic and diastolic 
images.  RA  right atrium,  RV  right ventricle       

  Fig. 13.7    Large atrial septal aneurysm ( thick arrows ) with persistent protrusion into the right atrium during cardiac 
cycle. A relatively large membranous septum aneurysm also exists ( thin arrows )       
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 steady- state free-precession (b-SSFP) sequences, 
respectively. Slice thickness of 6- and 2-mm 
interslice gap are enough.  

   Cine Imaging 
 It is for initial assessment of the intracardiac 
shunts and analysis of ventricular function. A seg-
mented b-SSFP sequence is used with retrospec-
tive ECG gating during repeated 8-s breath holds 
(slice thickness, 8 mm; no gap). Standard long 
axis images will be obtained to cover the entire 
heart from the apex to the atrial base. In our insti-
tution, 4-chamber or axial views of the entire 
heart are obtained in all patients. With a matrix of 
256, typical in-plane resolution is 1.7–1.4 mm. 
Temporal resolution will be 35 ms/phase.  

   Velocity-Encoded Imaging 
 Phase-contrast (PC) techniques include direct 
and indirect assessments of the shunt. Indirect 

assessment consists of comparing fl ow in the pul-
monary artery (Qp) and aorta (Qs) (Fig.  13.9 ). 
Velocity-encoded images are generally acquired 
using a retrospective vector-ECG gating during 
repeated expiratory 12–18-s breath holds. 
Retrospective vector-ECG gating is used in 
almost all PC MR protocols to include end- 
diastolic fl ow. Breath hold technique is preferred 
to free breathing especially for direct assessment 
of shunt. For indirect shunt volume measure-
ment, a free-breathing method with multiple 
measurements (number of excitations = 3–4) can 
be used to increase precision [ 36 ,  37 ].

   Typical parameters are as follows: slice thick-
ness, 5–6 mm; in-plane resolution, 1.5–2 mm; 
18–20 reconstructed heart phases (temporal reso-
lution, 25–30 ms/phase); fl ip angle 25°; and echo 
time, 2.8–3.0 ms. Velocity-encoding values differ 
depending on the anatomy and location and size 
of shunt. General values include 70–100 cm/s for 

  Fig. 13.9    Qp/Qs ratio assessment in a patient with ASD showing 2:1 shunt ratio. Slice position for phase-contrast MRI 
in the ascending aorta and pulmonary trunk is approximately 2.0 cm above the respected valve       
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ASD, 100–200 for VSDs, 100–300 cm/s for 
PDA, and 150–250 cm/s for arteries.  

   MR Angiography (MRA) 
 Three-dimensional gadolinium-enhanced MRA 
using fast gradient-echo sequence provides fur-
ther evaluation of any PAPVR. Coronal views are 
preferred to cover entire heart and major vessels. 
Alternatively, non-ECG-gated time-resolved 
MRA can be performed. In case of ASD, 10 mL 
of gadolinium-based contrast agent followed by a 
20-mL saline fl ush at a fl ow rate of 5 mL/s will be 
injected and axial image is obtained. Shunts can 
be evaluated visually or by analysis of time- 
intensity curves extracted from measurements 
within the left atrium, right atrium, and pulmo-
nary vein ostia. This technique has been described 
for diagnosis of patent foramen ovale during the 
Valsalva [ 15 ]. It can similarly be utilized in 
selected cases (without or with Valsalva) for 
diagnosis of other intracardiac shunts. Second 

alternative is a saturation-recovery gradient-echo 
sequence commonly used for myocardial perfu-
sion imaging. It will be modifi ed to a non-ECG- 
gated sequence to acquire continuous data at 6 
frames per second during a proper Valsalva 
maneuver [ 17 ] (Fig.  13.10 ).

       Shunt Quantifi cation 
 MR velocity and fl ow quantifi cation is mainly 
performed by PC velocity-encoding (VEC) 
sequences, which elicit contrast from the phase 
of a spin’s transverse magnetization [ 38 ,  39 ] 
(Fig.  13.11 ).

   TEE usually allows exact localization and siz-
ing of the shunt defect. However, determination of 
shunt volumes by Doppler echocardiography has 
limitations [ 40 ]. TEE is semi-invasive and might 
have limitations in visualization of adjacent struc-
tures and anomalous venous return. Invasive 
oximetry using Fick’s principle is the gold stan-
dard for the quantifi cation of left-to- right shunting 

  Fig. 13.10     Upper      row : fi rst-pass MR angiograms in a 
patient with patent foramen ovale ( PFO ). Short axis series 
during the Valsalva at atrial level show a small puff of 
contrast ( arrow ) from right to left at the level of PFO on 
the third image which disappeared on image 4.  Lower 
row : small muscular ventricular septal defect ( VSD ) with 
left-to-right shunt is shown on fi rst-pass MR angiogram. 

On the fi rst image, non-enhanced blood is passed into the 
right ventricle ( RV ). On the second image, contrast-
enhanced blood is shunted from the left ventricle ( LV ) into 
the right through a muscular VSD.  SVC  superior vena 
cava,  PA  pulmonary artery,  RA  right atrium,  LA  left 
atrium,  AA  ascending aorta       
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based on measurements of blood oxygenation but 
is not without limitations [ 41 ,  42 ]. 

 In VEC MR, the phase of fl owing protons 
relative to stationary protons along a magnetic 
gradient changes in proportion to fl ow velocity 
[ 38 ]. The change in phase angle is mapped on 
phase images, and fl ow velocity is computed 
with a standard formula. To determine fl ow 
volume across a shunt or vessel lumen, the spa-
tial mean velocity of the area of interest is mul-
tiplied by the cross section of that area and 
repeated at each cine frame using automated or 
semiautomated methods available in most 
workstations. The region of interest around the 
blood vessel in each frame may require redraw-
ing for motion and vessel compliance during 
the cycle. VEC MR imaging fl ow measure-
ments taken at multiple (usually 16 or 32) 
evenly spaced points in the cardiac cycle can 
be plotted against time to construct a fl ow 
curve. The area under the curve can be inte-

grated to derive fl ow volume for a given car-
diac cycle.  

   Technical Considerations 
 Through-plane fl ow encoding of the septal defect 
or a vessel should be assessed in a plane perpen-
dicular to main direction of fl ow. Underestimation 
of velocity and fl ow can result if the target structure 
is not imaged in a plane perpendicular to fl ow or if 
partial volume averaging occurs [ 43 ,  44 ]. Thick 
slices and volume averaging cause underestima-
tion of fl ow. The estimation of fl ow can still be cor-
rected up to 15° deviation from the orthogonal 
imaging plane. Up to this angle, the increase in 
vessel area is compensated for by the increase in 
partial volume effects [ 43 ]. Aliasing may occur if 
the selected velocity-encoding value is lower than 
the actual peak velocity at any time during the car-
diac cycle. Care must be taken not to set the 
velocity- encoding values too high as this will 
increase the noise. Noise peaks may interfere with 

  Fig. 13.11    Steps to obtain the optimal imaging plane for 
en face VEC MR of secundum ASD.    It is important to 
know that the ASD fl ow direction is not often orthogonal to 
the plane of the interatrial septum and that the interatrial 
septum moves during cardiac cycle. To take into account 

these facts, two orthogonal phase-contrast images along the 
plane of shunt fl ow will be obtained. Using these reference 
planes, fi nal phase-contrast image will be acquired perpen-
dicular to the jet of fl ow close to the atrial septum and when 
the shunt fl ow is maximum.  LA  left atrium,  RA  right atrium       
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measurement of the peak velocity; however, the 
estimation of fl ow is less affected because the noise 
is averaged over cross- sectional area of the tar-
geted structure [ 44 ,  45 ]. For small vessels, if the 
vessel diameter is less than 2–2.5 mm (four to eight 
pixels), accuracy of fl ow measurements may suffer 
[ 46 ]. Shimming of the magnet before scanning is 
necessary to compensate for local fi eld inhomoge-
neity. Faster acquisition is the key to improve 
phase-offset errors that can occur between bipolar 
gradients in PC MR. Single breath hold probably 
causes less artifacts compared to long free-breath-
ing acquisition that may take of 2–3 min. A recent 
study has shown higher value for pulmonary fl ow 
in breath hold technique compared with free-
breathing method [ 47 ]. Low cardiac output value is 
expected in retrospective method compared with 
prospective technique. Therefore, same method 
should be used for follow-up examinations. In rou-
tine practice, the TE is kept short to minimize the 
time interval in which these phenomena can 
develop [ 48 ]. For technical reason, there is a limit 
to our ability to shorten the TE to a certain limit. 
Correct positioning of the patient is another impor-
tant factor. It would cause less error when the anat-
omy of interest (i.e., interatrial septum) is placed as 
close as possible to the magnet isocenter [ 17 ]. 
Phase-offset errors such as those from nonlinear 
gradients increase with distance from the isocenter. 
With technological advances in MR imaging, 
faster data acquisition in single breath hold is pos-
sible. Parallel imaging techniques continue to 
improve and higher acceleration factor can be used 
in clinical practice. Unfortunately, parallel imaging 
accelerates acquisition at the expense of a lower 
signal-to-noise ratio. Therefore, combination with 
parallel imaging is only recommended when sig-
nal-to-noise ratio is not of critical importance for 
diagnostic image quality.  

   Aortic and Pulmonary Flow 
Quantifi cation 
 VEC MR is an accurate method to measure the 
amount of shunt. Left-to-right shunting can be cal-
culated indirectly by measuring fl ow Qp/Qs ration 
which is the ratio of right ventricle stroke volume 
to left ventricle stroke volume. For Qp/Qs ratio, 
VEC MR is shown to correlate well with 

 echocardiography, invasive oximetry, and radionu-
clide angiography, although this approach does not 
provide information about the size, shape, or loca-
tion of a defect [ 37 ,  46 ,  49 – 53 ]. Using VEC MR, a 
5 % difference between fl ow in the ascending aorta 
and fl ow in the pulmonary artery in healthy indi-
viduals is calculated [ 49 ,  54 ]. Therefore, although 
Qp/Qs measurement by VEC MR may correlate 
with true shunt severity, this approach is limited 
when the shunt volume is small. In this case, direct 
shunt volume measurement is preferred. 

 Slice position in the ascending aorta is 
approximately 2.0–3.0 cm above the aortic valve 
and distal to the coronary arteries at the level of 
the right pulmonary artery (Fig.  13.9 ). Slice 
position in the pulmonary trunk is approximately 
1.5–2.0 cm above the pulmonary valve but proxi-
mal to the bifurcation. Placing the imaging plane 
at level of valve should be avoided due to turbu-
lent fl ow and valve motion.    Some have suggested 
to place the aortic slice at level of coronary artery 
ostium to include coronary blood fl ow [ 55 ], 
although this level of slice selection does not 
seem to be a good choice as the cross-sectional 
area of the aorta at sinus of Valsalva especially at 
the level of left main coronary ostium is larger 
than the aorta above it and may interfere with 
correct fl ow calculations. Flow measurements in 
the ascending aorta distal to the coronary ostia 
would miss coronary blood fl ow. For this techni-
cal limitation, some have suggested to use Qp/Qs 
ratios of >1.75:1 as PC MRI threshold for sur-
gery. In reality, diastolic fl ow into the coronary 
arteries is minimal (0.5 % of the cardiac output) 
[ 56 ] and even smaller than the errors expected 
from the PC technique of measurements to cause 
additional problem. Left-to-right shunts in ASD 
and VSD are calculated by the following for-
mula: percentage of left-to-right shunt = (Qp−
Qs)/Qp. In PDA, it would be (Qs−Qp)/Qs.  

   Direct Imaging of the Shunt 
 VEC MR analysis of the outfl ow tracts is simple, 
reliable, and straightforward in execution. In a 
recent study of 35 adult patients with ASD, 
VSD, and PDA, PC MRI was referenced to 
transthoracic echo and found to have 93 % speci-
fi city and 100 % sensitivity for description of 
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shunts with a Qp:Qs greater than 1.5 [ 57 ]. In 
contrast, direct measurement of shunt fl ow 
through the defect requires more experience and 
precision to get correct results. With direct shunt 
imaging, fl ow quantifi cation, as well as size, and 
morphology analysis are possible which may 
have incremental clinical value especially for 
percutaneous closure candidates. The technique 
of direct en face shunt analysis is described in 
detail for ASD by Thompson et al. [ 17 ] and good 
correlations with echocardiography in adults 
were reported. In children, direct fl ow measure-
ments may be diffi cult and inaccurate compared 
with Qp/Qs [ 37 ]. This is probably because in 
children higher heart and respiratory rates, along 
with higher peak velocities and smaller struc-
tures, can lead to increased error on VEC MR 
[ 51 ]. Newer sequences such as 4D phase- contrast 
sequence can improve visualization of cardiac 
shunts compared to conventional cardiac MR 
imaging. 

 The fi rst step for direct shunt analysis is to 
review the cine images visually and determine 
whether fl ow can be detected (i.e., across the 
interatrial septum). If shunt is not visible on cine 
images, still PC images will be obtained at the 
level of septum to completely rule it out. 

 Velocity encoding is initially set low (60 cm/s) 
to ensure sensitivity for lower blood velocities. 

 Three contiguous through-plane PC slices 
will be acquired parallel to the septum with the 
middle cut in the septum.    If the shunt is seen, 
through- plane VEC MR should be obtained 
perpendicular to the direction of shunt fl ow 
rather than simply perpendicular to the mor-
phological plane of the septal defect [ 17 ]. To 
minimize errors, all phases of cine images will 
be reviewed and the imaging planes are pre-
scribed at the time when the shunt fl ow is maxi-
mal (i.e., end-systole). Defect area is also 
measured by planimetry when shunt fl ow is 
maximal (Fig.  13.12 ).

  Fig. 13.12    Septum secundum ASD.  Upper row : ( a  and 
 b ) are short axis fi rst-pass MR angiographies at the level 
of ASD. Left-to-right shunt is shown as a negative band in 
the right atrium in ( a ). This is best confi rmed on phase-
contrast image ( c ). ( d ) Through-plane phase image shows 
a double-barrel ASD.  Lower row : different case shows 

ASD diameters change with cardiac cycle. The maximum 
diameter is usually at ventricular systole ( a ) when the 
atria are largest. Smaller length is seen in diastole ( b ). 
Typical oval-shaped ASD at the time of maximal fl ow is 
shown in the phase image ( c )       
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       Classifi cation of Interatrial 
Communications 

   Secundum ASD 
 Secundum ASD is the most common ASD usu-
ally seen in middle-aged women [ 1 ]. It may be 
discovered in routine clinical examinations or 
imaging study of the heart as it is asymptomatic 
in 90 % of cases. Symptoms include palpitation, 
atypical chest pain, or those related to paradoxi-
cal embolism. Imaging demonstration of mor-
phological variations in size, position, and shape 
of secundum ASD is important particularly since 
the widespread use of transcatheter closure tech-
niques. Secundum ASD can be divided into two 
types depending on location [ 58 ]. Type one is the 
result of abnormal development of the septum 
primum [ 59 ] and is seen in 85 % of cases [ 58 ] 
(Fig.  13.13 ). In type one, the limbus is intact. The 
defect is usually oval shaped with a mean size of 
1.8–2.8 cm on MR measurements [ 17 ]. The size 
of defect changes with cardiac cycle (Fig.  13.12 ). 
The defect area is usually reduced concentrically 

[ 60 ]. The most common location of defect is cen-
tral with one or multiple holes (fenestrated) [ 58 , 
 61 ]. Other variants include complete absence of 
the fl ap valve and an anterosuperior defect. Type 
two is less common (15 %). This type is charac-
terized by abnormal development of the septum 
secundum or superior limbus of the fossa ovalis 
resulting in a superiorly located large ASD and 
an intact septum primum. The atrial roof without 
any substantial rim forms the superior border of 
the defect. This is in contrast to superior sinus 
venosus defects, in which the interatrial commu-
nication is located posterosuperior to the nor-
mally developed superior limbus. It seems that 
the two forms of secundum ASD have different 
pathogenesis.

      Sinus Venosus Defects 
 Sinus venosus defects are relatively uncommon 
forms of interatrial communication (<15 %) [ 62 , 
 63 ]. These abnormal venoatrial communications 
produce shunting between the two atria as a result 
of anomalous pulmonary venous connection to 

  Fig. 13.13    Type 1 ( upper row ) and type 2 ( lower row ) of 
secundum ASD. Anterosuperior views show incomplete 
development of the interatrial groove in the superior 
aspect of the septum in type 2 secundum ASD causing a 
superiorly located defect ( curved green arrow ) and an 
intact septum primum compared with type 1 in which the 

defect is central in the septum primum ( curved red arrow ) 
but the superior groove is well formed. Note that posterior 
groove is relatively well developed in both conditions. 
 Dashed arrows  ( left images ) show the cross-sectional cuts 
through the ASD shown on the  middle images        
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one of the caval veins (venous-venous malforma-
tion) while retaining its connection to the left 
atrium (Fig.  13.14 ) or an abnormal vena cava with 
a large hole at its ostium that overrides the intact 
rim of the fossa ovalis [ 64 – 67 ] (Fig.  13.15 ). The 
caval vein can therefore participate in the forma-
tion of a large interatrial communication outside 
the confi nes of the fossa ovalis. In other words, 
this anomaly would be correctly defi ned as an 
anomalous venoatrial communication rather than 
representing an interatrial communication.

    Two variants are described, superior and infe-
rior. The superior variant is related to the SVC and 
the inferior variant is in connection with the IVC. 
The inferior variant is rare and usually diagnosed 
in children [ 68 ]. The crucial anatomic and imag-
ing diagnostic element is the establishment of the 
integrity of the rims of the oval fossa. Association 
with PAPVR exists in more than 90 % of cases 
[ 69 ], most commonly involving the right superior 
pulmonary vein. Involvement of the left pulmo-
nary veins is rare. Abnormal  pulmonary venous 

  Fig. 13.14    CT images in 56-year-old female referred for 
evaluation of right heart enlargement and pulmonary 
hypertension showing sinus venosus defect as a result of 
anomalous connection of the right superior pulmonary 
vein ( RSPV ) ( red stars ) to the superior vena cava ( SVC ) 
while maintaining its connection to the left atrium ( LA ) 
(venous-venous malformation). Overriding of RSPV 

above the septal defect is shown on four-chamber view 
( 4ch ). Pulmonary fl ow ( red arrows ) and systemic SVC 
fl ow ( blue arrow ) can enter both atria. Posterior volume-
rendered view shows RSPV bridging ( red stars ) between 
the two atria.  LA  left atrium,  RA  right atrium,  RIPV  right 
inferior pulmonary vein,  RPA  right pulmonary vein,  RAA  
right atrial appendage       
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connections are not a prerequisite for diagnosis 
and can exist with other types of ASD. It is also 
possible for the SVC to remain connected to the 
right atrium only, without any overriding. 

 Sinus venosus defects may remain asymptom-
atic until the third or fourth decade of life despite 
substantial left-to-right shunting [ 1 ]. The hemo-
dynamic abnormality is similar to other shunt-
ings between the atria, and it is not possible based 
on clinical features to differentiate the sinus 
venosus defect from other forms of interatrial 
communications [ 70 ]. Increased blood fl ow 
through the right heart chambers may eventually 
lead to right ventricular failure. There is threefold 
greater risk of developing pulmonary arterial 
hypertension in patients with sinus venosus 
defects and developing it at younger age than 
patients with secundum ASD, which highlights 
the need for correct diagnosis [ 71 ]. 

 Accurate demonstration of the abnormal 
anatomic pathway allows the surgeon either to 
patch or to baffl e the pulmonary and caval path-
ways to the appropriate atrium without caus-
ing obstruction or permitting a residual shunt. 
Comprehensive imaging diagnosis of sinus veno-
sus defect can be challenging. TEE is superior to 
the transthoracic approach in adults, with only 
one-quarter of the defects being correctly diag-
nosed in transthoracic echocardiography [ 72 ]. 
The majority of diagnostic diffi culties arise from 

the poor  acoustic windows. Even with TEE using 
conventional scan planes, the defect can be missed 
[ 73 ]. Demonstration of PAPVR with TEE is also 
challenging and in some cases can be frustrating 
especially for veins that connect to SVC more 
than 2 cm above the superior cavoatrial junction. 
Such information is crucial if surgical interven-
tion is being considered. Adult patients with left-
to- right shunting and enlarged right heart shown 
by transthoracic echocardiography should be 
 further evaluated with MRI or CT (Fig.  13.14 ). 

 Both CT and MRI are great imaging methods 
to evaluate these abnormalities particularly for the 
diagnosis of anomalous pulmonary venous return 
[ 74 ,  75 ]. It is not uncommon to see a PAPVR with 
secundum ASD [ 66 ]. In an echocardiographic 
review by al Zaghal [ 66 ], 4 of 11 defects initially 
reported as superior type of sinus venous defect 
were found to be within the fossa ovalis with 
abnormal connection of the pulmonary veins to 
the right atrium in three cases. Therefore, distinc-
tion of the septal boundaries is crucial in provid-
ing solid criteria for diagnosis. Any problem in 
formation of superior part of interatrial septum 
will result in type 2 secundum ASD as described 
earlier (Fig.  13.13 ). Communications outside the 
confi nes of the true septum can take the form of 
sinus venosus defects, coronary sinus (CS) 
defects, and atrioventricular septal defect (AVSD) 
of “ostium primum” variety [ 66 ]. 

a b c

  Fig. 13.15    Sinus    venosus ASD in 55-year-old male with 
right heart enlargement. ( a ) Short axis cine view and ( b ) 
MR angiogram at basal level of the heart show the supe-
rior vena cava ( SVC ) riding over the superior septal defect 
with blood ( red arrows ) fl owing into both the right atrium 

( RA ) and the left atrium ( LA ). ( c ) Four-chamber view 
shows dilated RA and right ventricle ( RV ). Intact fossa 
ovalis is shown by  green arrows .  AA  ascending aorta,  IVC  
inferior vena cava       
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 The diagnosis of inferior variant can be more 
diffi cult. Again, it is important to fi nd the fossa 
ovalis rim intact. The Eustachian valve should 
not be mistaken with inferior border of the defect. 

 In contrast to superior variant, PAPVR is 
uncommon in the inferior sinus venosus defect 
[ 76 ], and overriding of the IVC appears to be the 
cause (Fig.  13.16 ). If the pulmonary vein partici-
pates in abnormal connection to the IVC, then it 
should continue its normal course to connect to 
the left atrium [ 67 ]. If the pulmonary vein did not 
maintain normal connection to the left atrium, the 
IVC would connect only to the right atrium, 
resulting in partial return to the IVC (scimitar) or 
the inferior right atrium.

      Atrioventricular Septal Defect 
 Detailed AVSD is described in Chap.   17    . In 
AVSD, the atria and the ventricles are separated 

by a common AV valve with one valve ring [ 77 ]. 
This common valve consists of fi ve leafl ets: 
a superior (anterior) bridging leafl et, an inferior 
(posterior) bridging leafl et, a left mural leafl et, 
a right mural leafl et, and a right anterolateral leaf-
let. A constant imaging feature is loss of normal 
offsetting of atrioventricular valves. Two mor-
phologies are described, complete and partial 
[ 77 ]. Partial form is more common. In a complete 
AVSD, one single valve orifi ce exists. In the par-
tial form, the free margins of the bridging leafl ets 
are fused, creating two separate valve orifi ces 
sharing a common valve ring. Unlike a normal 
two leafl et mitral valve, in partial AVSD, the left 
AV valve (cleft mitral) has three leafl ets. An 
intermediate or transitional AVSD is also 
described showing two valves with ASD and 
VSD. In complete AVSD, there is usually an 
ostium primum ASD and a large VSD between 

a b c

d e f

  Fig. 13.16    ( a – c ) CT images before surgery show anoma-
lous drainage of the right superior pulmonary vein ( RSPV ) 
into the right atrium ( RA ) in association with a large atrial 
septal defect ( double-headed arrows ) involving inferior 
aspect of the interatrial septum. Short axis image ( c ) 
shows large inferior septal defect and overriding of the 
inferior vena cava ( IVC ) over both atria making it diffi cult 

to differentiate a large secundum defect from an inferior 
sinus venosus defect. ( d – f ) Corresponding after surgery 
images show closure of the atrial septal defect ( between 
red arrows ) and baffl ing of the RSPV fl ow ( between green 
arrows ) into the left atrium. The right inferior pulmonary 
vein ( RIPV ) is normally draining into the left atrium ( LA )       
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the common valve and the crest of the interven-
tricular septum. In a partial AVSD, the bridging 
leafl ets fuse to the crest of the interventricular 
septum, leaving only an ostium primum ASD. 
They may also fuse with the atrial septum, leav-
ing only a VSD. The potential for left-to-right 
shunting is related to the bridging leafl ets being 
attached to the atrial septum, to the ventricular 
septum, or fl oating within the AVSD [ 77 – 80 ]. 

 Another characteristic feature of AVSD is the 
anterior and rightward displacement of the aorta 
in relation to the common AV junction causing an 
“unwedged” aorta with a narrowed elongated left 
ventricle outfl ow tract (LVOT). LVOT elongation 
creates the characteristic “gooseneck deformity” 
on left ventriculography and unequal distances 
from the LV apex to the inlet and outlet valves. 
Normally, the two distances are equal (Fig.  13.17 ). 
Subaortic narrowing/stenosis is particularly nota-
ble in partial defects with an ostium primum 
ASD where the superior bridging leafl et is fi rmly 
fi xed to the crest of the ventricular septum. 

Unwedging of aorta can lead to a displacement of 
the AV conduction tissue and its abnormality.

   Most primum ASDs are relatively large and 
lead to right heart dilation. Because of the trileaf-
let nature of the left AV valve (the so-called cleft 
mitral valve), valvular regurgitation is common 
whereas valvular stenosis is rare [ 78 ]. 
A parachute- type or double-orifi ce “mitral” valve 
may be present [ 78 ]. Complex forms of AVSD 
are found in the majority of hearts with right 
atrial isomerism and in around half with left atrial 
isomerism. The former tends to have univentricu-
lar hearts, often with a common atrium, while the 
latter tends to have biventricular hearts [ 79 ] 
(Fig.  13.17 ). In atrial isomerism, the common AV 
valve usually has four leafl ets: a large anterosu-
perior leafl et, two lateral leafl ets, and a posteroin-
ferior leafl et [ 80 ]. 

 In most patients with AVSD, the ventricles are 
similarly sized (balanced AVSD). In a minority 
of cases, the common AV junction is committed 
to one ventricle leading to hypoplasia of the 

  Fig. 13.17    CT images show a single atrium, left atrial isom-
erism, and dextrocardia. Status post-Fontan and main pul-
monary artery exclusion. ( a ,  b ) Complete AVSD with a large 
inlet ventricular septal defect ( curved arrow ). ( c ) shows 
unwedging of the aortic root ( a ). ( d ,  e ) show  elongation of 

the left ventricle ( LV ) outfl ow tract ( LVOT ) causing longer 
distance of the aortic valve to LV apex compared to the dis-
tance from apex to atrioventricular ring. Normally, the two 
distances are equal ( f ). ( f ) Normal example.  P  pulmonary, 
 LAA  left atrial appendage,  RV  right ventricle       
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opposing ventricle. Extreme commitment of the 
common AV junction to the left ventricle has 
been termed “double inlet LV with a common 
valve” [ 80 ]. Only a limited number of articles 
about MR and CT of AVSD exist. In one study of 
imaging analysis of AVSD, MRI was more accu-
rate than echocardiography in predicting the size 
of the VSD and diagnosis of ventricular hypopla-
sia [ 81 ].  

   Fenestrated (Unroofed) Coronary Sinus 
 Anomalies of the coronary sinus may occur as 
isolated fi ndings of little functional importance 
or as part of the spectrum of CHD fi ndings. 
Fenestrated (unroofed) CS is rare and involves 
1 % of all ASDs [ 82 ,  83 ]. Several anatomic varia-
tions have been described, ranging from com-
plete absence of the walls between the CS and the 
left atrium to one or more partial fenestrations. In 
2/3 of cases, partial communication is in the mid-
portion and in 1/3 in the terminal portion of the 
CS (Fig.  13.18 ). In three-quarters of cases, there 
is either persistence of the left SVC or other fi nd-
ings of the CHD especially secundum ASD. It is 
relatively common in heterotaxy syndrome when 
there is isomerism of the left atrial appendages 

and in tricuspid atresia [ 84 ,  85 ] (see Chap.   31    ). In 
one series of partial CS fenestration, half of the 
cases were missed during previous cardiovascu-
lar surgery [ 84 ]. In adults, fenestrated CS is usu-
ally found incidentally as part of imaging workup 
of patients with history of surgery for CHD or as 
an isolated fi nding. Because of the small defect, 
the hemodynamic effect of the right-to-left shunt-
ing can be negligible. However, there is always 
the risk of stroke or brain abscess due to para-
doxical embolism. Given the higher resolution 
and three-dimensional nature of reconstructed 
data, the diagnosis of CS fenestration may be 
easier in cardiac CT compared with MRI and 
echocardiography [ 86 ,  87 ].

       ASD Closure 

 Indications for ASD closure are right atrial and 
right ventricular dilation, ASD size >1 cm, and 
Qp/Qs of 1.5 or greater. ASD closure is not rec-
ommended in severe pulmonary hypertension 
and very small defects. Small defects can be fol-
lowed with imaging. Surgical closure is required 
for patients with ostium primum and sinus 

  Fig. 13.18    Unroofed coronary sinus ( CS ) shown by CT. 
Large area of defi cient CS roof ( between arrows ) is shown 
connecting its lumen with the left atrium ( LA ) cavity. No 
left superior vena cava was seen. The ostium of the CS con-

necting to the right atrium ( RA ) appears normal.  GCV  great 
cardiac vein,  PIV  posterior interventricular vein (Courtesy 
of Professor Se Hwan Kwon, College of Medicine, Kyung 
Hee University, Seoul, Republic of Korea)       
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 venosus ASDs as well as for patients with secun-
dum ASDs with unsuitable morphology for 
device closure. A defi cient rim of fossa ovalis and 
close proximity to the SVC, IVC, and CS may 
prevent successful closure [ 88 ,  89 ]. 

 Different devices are available for ASD clo-
sure, although in the majority of centers the 
Amplatzer septal occluder and the Cardioseal 
device are used (Fig.  13.19 ). With the introduction 
of large Amplatzer devices (up to 40 m), the size 
of the defect no longer seems to be a limiting fac-
tor [ 89 ]. Device closure of secundum ASDs can 
produce rapid cardiac remodeling and decreased 
right atrial and ventricular volumes [ 90 ]. Residual 
small shunt after device closure is common and 
usually closes spontaneously in 1 year.

   Both MR and CT have been used for pre- and 
post-transcatheter closure of ASDs and demon-
strated some advantages over TEE [ 91 ,  92 ]. 
Demonstration of venous anomalous drainage is 
easier with these techniques. MDCT has been used 
as an alternative to TEE for evaluating Amplatzer 
septal occluders for ASD [ 92 ]. The metallic com-
ponent of the occluder, which is a major problem 
for MRI and echocardiography, does not impair the 
diagnostic quality of MDCT scans (Fig.  13.19 ). 
MDCT is claimed to be helpful as it can reconstruct 
any plane owing to its volume image data nature 
and it is able to show residual defects, shunts, and 
device protrusions or migration that is not seen on 
TTE. MDCT is a good choice when TEE cannot 
provide convincing information. The most  common 

  Fig. 13.19    Amplatzer septal occluders ( red arrows ) and Cardioseal device ( yellow arrows ) for ASD treatment are 
shown.  SAX  short axis,  4ch  four chamber,  LA  left atrium,  RA  right atrium       
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operation for sinus venosus defects consists of 
patch closure of the defect with concomitant baf-
fl ing of any associated PAPVR into the left atrium 
[ 93 ] (Fig.  13.16 ). Correction of the superior variety 
of defects is less problematic, although it can be 
diffi cult to separate the venous streams without 
producing venous obstruction [ 93 ]. Sinoatrial node 
injury is another complication.   

   Ventricular Septal Defect 

 The most common form of CHD in childhood is 
the VSD. It is found as a part of complex cardiac 
malformations in 50 % of patients and in 20 % as 
an isolated lesion [ 93 – 96 ]. Due to spontaneous 
and surgical closure, it is less common in adults. 
Still in adults, it is the second most common 
CHD after bicuspid aortic valve. Anatomic 
knowledge of the ventricles and the ventricular 
septum is the prerequisite for understanding dif-
ferent types of VSD. Detailed anatomy and perti-
nent terminologies of the RV and RVOT are 
described in Chap.   10    . In this chapter, the ven-
tricular septum anatomy will be reviewed. 

   Anatomy of Ventricular Septum 

 The interventricular (IV) septum can be divided 
into two morphological components, the mem-
branous septum and the muscular septum [ 7 ]. The 
membranous septum is part of septal components 
of the AV junction. The septal components of the 
AV junction are important because they conduct 
the cardiac impulse from the atria to the ventricles 
[ 97 ]. At the crux of the heart, there is an area 
where tricuspid valve is attached to the septum 
closer to the ventricular apex than the mitral valve 
(Fig.  13.20 ). This relationship is inverted in con-
genitally corrected transposition of the great arter-
ies (ccTGA) and the distance is longer in Ebstein 
anomaly. In this region, the cavity of the right 
atrium is separated from that of the LV by the AV 
muscular sandwich, also known as muscular AV 
septum. As stated by Anderson et al. [ 97 ], this 
area is not a true septum and similar to the inter-
atrial groove is only fi lled with the epicardial 

fi brofatty tissue of inferior pyramidal space sand-
wiched between the atrial wall and the ventricular 
musculature. This can be clearly shown by CT 
[ 98 ] (Fig.  13.21 ). The membranous septum is 
small and is located at the base of the heart below 
the right and noncoronary cusps of the aortic 
valve. The membranous ventricular septum is 
divided by the attachment of the septal leafl et of 
the tricuspid valve into two components: the AV 
portion separating the left ventricle from the right 
atrium and the IV portion, attached to the muscu-
lar septum. The relative sizes of the two compo-
nents are variable and determined by the site of 
attachment of the septal leafl et of the tricuspid 
valve to the membrane and the height of the pos-
terior aortic sinus. The membranous septum can 
be large in ccTGA. The central fi brous body lies 
superior and anterior to the muscular AV septum. 
The central fi brous body is made up by the right 
fi brous trigone and the membranous septum and 
fuses the annuli of the tricuspid, mitral, and aortic 
valves [ 97 ]. Of surgical importance is the close 
proximity of the conduction system of the heart to 
the membranous septum. The AV node is located 
in apex of the triangle of Koch of the right atrium 
(formed by Eustachian ridge, the CS ostium, and 
the septal leafl et of the tricuspid valve). From 
another perspective, the AV node is below the 
nadir of the noncoronary sinus of the aortic valve 
on the right atrial side of the central fi brous body. 
The bundle of His exists the AV node and pene-
trates the right fi brous trigone and runs along the 
inferior margin of the IV component of the mem-
branous septum underneath the septal attachment 
of the tricuspid valve before dividing into the left 
and right bundle branches. The bundle of His can 
be damaged by the sutures during repair of a peri-
membranous VSD. The left bundle branch fans 
out over the septum while the right bundle branch 
courses as a single trunk below the medial papil-
lary muscle complex and then to the inferior bor-
ders of the septal and moderator bands until it 
reaches the anterior papillary muscle where it dis-
tributes to innervate the RV. The conduction sys-
tem can also be at risk at the superior edge of a 
muscular inlet VSD, where the conduction system 
runs in the muscle between the VSD and the 
membranous septum.
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  Fig. 13.20    External    cardiac crux pattern in normal heart, 
congenitally corrected transposition of the great arteries 
( ccTGA ), atrioventricular (AV) canal defect with single 
atrium, and Ebstein anomaly. External cardiac crux is an 
area in the posterior aspect of the heart where cardiac 
chambers show their maximum proximity ( arrow ). The 
vertical and horizontal lines in the cardiac crux are not 
perpendicular ( green lines ). In normal heart, the right AV 

groove is inferior to the left AV groove due to inferior 
position of the septal leafl et of tricuspid relative to the 
mitral valve. This relationship is reversed in ccTGA. 
There is no offset in the AV septal defect ( AVSD ) and the 
offset is huge in Ebstein due to apical migration of the 
tricuspid valve ( arrows ).  LA  left atrium,  LV  left ventricle, 
 RA  right atrium,  RV  right ventricle boundaries between 
heart chambers are shown by color line in each fi gure       
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    The muscular septum can be divided into 
inlet, trabecular, and infundibular components. 
The inlet portion is inferoposterior to the mem-
branous septum and extends from the AV junc-
tion to the chordal attachments of the AV valve. 
The trabecular component of septum is the larg-
est part and extends to the apex. The infundibular 
septum separates the right and left ventricular 
outfl ow tracts.  

   Aneurysm of the Membranous 
Septum 

 The membranous septum can be thickened, per-
forated by one or many holes, or form an aneu-
rysm. These are more likely to occur in the IV 

portion of the membranous septum in association 
with or as a result of a perimembranous defect. 
The etiology of this anomaly may be abnormal 
embryologic development or weakness of the 
affected tissues [ 99 ]. Aneurysms may limit intra-
cardiac shunting and, in some cases, result in 
spontaneous defect closure. The characteristic 
outpouching or wind sock appearance on echo-
cardiography or MRI results from aneurysmal 
distension to the right during ventricular systole 
(Fig.  13.7 ). Left-to-right shunt is usually shown 
only in systole (Fig.  13.22 ). Aneurysm of the IV 
membranous septum may be an uncommon 
occult cardiac source of systemic embolism 
[ 100 ]. Other associations include tricuspid regur-
gitation, obstruction to blood fl ow, endocarditis, 
and conduction disturbances [ 99 ].

  Fig. 13.21    The    septal components of the atrioventricular 
( AV ) junction. Four-chamber slices are reconstructed at 
the levels of internal cardiac crux, muscular ( mus. ) atrio-
ventricular ( AV ) septum, membranous ( mem. ) AV septum, 
and membranous interventricular ( IV ) septum. Note the 
offset between the septal attachment of tricuspid valve 

( STV ) and the mitral valve ( MV ) at muscular AV septum. 
The membranous septum itself is divided into two parts 
by the STV. Epicardial fi brofatty tissue is seen at the level 
of the cardiac crux sandwiched between the right atrial 
and left ventricular muscle walls ( mus. AV ).  MPM  medial 
papillary muscle,  p  posterior aortic sinus       
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   A defect in the AV membranous septum caus-
ing a shunt from the left ventricle to the right 
atrium is described as “Gerbode defect” [ 101 , 
 102 ]. In congenital form, this usually represents a 
perimembranous VSD with a jet directed through 
a cleft in the tricuspid valve. An elongated sail- 
like anterior tricuspid leafl et in a perimembra-
nous VSD may form an aneurysm and direct the 
shunt into right atrium. A consequence of this 
shunting can be right atrial enlargement. Acquired 
Gerbode defect has been described after bacterial 
endocarditis, trauma, and aortic root surgery 
(Fig.  13.23 ).

      Classifi cation of VSD 

 There are different classifi cations and nomencla-
ture of VSDs, according to their location, that 
have been proposed and used [ 103 ,  104 ] 
(Fig.  13.24 ). Most classifi cations relate to the 
works done by Moulaert, Soto, and Anderson on 
cadaveric hearts [ 104 ,  105 ] and elegant echocar-
diography correlation on 280 cases of VSD later 
published by Sutherland et al. [ 106 ]. They 
divided VSDs into three groups: (1) perimembra-
nous (70 %) including outlet (infundibular), mus-
cular (trabecular), and inlet (AV canal defect) 

types, (2) subarterial (5 %), and (3) muscular 
including trabecular, outlet (infundibular), and 
inlet (25 %). A notable exception to this distribu-
tion is the high prevalence (30 %) of subarterial 
VSDs in the Asian population with VSDs [ 107 ].

      Another popular classifi cation was proposed 
by Capelli et al. based on two-dimensional (2D) 
echocardiography [ 108 ]. In their approach, the 
VSDs were simply grouped into subvalvular and 
muscular. The subvalvular group constitutes any 
VSDs partially bound by a valve and includes 
inlet, subtricuspid, subaortic, subarterial doubly 
committed, and subpulmonary. The muscular 
group was subclassifi ed into outlet, central, and 
apical. 

 The most recent practical classifi cation in use 
by the Society of Thoracic Surgeons (STS) is the 
one proposed by the American Heart Association 
Task Force on Practice Guidelines [ 96 ]: type 1 
(conal, subpulmonary, infundibular, supracristal, 
and doubly committed juxta-arterial defects), 
type 2 (perimembranous, paramembranous, and 
conoventricular defects), type 3 (inlet and AV 
canal varieties), and type 4 (muscular VSDs). 

 Isolated defects of the membranous septum 
are surrounded by fi brous tissue without exten-
sion into adjacent muscular septum. These 
defects are uncommon in adults and probably are 

  Fig. 13.22    Aneurysm of the interventricular membra-
nous ( solid arrows ) with a small ventricular septal defect 
( arrows ) best shown in systole. Aneurysms may limit 

intracardiac shunting and, in some cases, result in sponta-
neous defect closure.  RV  right ventricle       
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sealed by tricuspid leafl et (Fig.  13.25 ). Defects 
that involve the membranous septum and sur-
rounding muscles are called perimembranous, 
paramembranous, or infracristal. These are the 
most common VSDs and involve 70–80 % of 
cases [ 105 ]. Important criteria of diagnosis of 
perimembranous defects are subaortic location 
and fi brous continuity between the leafl ets of the 
aorta and tricuspid valves (Fig.  13.26 ). Therefore, 
not every subaortic defect is perimembranous as 
it is common to see a fi brous tissue that separates 
the roof of defect from the aortic valve [ 109 ]. 
Subpulmonary extension occurs in large defects. 
Perimembranous defects are subpulmonary in 
hearts with discordant ventriculoarterial connec-
tion and there is fi brous continuity between the 
pulmonary and tricuspid valves. Perimembranous 
extensions of the defect are classifi ed into the 

inlet, outlet, and muscular septa types. Large 
defects may involve all three components. The 
most common type is the outlet variant. 
Perimembranous outlet defects are located ante-
rior to medial papillary muscle. Perimembranous 
inlet defects are also roofed by the AV valve and 
located posterior to the medial papillary muscle. 
Abnormalities of the tricuspid valve adjacent to a 
membranous or perimembranous VSDs can be in 
the form of an aneurysm partially or completely 
occluding the defect (Fig.  13.25 ). Although 
uncommon, prolapse of the right or noncoronary 
coronary sinus leafl ets in perimembranous 
( subaortic) defects can cause aortic valve insuf-
fi ciency (Fig.  13.27 ). This phenomenon is more 
common in subpulmonary infundibular VSDs.

     Perimembranous trabecular defects are 
best seen at the most posterior aspect of a 

  Fig. 13.23    Atrioventricular membranous defect (Gerbode) 
in a 73-year-old male with aortic valve disease. Calcifi ed 
valve with vegetation and mild regurgitation was shown on 
echocardiography. Different projections of CT angiogra-
phy show small membranous defect with shunt ( red 
arrows ) from the left ventricle ( LV ) into the right atrium 
(LA). The shunt was more obvious during diastole arising 

between the right coronary ( R ) and noncoronary ( N ) cusps. 
The level of tricuspid valve is shown by  yellow arrows . 
Small collection of contrast ( green arrow ) between the aor-
tic valve ( Ao ) and the RA is consistent with a small sinus 
tract.  LVOT  left ventricle outfl ow tract,  RVOT  right ventri-
cle outfl ow tract,  RV  right ventricle,  4ch  four chamber,  2ch  
two chamber,  SAX  short axis       
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 four- chamber view of aortic root plane. In the 
normal heart, using two-dimensional echocar-
diography, it is diffi cult to locate the precise 
junction of membranous and trabecular septa but 
CT of the heart can easily localize it (Fig.  13.21 ). 
Blunting of the upper margin of the IV septum 
may indicate its involvement. Although peri-
membranous defect exists in isolation, it is most 
frequently associated with other defects (i.e., 
tetralogy of Fallot) (Fig.  13.26 ). From surgical 
point of view, the diagnosis of perimembranous 
VSD is important as it places the patient at risk 
of injury to conduction system at the time of sur-
gery. The bundle of His passes along the inferior 
margin of perimembranous outlet VSD [ 109 ]. 

 Perimembranous inlet defects (endocardial 
cushion defect) are roofed by the AV valve and 
characterized by absence of the AV muscular 
septum causing common level of insertion of the 
AV valve septal leafl ets to central fi brous body 
(mitral-tricuspid continuity) (Fig.  13.28 ).

   Muscular defects surrounded entirely by mus-
cular rims may be subdivided into trabecular, 
outlet (infundibular), and inlet. Infundibular 

a b

  Fig. 13.25    ( a ) Four chamber and ( b ) 2 chamber of the 
right ventricle. Membranous VSD ( blue arrows ) pro-
tected and sealed by septal tricuspid leafl et ( red arrow ). 

Residual of the membrane is seen ( green arrow ).  AA  
ascending aorta,  RA  right atrium,  RV  right ventricle,  4ch  
four chamber,  2ch  two chamber       

  Fig. 13.24    VSD classifi cation (right ventricular view). 
 1–4  are subvalvular defects.  1  Supracristal (doubly com-
mitted subarterial ) defect.  2  Perimembranous outlet 
defect.  3  Perimembranous inlet defect.  4  Atrioventricular 
(septum primum) defect.  5–8  are muscular defects at inlet, 
outlet (infundibular) and anterior trabecular, and apical 
trabecular regions of the ventricular septum, respectively       
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  Fig. 13.26    Tetralogy    of Fallot ( TOF ) versus normal heart. 
Left ventricle three-chamber ( LV 3ch ) and right ventricle 
two-chamber ( RV 2ch ) views of two subjects, one with 
repaired TOF and the second one with normal heart, are pre-
sented for comparison. In TOF, a subaortic perimembranous 
VSD is closed with a Dacron patch. The right ventricle out-
fl ow tract ( RVOT ) is short ( blue arrow ) and shows mildly 
thickened septoparietal trabeculations. No RVOT stenosis is 
seen (Eisenmenger defect). Malaligned outlet septum is 
seen displaced superiorly. The membranous septum ( MS ) is 

absent and the septal tricuspid ( STV ) leafl et is almost in 
fi brous continuity with the aortic leafl et. In 3ch view, the left 
ventricle outfl ow tract ( LVOT ) appears longer in TOF pos-
sibly due to dextroposition of the aortic root. Note the inter-
ventricular communication (closed by the patch) between 
the limbs of the septomarginal trabeculation. In normal 
heart, outlet septum is absent or involves a small portion of 
the crista supraventricularis crest ( double-headed red 
arrow ).  RA  right atrium,  RV  right ventricle,  LV  left ventricle, 
 AA  ascending aorta       

  Fig. 13.27    A 35-year-old male with a small membra-
nous VSD. Short axis MR images show aortic regurgita-
tion between the right ( R ) and noncoronary ( N ) sinuses 

with the shunt ( arrows ) directed into the right ventricle 
( RV ) through the membranous septum defect       
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defects are the least common. Trabecular VSDs 
are the most common locations of muscular 
defects (Fig.  13.10 ). They are usually single but 
can be multiple and apical (Swiss cheese) [ 110 ]. 
Small VSDs in trabecular septum can be diffi cult 
to differentiate from myocardial clefts and large 
Thebesian sinuses (Fig.  13.29 ). The location of 
trabecular VSD can be subclassifi ed as anterior, 
apical, and posterior [ 111 ]. The septomarginal 
trabeculation is the anatomic border between 
anterior muscular and posterior defects 
(Fig.  13.30 ). Apical defects are distal to the mod-
erator band. Inlet muscular defects are posteri-
orly located beneath the medial papillary muscle 
but do not reach an arterial or AV valve, and there 
is normal pattern of septal AV valve insertions. 
Single trabecular defects and small multiple 
(“Swiss cheese”) defects are diffi cult to fi nd with 
echocardiography [ 106 ] and high-resolution car-
diac CT may be the preferred method of 
diagnosis.

    Defects in the infundibulum (conal, outlet, 
supracristal) can be muscular or subarterial. 
Outlet muscular VSD is found in the RVOT 
above or in a limb of septomarginal trabeculation. 
The superior border of this defect may extend 
up within the infundibular septum (Fig.  13.31 ). 
Infundibular muscular defect is best seen on short 

axis images at the level of RVOT. They can be 
small and easily be missed. Subarterial type of 
infundibular VSDs can be subpulmonary or dou-
bly committed. Subpulmonary defects are often 
small and associated with prolapse of the right 
coronary cusp in older oriental patients, but is 
unusual in children <4 years of age. In subpul-
monary defects, the infundibular septum exists 
but appears defi cient. In doubly committed, sub-
arterial defect is directly roofed by conjoined 
aortic and pulmonary valves at the same level 
(in 15 %, an offset exists) which are in fi brous 
continuity with no “outlet septum” between them 
[ 112 ] (Fig.  13.32 ). The inferior margin of defect 
is formed by the crest of the trabecular septum. 
Posteriorly, it may extend into the membranous 
septum (type 1) or may be covered by a mus-
cle ridge (type 2). They are best seen on coro-
nal or four-chamber planes of the heart passing 
through the aortic root. A fi brous raphe between 
the two arterial valves may be seen in doubly 
committed VSD that should not be mistaken 
with a hypoplastic outlet septum [ 112 ]. This 
defect may be isolated or as part of tetralogy of 
Fallot. In tetralogy of Fallot, the defect is mainly 
 subaortic and pulmonary valve stenosis coex-
ists. Subpulmonary VSD is an integral compo-
nent of the Taussig-Bing anomaly (double outlet 

  Fig. 13.28    Large perimembranous inlet (atrioventricular 
septal defect) with an intact atrial septum in a patient with 
dextrocardia, situs inversus, and azygos continuation of the 

inferior vena cava to the left superior vena cava. Note that the 
septal leafl ets of the common atrioventricular valve ( arrows ) 
are attached at the same level to the central fi brous body       
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RV with subpulmonary VSD). It is important to 
remember that in normal heart, the outfl ow tracts 
are separated by ventriculoinfundibular fold and 
a true muscular septum cannot be identifi ed or 
is very small [ 5 ] (Chap.   10    ). The subpulmonary 
infundibulum which supports the leafl ets of the 
pulmonary valve produces the normal offsetting 
between the leafl ets of the aortic and pulmonary 

valves. In the presence of a VSD between the two 
outlets, the septal morphology will be different 
and is characterized by the presence of a muscu-
lar bar named “outlet septum.” This outlet sep-
tum forms the superior margin of the VSD and 
varies in length and thickness. In doubly com-
mitted defect, the ventriculoinfundibular fold is 
absent [ 112 ] (Fig.  13.32 ).

  Fig. 13.29    Left ventricular septum fi lling defects. ( a ) 
Short axis CT shows diverticular appearance of a large 
Thebesian sinus ( arrow ). ( b ) Large venous sinus ( arrow ) 

in the apical septum. ( c ) Post- and ( d ) pre-contrast CT 
scans show residual cleft related to ventricular septal 
defect closing patch ( arrows )       
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    Infundibular and perimembranous outlet 
defects can be associated with various degrees of 
malalignment of the “outlet septum” and the 
remainder of the ventricular septum. Anterior or 
posterior deviation of the infundibular septum 
can cause right or left outfl ow tract obstruction, 
respectively. Fibroelastic bar or membranous tis-
sue protruding from the left septal surface into 
the subaortic region can cause discrete short seg-
ment subaortic stenosis [ 113 ,  114 ]. In a VSD 
with subaortic stenosis, the rate of aortic arch 

interruption is higher. Subaortic stenosis may 
develop later after closure of VSD and repair of 
the aortic anomaly [ 115 ].  

   Imaging and Hemodynamic 
Assessment of VSDs 

 In addition to location, number, and sizes of 
defects, imaging data should include assessment 
of ventricular function and search for aortic valve 

  Fig. 13.30    Four-chamber ( 4ch ) and short axis ( SAX ) cine images of cardiac MR show muscular ventricular septal 
defect in the anterior midportion of the trabecular septum causing a small left-to-right shunt ( arrows )       

a b c

  Fig. 13.31    ( a ,  b ) Axial    and long axis CT images show 
that a small infundibular muscular ventricular septal 
defect ( arrows ) was incidentally found in this patient who 
admitted for treatment of descending thoracic aortic ( DA ) 

dissection. ( c ) Short axis MRI in a different patient shows 
the jet of left-to-right shunt into the right infundibulum 
( small arrow ).  RVOT  right ventricle outfl ow tract,  LV  left 
ventricle       
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prolapse and/or regurgitation, outfl ow tract 
obstruction, and tricuspid regurgitation. Residual 
or recurrent VSDs in imaging studies of adults 
with repaired CHD are not uncommon. In adults 
with poor echocardiographic windows, TEE may 
be necessary. CT and MR are mainly recom-
mended to confi rm the anatomy of unusual VSDs 
such as inlet or apical defects not well seen by 
echocardiography as well as for the assessment 
of coexisting abnormalities in the pulmonary 
arteries, the pulmonary veins, and the aorta [ 109 ]. 
Diagnosis and correct localization of the peri-
membranous defects require detailed evaluation 
of the anatomic structures around them and mul-
tiplanar reconstructions to show their spatial 
location in the heart. For example, demonstration 
of fi brous continuity between the aorta and tri-
cuspid valves is the key element for diagnosis of 
perimembranous defects. This can be best 
achieved with cardiac CT with special attention 

to technique of contrast administration to opti-
mally show structures on both sides of the defect. 
A high-resolution imaging technique is required 
to show a small muscle bar between the valves 
and to distinct a muscular defect from a peri-
membranous defect. 

 Similar to ASD, noninvasive hemodynamic 
analysis of VSD can be obtained with echocar-
diography or MRI. CT can indirectly evaluate the 
amount of shunt by measuring the systemic and 
pulmonary fl ows using a retrospective ECG- 
gated technique. Direct measurement of shunt 
volume is not possible with CT; however, in 
selected cases, real-time visualization of the 
shunt can be achieved using a dynamic contrast- 
enhanced scan at the level of shunt. This will 
increase total radiation dose and is not routinely 
recommended. 

 The shunt volume in a VSD is determined 
largely by the size of the defect and the 

  Fig. 13.32    Cine    views of MRI in a 54-year-old male with 
left heart failure and pulmonary hypertension showing a 
subarterial ventricular septal defect (VSD). ( a ) Axial view 
shows the VSD and hypertrophied right ventricle outfl ow 
tract ( RVOT ). ( b ) Short axis at the level of mitral valve 
shows large VSD defect ( red arrow ). ( c ) Lateral view 
shows intact pulmonary valve ( PV ). There subpulmonary 

infundibulum is not developed. ( d – g ) are coronal images 
parallel to ventricular septum. The membranous septum is 
intact ( green arrow ). The VSD is mainly subaortic ( e ,  f ) 
with some subpulmonary component. The VSD area 
demarcated by  red circle  in ( f ), measured at 3.8 cm 2 . The 
aortic valve ( AV ) and PV are at the same level.  RA  right 
atrium,  RV  right ventricle,  LA  left atrium,  LV  left ventricle       
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 pulmonary vascular resistance. Without pulmo-
nary hypertension or obstruction to the right 
ventricle, the direction of shunt is left to right 
and if large enough can cause left heart volume 
overload. In the setting of elevated pulmonary 
vascular resistance, RVOT obstruction due to 
hypertrophied muscles, or pulmonary stenosis, 
the shunt volume is limited and may be right to 
left, depending on the difference in pressure. 
Eisenmenger syndrome results from long-term 
left-to-right shunting, usually at higher shunt 
volumes [ 116 ] (Chap.   33    ).  

   VSD Closure 

 Muscular VSDs can undergo spontaneous clo-
sure as a result of muscular occlusion. Swiss 
cheese defects cannot close spontaneously and 
require surgery. The mechanism of closure of 
perimembranous defects is by apposition of tri-
cuspid valve tissue, with or without formation of 
a septal aneurysm. Infundibular defects (doubly 
committed and subpulmonary) can close by pro-
lapse of the right aortic cusp [ 117 ]. 

 Spontaneous closure is otherwise rare. The 
pathophysiology of a VSD is determined by the 
size and location of defect. In restrictive VSD, 
the defect is smaller than the aortic annulus. In 
this type, the direction and volume of the shunt 
depends on the difference in systolic pressures of 
the ventricles [ 118 ]. Restrictive VSDs can be 
small or moderate in size. Small VSD is defi ned 
as <1 cm in size and left-to-right shunt of <50 % 
in the absence of pulmonary hypertension or pul-
monary stenosis. The most common small defects 
in adults are perimembranous and subarterial 
[ 117 ]. Isolated small VSDs are considered benign 
and only need prophylaxis treatment for a low 
risk of endocarditis. Moderate-sized restrictive 
defects allow a large left-to-right shunt to cause 
left-sided volume overload, characterized by left 
atrium and left ventricle dilatation. Some pulmo-
nary hypertension can exist [ 118 ]. In nonrestric-
tive VSD, the defect is large and ventricular 
pressures may equalize. The direction and vol-
ume of this shunt is determined by the difference 
in pulmonary and systemic vascular resistance. 

A nonrestrictive VSD is characterized by a large 
left-to-right shunt, left ventricle volume over-
load, and pulmonary hypertension resulting in 
Eisenmenger syndrome. 

 Generally, a Qp:Qs of 1.5:1 to 2:1, ventricular 
enlargement, pulmonary hypertension, or aortic 
regurgitation is an indication for surgery or trans-
catheter closure using Amplatzer VSD occluder 
[ 119 – 122 ]. Most common VSD surgeries in 
adults are perimembranous (70 %) and subarte-
rial (25 %) [ 119 ]. 

 Large apical muscular VSDs complicate man-
agement decisions, particularly when they occur 
in association with other congenital cardiac 
defects. Surgery for apical muscular VSDs is 
often suboptimal owing to diffi culties in defect 
visualization, residual shunting, and ventricular 
dysfunction. Transcatheter closure is an alterna-
tive treatment [ 123 ]. 

 Aortic cusp prolapse and aortic regurgitation 
can occur in more than 30 % of subarterial VSDs 
particularly in lesions larger than 5 mm. Aortic 
regurgitation is usually mild. It is more common 
in subpulmonary defect than subaortic peri-
membranous [ 107 ,  122 ]. In Lun et al. study, the 
coronary cusp prolapse in subpulmonic VSD 
was limited to the right cusp, and those in sub-
aortic VSD were the right cusp, noncoronary 
cusp, or both [ 120 ]. Early surgical repair of the 
defect has been advocated. Subarterial defects 
<5 mm are usually asymptomatic and may inci-
dentally be found during imaging workup [ 120 ] 
(Fig.  13.27 ).   

   Patent Ductus Arteriosus 

 Ductus arteriosus is a vascular connection 
between the aorta distal to the origin of the left 
subclavian artery and the superior margin of 
main pulmonary artery near the origin of the left 
pulmonary artery (Fig.  13.33 ). It originates from 
the distal left sixth embryonic arch and closes 
spontaneously within 48 h after birth. Persistence 
of the ductus after 3 months is called PDA [ 3 , 
 124 ]. The incidence has been estimated to be as 
high as 1 in 500 and it is more common in females 
[ 125 ].
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   Clinical manifestations are usually deter-
mined by the size of PDA and the degree of left-
to-right shunting. Regardless of the size, 
complications may arise, and imaging diagnosis 
is important. Long-standing left-to-right shunt-
ing results in pulmonary overcirculation, left 
heart volume overload, and progressive increase 
in pulmonary vascular resistance. In later stages, 
congestive heart failure or Eisenmenger syn-
drome can develop. It is not uncommon to fi nd a 
small PDA in a patient with other congenital 
heart malformations (Fig.  13.34 ). A previously 
silent PDA may become symptomatic when 
combined with acquired conditions such as cal-
cifi c aortic stenosis or ischemic heart disease 
[ 3 ]. Turbulent fl ow through the PDA can rarely 
lead to endothelial injury, complicated by infec-
tive or noninfective endocarditis and septic 
emboli [ 126 ].

   Imaging diagnosis of a suspected PDA in 
adults can be diffi cult. Conversely, it is not 
uncommon to discover a silent PDA on routine 
CT or MR examinations. The information pro-
vided by imaging, such as the size, calcifi cation, 
and morphology of the duct as well as the amount 
of left-to-right shunt, is crucial to the planning of 
optimal treatment. Different angiographic mor-
phologies of PDA are classifi ed by Krichenko 
et al. [ 127 ]. The most common morphology is 
“conical” with the aortic side larger than the 

 pulmonary side (Fig.  13.33 ). Other variants 
include very short, long, tubular, and fusiform. 

 Traditionally, the initial noninvasive diagnostic 
investigation is performed with Doppler echocar-
diography [ 128 ]. In children, the size and mor-
phology of the PDA can be predicted using 
Doppler echocardiography, but such assessment is 
not often possible in adults and MRI or CT may be 
required. TEE allows accurate diagnosis of shunt 
but it may not be the best technique for direct visu-
alization of the PDA. Air in the left main bronchus 
can cause diffi culty for TEE visualization of the 
PDA (Fig.  13.35 ). Intrabronchial balloon catheter 
fi lled with saline is used to overcome this limita-
tion during intraoperative TEE [ 129 ]. Transcatheter 
occlusion has become the therapy of choice for 
treatment of PDA [ 130 ]; however, noninvasive 
imaging of PDA and judgment of indications for 
coil occlusion remain challenging. PDA closure is 
indicated for symptomatic adults with signifi cant 
left-to-right shunting and for asymptomatic 
patients with signifi cant shunting and evidence of 
left heart enlargement [ 3 ].

   Both CT and MRI are accurate for morpho-
logical analysis of the PDA [ 131 ]. They both are 
useful for the assessment of associated abnormal-
ities of the aortic arch such as vascular ring and 
right-sided aortic arch (Fig.  13.33 ). Demonstration 
of additional intracardiac lesions and anomalous 
venous return is easier with CT or MR. CT can 

  Fig. 13.33    Typical fi ndings of patent ductus arteriosus 
( PDA ). The PDA extends between the aorta distal to the 
origin of the left subclavian artery ( LSCA ) and the main 
pulmonary artery ( MPA ) near branching of the left pulmo-
nary artery ( LPA ). It is usually less than 5 mm in diameter 

at the entrance into the MPA. Its origin from the aorta is 
larger and can be aneurysmal as shown in this case. There 
is volume overload of the left heart, hypertrophy of the 
right ventricle outfl ow tract ( RVOT ), and enlargement of 
the pulmonary arteries.  AA  ascending aorta       
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show calcifi cation of the ductus better than MRI 
[ 131 ]. Patients with a heavily calcifi ed duct or a 
duct exhibiting distortion or aneurysmal changes 
are not suitable candidates for surgery [ 132 ]. In 
large shunts, endovascular closure may also pose 

problems such as residual shunt or migration of 
the device [ 133 ]. In this situation, some reported 
endovascular stent graft as the preferred method 
of treatment [ 134 ]. Comprehensive imaging of 
aorta in these cases can be done with CT. Using 

  Fig. 13.34    A 37   -year-old female scanned to further eval-
uate for right heart enlargement shown by echocardiogra-
phy. Echo was reported negative for intracardiac shunt. CT 
angiography shows enlargement of the right atrium ( RA ), 
the right ventricle ( RV ), and the pulmonary arteries. 
Findings are consistent with pulmonary hypertension. 
A small short PDA was seen between a right-sided descend-
ing aorta ( DA ) and the main pulmonary artery ( MPA ) 
( green arrows ). The origin of PDA is more toward the right 
pulmonary artery not the left pulmonary artery because of 

the right-sided position of the DA. The PDA orifi ce is 
clearly shown in CT endoscopy view of the aorta ( blue 
arrow ). Three anomalous pulmonary veins were found 
draining the right upper lung into the superior vena cava 
( SVC ), one of those is shown in this case ( red arrow ). No 
intracardiac shunt was seen. It was concluded that pulmo-
nary hypertension was the result of left-to-right shunting 
 arrows  at the level of anomalous pulmonary venous return 
rather caused by the small PDA.  LPA  left pulmonary artery       
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CT anatomic relationship of the PDA and the left 
main bronchus can be reviewed before undertak-
ing transcatheter closure, bearing in mind the 
assistance that the tracheal air shadow provides a 
fi xed landmark during the transcatheter proce-
dures (Fig.  13.34 ). Virtual endoscopy using CT 
data has been described as a useful technique in 
the assessment and treatment of PDA [ 135 ]. The 
anatomy of the orifi ce of the ductus and spatial 
relations of adjacent structures from both the 
 aortic and pulmonary sides can be shown 
(Fig.  13.33 ). The mean angiographic diameter of 
the narrowest portion of a PDA can be as small as 
3.2 (± 1.0) mm [ 127 ]. For this, high-resolution 
CT with at least 0.5-mm beam collimation is sug-
gested to study these patients. To obtain high- 
quality images, an ECG-gated technique is 
preferred [ 131 ]. Dynamic assessment of the PDA 
shunt is possible with 64 or 320 slice  scanners 

[ 136 ]. Overall, shunt analysis can be optimally 
performed with MRI or echocardiography. The 
jet of fl ow secondary to a PDA is directed prefer-
entially toward the main pulmonary artery. For 
accurate results, collection of data with PC MRI 
should be perpendicular to direction of the PDA 
fl ow (Fig.  13.36 ). In PDA patients with high 
 pulmonary vascular resistance and slow fl ow, the 
shunt may be very diffi cult to demonstrate. 
Additional image fi ndings include ventricular 
septal fl attening, right ventricular hypertrophy, 
high-velocity pulmonary regurgitation, tricuspid 
regurgitation, and left heart enlargement. 
Aneurysm of the ductus arteriosus is more com-
mon in children. In adult, it can be confused both 
clinically and radiologically with other masses in 
the aorticopulmonary window [ 137 ]. Large aneu-
rysm can cause left vocal cord paralysis due to 
compression of the recurrent laryngeal nerve.

  Fig. 13.35    The relation of the PDA with adjacent struc-
tures. The PDA is directed toward the main pulmonary 
artery ( MPA ). The left bronchus ( LB ) is interposed 
between the esophagus ( E ) and the left pulmonary vessels 

causing diffi culty in visualization of the PDA orifi ce dur-
ing transesophageal echocardiography.  DA  descending 
aorta,  LPA  left pulmonary artery,  RVOT  right ventricle 
outfl ow tract       
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        In normal heart, the real atrioventricular septum 
separates the morphological right atrium from 
the anatomic left ventricle. It has two portions; 
the anterosuperior is membranous and the pos-
teroinferior is muscular. The latter is located 
between the mitral annulus and the tricuspid 
annulus. The peripheral atrioventricular junction 
is constituted by an extension of epicardial fat 
between the walls of atria and ventricles [ 1 ]. In 
atrioventricular septal defect (AVSD) which is 
due to defi ciency of myocardial tissue at AV 
junction, the membranous septum is absent and 
there is also a defi ciency in the perimembranous 
muscular tissue. 

 AVSD has received numerous designations in 
the past including endocardial cushion defect, 
persistent embryonic atrioventricular canal, 

atrioventricular canal defect, and ostium primum 
atrial septal defect. Defect of the endocardial 
atrioventricular cushions [ 2 ,  3 ] is a nonspecifi c 
designation since it can include the absence of 
right atrioventricular connection and double inlet 
left ventricle. Persistent embryonic atrioventricu-
lar canal [ 4 ,  5 ] is also not a correct terminology 
since the defect is due to defi ciency of septal 
structure at the level of the atrioventricular junc-
tion rather than the persistence of embryonic 
atrioventricular canal. Atrioventricular canal 
defect [ 6 ,  7 ] is also a generalized term since it can 
include hearts with absence of atrioventricular 
connection and Gerbode atrioventricular com-
munication. This diverse nomenclature has been 
criticized and resulted in adoption of “atrioven-
tricular septal defect” as the most suitable term 
[ 8 ]. In this chapter, anatomic features of AVSD 
will be discussed and its morphopathologic char-
acteristics will be correlated with noninvasive 
imaging methods including echocardiography, 
magnetic resonance imaging (MR), and com-
puted tomography (CT). 

   Morphology and Classifi cation 

 The pathognomonic feature of AVSD is that the 
septal absence of atrioventricular junction which 
results in the existence of a single common 
fi brous annulus within it can form a common 
atrioventricular valve or two separate valves 
which constitute the basis of the morphological 
classifi cation [ 9 ,  10 ] (Fig.  14.1 ). In other words, 
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a

b

  Fig. 14.1    ( a )  Upper row : comparison between mitral ( m ) 
and tricuspid ( t ) valves in normal heart versus atrioven-
tricular septal defect ( AVSD ). Two types of AVSDs includ-
ing common and partial (separate valves) are shown. Note 
the membranous septum (MS) position in normal heart 
and its absence in AVSD. Also note unwedged position of 
the aorta in AVSD.  Lower row : different forms of shunt-

ing in AVSD are shown. In partial AVSD, only a septum 
primum atrial septal defect ( ASD ) exists. In complete 
form, both ASD and ventricular septal defect ( VSD ) usu-
ally exist. ( b ) Complete form of AVSD, Rastelli type A.  p  
pulmonary valve,  LA  left atrium,  RA  right atrium,  MS  
Membranous septum,  LV  left ventricle,  RV  right ventricle       

 

N. Espinola-Zavaleta et al.



349

both forms only differ by some modifi cations in 
valve leafl ets morphology. In “common valve” 
variant (also known as complete form), the anter-
osuperior and posteroinferior bridging leafl ets 
are separate causing a permeable interventricular 
communication, whereas in “two valve” mor-
phology (also known as partial form), the bridg-
ing leafl ets approach each other and conjoin by a 
tongue of tissue which is fi rmly fused to the crest 
of the ventricular septum sealing the interven-
tricular septal communication [ 11 ,  12 ].

   Both morphological types have the following 
pathological features:
    1.    Alteration of the fi brous skeleton of the heart 

characterized by the replacement of mitral and 
tricuspid fi brous rings by a common fi brous 
atrioventricular annulus. Trifoliate appear-
ance of the left atrioventricular valve (cleft).   

   2.    Absence of membranous septum and midline 
fi brous continuity between the left and right 
leafl ets of the common valve. Fibrous conti-
nuity with aortic annulus may remain.   

   3.    Unwedging of the aortic root.   
   4.    A ventricular septal defect comprising peri-

membranous and inlet areas.   
   5.    A relatively short ventricular inlet with an 

elongated outlet causing increased apex-aortic 
sigmoid distance (gooseneck). Inlet-outlet 
disproportion is more pronounced in complete 
form.   

   6.    Excavated (scooped out) appearance of the 
ventricular septum which is more obvious in 
complete form.   

   7.    Superior-inferior arrangement of left ventricle 
papillary muscles.   

   8.    Posteroinferior displacement of the AV node.   
   9.    Increased rate of the left ventricular outfl ow 

tract narrowing due to elongation of the out-
fl ow tract and adherence of the anterosuperior 
bridging leafl et to the scooped ventricular 
septum.     
 The interatrial septum is the least affected anat-

omy. In a large number of hearts, the interatrial sep-
tum has normal dimensions with no septal defect 
[ 13 – 15 ]. There are cases with AVSDs, in which the 
septal structures are intact and exhibit pathological 
stigmata of this malformation [ 16 ,  17 ]. 

 An important feature in the diagnosis of 
AVSD is the type of insertion and the degree of 
extension of the anterosuperior bridging leafl et, 
which constitutes the basis for Rastelli type A, B, 
and C classifi cation. Intermediate forms of inser-
tion between A and B and between B and C and 
mixed forms have been described. In AVSD, 
when atrioventricular valves are removed, it is 
almost impossible to distinguish between the two 
basic types [ 8 ]. 

 In the morphological diagnosis of AVSD, it is 
important to pay attention to associated anoma-
lies in the hearts including the presence of a com-
mon atrium caused by absence of interatrial 
septation, the parachute insertions of part of the 
tensor apparatus of the common AV valve, tetral-
ogy of Fallot with double outlet right ventricle 
[ 18 ], and the presence of double valve orifi ces 
both in half right and in half left of the common 
AV valve. 

 In the embryonic heart, the AV septum arises 
from growth, development, and fusion of the dor-
sal and ventral mesenchymal endocardial cush-
ions of the AV canal, which divides it into two AV 
canals: left and right. On the cephalic part of the 
left AV canal, the annulus of the mitral valve is 
differentiated, and at the bottom of the right AV 
canal, the annulus of the tricuspid valve will be 
formed. The AV septum so formed has two ends; 
the cephalic end is associated with the transient 
foramen primum and the caudal end is related to 
interventricular septal defect. These two septal 
defects will be obliterated by fusion of the 
cephalic and caudal ends of the AV septum to the 
interatrial septal complex and the ventricular sep-
tum, respectively. The cephalic end of AV septum 
also bends to the left and differentiates into the 
central portion of the medial valve or anterior 
leafl et of the mitral valve. Many authors agree 
that AVSD originates by the lack of growth, 
development, and fusion of the dorsal and ventral 
endocardial cushions of the embryonic atrioven-
tricular canal [ 12 ,  19 ]. There is also lack of growth 
of the ventricular septum and membranous sep-
tum causing inlet and perimembranous interven-
tricular septal defect. These two facts explain all 
pathological stigmata which present the AVSD.  
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   Imaging Techniques 

 Echocardiography has become the modality of 
choice for the complete assessment of AVSDs 
[ 20 ]. This technique includes all of the standard 
views to optimize imaging of specifi c structures. 
The subcostal views allow to determine abdomi-
nal and atrial situs. The long-axis view will deter-
mine the cardiac position within the thorax. 
Long- and short-axis views show the systemic 
venous and some of the pulmonary venous return 
and the size and location of any atrial septal 
defects. Both the right and left ventricular out-
fl ow tracts can be evaluated from these projec-
tions. A slow sweep in the short-axis view toward 
the apex will reveal the size and location of ven-
tricular level shunts, the cross-sectional anatomy 
of the AV valves, and the location and number of 
left ventricular papillary muscles. This view is 
also good for the evaluation of ventricular func-
tion. From the short-axis plane, the transducer is 
rotated counterclockwise approximately 45 º  to 
assess AV valve morphology and attachments to 
the ventricular septum and papillary muscle anat-
omy. It is the best view to evaluate if the valve 
tissue is balanced over the two ventricles. The 
atrial and ventricular septal defects are best seen 
from the apical four-chamber view. A slow sweep 
from the apical window offers good visualization 
of the leafl et anatomy, AV valve attachments, 
defect size and location, and some information 
on the mechanism of AV valve regurgitation. 
This view is also used to measure ventricular 
length. The left ventricular outfl ow tract is 
imaged from the apical two-chamber view. 
Careful imaging of mitral valve attachments to 
the ventricular septum, in addition to color and 
spectral Doppler interrogation, is used to evalu-
ate the presence of, and potential for, left ven-
tricular outfl ow tract obstruction. Parasternal 
long-axis imaging gives another excellent view 
of the anatomy of the left ventricular outfl ow 
tract. 

 High parasternal imaging will complete the 
assessment of the branch pulmonary arteries and 
pulmonary venous return and the presence of pat-
ent ductus arteriosus and a left superior vena 
cava. The aortic arch should be imaged either 

from a high parasternal window or from the 
suprasternal notch. Long-axis imaging is used to 
evaluate for aortic arch obstruction. Short-axis 
views are used to determine aortic arch sidedness 
and the branching pattern of the brachiocephalic 
arteries and to exclude a vascular ring [ 15 ,  20 ]. 

 The echocardiography provides precise 
images of the anatomic fi ndings of this congeni-
tal malformation with details of the AVSD, the 
common AV valve or two separated AV valves, 
the relationships between the leafl ets of the 
valves in both forms, septal structures and their 
defects, disproportion between the left ventricu-
lar infl ow and outfl ow tracts, unwedged aorta, 
and the shunts that determine the clinical presen-
tation. This anatomic information is of enormous 
value for the clinician in planning surgical 
treatment. 

 Recent studies demonstrate the incremental 
value of three-dimensional transthoracic echo-
cardiography (3DTTE) over two-dimensional 
transthoracic echocardiography (2DTTE) in the 
evaluation of the AVSDs. Because the various 
morphological features of AVSDs could be 
viewed in three dimensions, a more comprehen-
sive and accurate assessment of the size and extent 
of the septal defects; size, number, and abnor-
malities of AV valve leafl ets (Fig.  14.2 ) and their 
attachment sites; as well as the relation of the val-
vular structures to the great vessels is provided 
by 3DTTE. In some cases, 3DTTE served to 
verify the fi ndings seen on 2DTTE and, there-
fore, increased the confi dence level with which 
various morphological features or abnormalities 
were detected. In others, 3DTTE substantially 
changes the morphological diagnosis by provid-
ing additional details not apparent on 2DTTE. 
The three-dimensional datasets also provide en 
face views of defects in the AV valves such as 
commissures, resulting in more accurate assess-
ment of their size and extent. Such views are 
especially helpful when planning for surgical 
repair.

   Color Doppler is useful not only in evaluating 
the three-dimensional extent of valvular regurgi-
tant jets in the atrial chambers but also in provid-
ing en face views of the valve orifi ces, facilitating 
assessment of its exact size. This has the potential 

N. Espinola-Zavaleta et al.



351

of providing a more accurate quantitative assess-
ment of regurgitant volumes as compared to 
2DTTE methods [ 15 ,  21 ,  22 ]. 

 Echocardiography is limited, however, in the 
evaluation of certain portions of the aorta (par-
ticularly the ascending aorta and the transverse 
arch), the distal pulmonary arteries, the right 
ventricle, and the pulmonary veins. These are 
 relative “blind spots” for the echocardiogra-
pher. MRI, unhindered by “blind spots,” is 
excellent for the depiction of cardiac anatomy. 
In all cases of AVSD, the tricuspid and mitral 
valves originate at the same level. These fi nd-
ings are best seen on axial or four-chamber MR 
images. Cine MRI can demonstrate the pres-
ence of atrial and ventricular septal defects and 
valve regurgitation. 

 Cine MR sequences are used to obtain multi-
ple images over the cardiac cycle at each ana-
tomic location. Spin echo pulse sequences are 
usually used to produce images in which blood 
signal intensity is low and appears dark (“black 
blood” imaging). An ECG-gated velocity- 
encoded cine MRI (VEC MRI) sequence, a type 
of gradient echo sequence, can be used to mea-
sure blood fl ow velocity and quantify blood fl ow 
rate [ 23 ]. 

 Multislice CT has important strengths in com-
parison with each of these imaging modalities, 
because it provides excellent anatomic informa-
tion [ 24 ]. The primary disadvantage of CT is that 
it requires the use of ionizing radiation. 
Echocardiography, MRI, and CT are comple-
mentary in diagnosis of AVSD. Intracardiac anat-
omy is well depicted by all three modalities. 
Function and fl ow quantifi cation are well 
assessed with Echocardiography and MRI. CT 
provides exquisite images of the great vessels 
and associated extracardiac anomalies [ 25 ].  

   Anatomo-Imaging Correlation 

 Anatomo-imaging correlation between heart 
specimens with AVSD and echocardiogram, 
MRI, and CT studies of patients with equivalent 
fi ndings has demonstrated a high degree of preci-
sion that can be achieved with noninvasive imag-
ing diagnosis [ 1 ]. 

 The AVSDs can be found in any situs of the 
heart, situs solitus and situs inversus (Fig.  14.3 ), 
or in the isomeric positions of dextroisomerism or 
levoisomerism (Fig.  14.4 ). In all four situs posi-
tions, AVSD can occur in its two forms of com-
mon valve (Fig.  14.4 ) or two separate valves 
(Fig.  14.5 ). It is the relationships among the leaf-
lets within the common AV junction that deter-
mine the number of AV orifi ces, while the 
relationships between the leafl ets and the septal 
structures dictate the possible shunts that can be 
established between the two sides of the heart 
[ 14 – 17 ,  26 ]. Other anatomic characteristics that 
can be determined by noninvasive imaging 
include the interatrial or interventricular septal 
defects. Failure of closure of the ostium primum 
results in a large atrial septal defect, although in 
some cases the ostium primum is absent and the 
interatrial septum is complete [ 27 ]. The integrity 
of the atrial septum can be examined with a 
4-chamber image at the level of the AV junction 
and the inferior portion of the atrial septum 
(Fig.  14.6 ). If the septum is complete, its inferior 
portion reaches the AV junction and there is no 
ostium primum defect (Fig.  14.6b, c ). When the 
atrial septum is defi cient, its inferior portion is far 

  Fig. 14.2    Three-dimensional transthoracic echocardiog-
raphy of an AVSD with two valves, showing a trifoliated 
atrioventricular structure in diastole.  RAVV  right atrioven-
tricular valve,  LAVV  left atrioventricular valve,  PSL  pos-
terior septal leafl et,  ASL  anterior septal leafl et,  LL  lateral 
leafl et       
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above the plane of the AV junction and an ostium 
primum defect is present. Cases have been 
reported in the literature in which there are more 
than one atrial septal defect [ 14 – 16 ]. In those 
cases in which the atrial septum is fused with the 
leafl ets of the common AV valve, a shunt would 
only be possible through a ventricular septal 
defect. Two cases are reported in the literature in 
which the septal defects were obliterated by 
fusion of the AV valve leafl ets to the cardiac septa, 
and the patients had no septal defects [ 16 ,  17 ].

      In cases of AVSD with a common AV valve 
and a ventricular septal defect, the mode of inser-
tion of the right and left anterior leafl ets deter-
mines the Rastelli types, a classifi cation with 
signifi cance for surgical correction. Rastelli types 
A, B, and C are shown in Fig.  14.7 . Intermediate 
insertions between types A and B and mixed A 
and B insertions are shown in Fig.  14.8 .

    An important point is to determine the pattern 
of connection of common AV valve to the ven-
tricular mass. If the valve is connected 

a b

c d

  Fig. 14.3     Upper row  images are four-chamber cine MRI 
( a ) and transthoracic echocardiography ( b ) in AVSD with 
a common valve in atrial situs solitus.  Lower row  images 
are four-chamber cardiac CT ( c ) and transthoracic echo-

cardiography ( d ) of an AVSD with a common valve and 
atrial situs inversus.  LA  left atrium,  RA  right atrium,  LV  
left ventricle,  RV  right ventricle,  LAA  left atrial append-
age,  RAA  right atrial appendage       
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a b

c d

  Fig. 14.4     Upper row  images are four-chamber CT ( a ) 
and transthoracic echocardiography ( b ) of an AVSD with 
a common valve in dextroisomerism.  Lower row  images 
are four-chamber cardiac CT ( c ) and transthoracic echo-

cardiography ( d ) of an AVSD with a common valve in 
levoisomerism.  LA  left atrium,  RA  right atrium,  LV  left 
ventricle,  RV  right ventricle,  LAA  left atrial appendage, 
 RAA  right atrial appendage       
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 approximately with 50 % of its area on each ven-
tricle, it is considered a balanced form (Fig.  14.9 , 
upper row); if the valve is connected in more than 
50 % to the left ventricle, it is considered left 
dominance (Fig.  14.9 , middle row), and if the 
connection is made in more than 75 % to the left 
ventricle, it is considered double inlet left 
 ventricle connection; when the common valve is 
connected in more than 50 % with the right ven-
tricle, it is considered right dominance (Fig.  14.9 , 
lower row), and if the valve is connected in more 

than 75 %, it is considered that this heart has dou-
ble inlet right ventricle [ 18 ].

   Another key characteristic of this cardiac 
anomaly that is present in both types with one and 
two valve orifi ces is an unwedged aorta with 
respect to the AV valves and elongation of the left 
ventricle outfl ow tract giving a “gooseneck” 
deformity appearance (Fig.  14.10 ). Gooseneck 
deformity will be best shown on 3-chamber CT or 
MRI views and on echocardiographic 5- chamber 
apical image. In this deformity, the length of inlet 

a cb

  Fig. 14.5    Atrioventricular septal defect with two sepa-
rate valves ( 1  and  2 ). ( a ) Anatomic specimen showing the 
right cardiac chamber and the two valves. ( b ) Four-
chamber cine MR. ( c ) Four-chamber transesophageal 
echocardiography. The closure point of the ventricular 

septal defect is shown by  arrows . Ostium primum atrial 
septal defect is shown between the two atria.  1 -left atrio-
ventricular valve,  2 -right atrioventricular valve,  LA  left 
atrium,  RA  right atrium,  LV  left ventricle,  RV  right 
ventricle       

a b c

  Fig. 14.6    ( a ) Color Doppler transesophageal echocardio-
gram shows shunt through the ostium primum defect and 
above the atrioventricular valve plane. The posterior part 
of interatrial septum is intact ( asterisk ). ( b ) Atrioventricular 
septal defect without ostium primum defect. Note that the 
interatrial septum reaches the atrioventricular plane; the 
superior  asterisk  shows the atrioventricular septal defect 

and the inferior one the ventricular septal defect. ( c ) 
Transthoracic 3D echocardiography showing AVSD with 
two valves and without ostium primum defect. The  arrow  
points the closure of the ventricular septal defect.  IVS  
interventricular septum,  LA  left atrium,  RA  right atrium, 
 LV  left ventricle,  RV  right ventricle       
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  Fig. 14.7    Rastelli classifi cation. Anatomic specimen 
( left ), transthoracic echocardiography ( middle ), MRI 
( upper right ), and CT ( right ) of different types are shown. 
 Upper row  shows Rastelli type A ( R-A ) in AVSD with a 
common valve. In R-A, the chordae tendineae of the ante-
rior leafl ets insert in the crest of the ventricular septum 
( arrows ) causing the division of the common anterosupe-
rior bridging leafl et into left and right components. As 
shown in this case, this chordal attachment pulls the plane 
of the AV valve down into the ventricular septal defect 
below the plane of the annulus.  Dotted line  indicates the 
common atrioventricular junction.  Superior aster-
isk  shows the foramen primum and the  inferior asterisk  
shows the atrioventricular septal defect.  Middle row  
shows Rastelli type B ( R-B ) in AVSD with a common 

valve. Rastelli type B is rare and involves anomalous pap-
illary muscle chordal attachment from the right side of the 
ventricular septum ( arrows ) to the left side of the common 
anterosuperior bridging leafl et. Note the surgical patch in 
anatomic specimen ( asterisk ).  Lower row  shows Rastelli 
type C ( R-C ) insertion in AVSD with a common valve and 
dextroisomerism. Note the anterior bridging leafl et 
chordal insertion ( arrows ) into the RV free wall papillary 
muscle ( asterisk ). In Rastelli type C defects, the anterosu-
perior bridging leafl et is generally not divided and fl oats 
freely over the ventricular septum without chordal attach-
ment to the crest of the ventricular septum.  AL  anterior 
left,  AR  anterior right,  IVS  interventricular septum,  LA  left 
atrium,  RA  right atrium,  LV  left ventricle,  RV  right 
ventricle       
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(AV ring) to apex is shorter than the length of out-
let (aorta) to apex. This swan’s neck shape consti-
tutes a potential postoperative risk of obstruction 
[ 15 ,  28 ].

   On occasion, the chordae tendineae of the 
anterior leafl et insert in the interior of the outfl ow 

tract causing partial obstruction (Fig.  14.11 ). The 
problems of clinical diagnosis can be solved by 
cross-sectional echocardiography and MRI that 
show the classic anatomic features of the AV 
defect [ 14 ,  15 ,  29 ]. Associated anomalies with 
AVSD include double outlet right ventricle with 

  Fig. 14.8    Anatomic specimen ( left ) and transthoracic 
echocardiography ( right ) showing subtypes of Rastelli 
classifi cation.  Upper row  shows AVSD with a common 
valve and intermediate chordal insertion between Rastelli 
types A and B. The ostium primum ( upper asterisk ) and 
the atrioventricular defect ( lower asterisk ) combine to 
form a large septal defect. The  arrow  points the inter-
chordal spaces.  Lower row  images are AVSD with a com-

mon valve in dextroisomerism. There is mixed chordal 
insertions ( arrow ) of the anterior leafl ets in the crest of the 
ventricular septum (Rastelli type A) and the papillary 
muscle ( asterisk ) adjacent to the ventricular septum 
(Rastelli type B).  AL  anterior left,  AR  anterior right,  IVS  
interventricular septum,  LA  left atrium,  RA  right atrium, 
 LV  left ventricle,  RV  right ventricle       

 

N. Espinola-Zavaleta et al.



357

  Fig. 14.9    Anatomic specimen ( left ), transthoracic echo-
cardiography ( middle ), MRI ( upper  and  lower right ), and 
CT ( middle right ) of different types of ventricular sharing 
in AVSD.  Upper row  images show a balanced form of com-
mon valve. The common valve is equally shared by the two 
ventricles.  Middle row  images show common valve AVSD 
in dextroisomerism with left dominance. The valve ring is 
displaced toward the LV, and there is an interatrial band 

typical of this atrial situs ( arrows ). Color Doppler shows 
the shunt across the atrioventricular septal defect.  Lower 
row  images show common valve AVSD in dextroisomer-
ism with right dominance. Note the preponderance of the 
connection of the common atrioventricular valve with the 
right ventricle with a double inlet.  AL  anterior left,  AR  ante-
rior right,  IVS  interventricular septum,  LA  left atrium,  RA  
right atrium,  LV  left ventricle,  RV  right ventricle       
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a

a1 a2 b c

b c

  Fig. 14.10    Aortic unwedging and gooseneck deformity. 
Anatomic specimen ( a ), transthoracic echocardiography 
( b ), and CT ( c ) images are shown.  Upper row  images 
show dilatation of the common atrioventricular ring with 
unwedging of the aortic valve ( Ao ).  Lower row  images 
show two anatomic specimens, one with a common atrio-
ventricular valve ( a 1) and second with two atrioventricu-
lar valves ( a 2); in the latter, observe a continuous valve 

insertion on the crest of the ventricular septum, obliterat-
ing the ventricular septal defect ( asterisk ). Note shortened 
infl ow tract and elongated outfl ow tract ( dotted line ) in 
both types. Disproportional inlet-outlet lengths are also 
shown on long-axis echocardiography and CT images.  AL  
anterior left,  AR  anterior right,  LA  left atrium,  RA  right 
atrium,  LV  left ventricle,  PA  pulmonary artery       

a b c

  Fig. 14.11    Atrioventricular septal defect with two valve 
orifi ces. ( a ) Internal view of the left ventricle showing 
obstruction of the outfl ow tract by invasion of the left 
anterior leafl et of the left atrioventricular valve ( dotted 
lines  and  double-headed arrow ). The  asterisk  indicates 

the commissure between the septal anterior and posterior 
leafl ets. ( b ) Parasternal long-axis echocardiographic 
image and ( c ) cine MR show similar features ( arrow ).  Ao  
aorta,  AL  anterior left,  PL  posterior leafl et,  LA  left atrium, 
 LV  left ventricle,  RV  right ventricle       
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tetralogy of Fallot (Fig.  14.12 ) and double 
 orifi ces in any half of the AV valve (Fig.  14.13 ) 
and common atrium (Fig.  14.14 ).

      In conclusion, the spectrum of fi ndings in 
AVSD is unifi ed by the anatomic hallmarks 
of a common AV junction and defi cient AV 
 septation. An understanding of the anatomy of 
this  congenital malformation is mandatory for 
clinical diagnosis by imaging. The anatomo-
noninvasive imaging correlation between heart 
specimens and echocardiograms, CT, and MRI 
of patients with equivalent fi ndings demonstrates 
the high degree of precision that can be achieved 
with noninvasive imaging diagnosis.     

a b c

  Fig. 14.12    Atrioventricular septal defect with common 
atrioventricular valve, double outlet right ventricle, and 
Fallot’s tetralogy. ( a ) Anatomic specimen. ( b ) The echo-
cardiographic image and ( c ) coronal CT show the fi nd-
ings.  Ao  aorta,  AL  anterior left,  IS  infundibular septum,  PA  

pulmonary artery,  RV  right ventricle.  *  In ( a ) shows the 
anterior papillary muscle of the right ventricle.  Arrows  in 
( a ) denote aortic and pulmonary outlets arising from the 
right ventricle.       

  Fig. 14.13    Internal view of the right ventricle showing 
double tricuspid orifi ces ( 1  and  2 ) in an AVSD with a 
common valve.  PA  pulmonary artery,  RV  right ventricle       

a b c

  Fig. 14.14    Common atrium and levoisomerism with left 
( 1 ) and right ( 2 ) atrioventricular valves in the anatomic 
specimen ( a ) and with a common atrioventricular valve in 

the echocardiographic study ( b ) and CT ( c ).  IAS  inter-
atrial septum,  LA  left atrium,  RV  right ventricle,  LV  left 
ventricle       
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        Ebstein anomaly is a relatively rare lesion, which 
represents less than 1 % of all cases of congenital 
heart disease and has a prevalence of about 3–5 
per 100,000 live births [ 1 ,  2 ]. Although Ebstein 
anomaly primarily relates to a malformation of 
the tricuspid valve with consequent effects on 
right ventricular development, there is, in fact, a 
wide variation of abnormalities and associated 
lesions which may have signifi cant impact on 
disease prognosis. Ebstein anomaly is unique in 
that there is a broad spectrum of disease, varying 
from the severe neonatal form which continues to 
carry a dismal prognosis, even in contemporary 

series, to the milder form which may only become 
manifest in adult life, if at all. 

 Typically, the tricuspid valve septal leafl et is 
displaced in Ebstein anomaly, resulting in an ‘atri-
alised right ventricle’ and a ‘functional right ven-
tricle’. Signifi cant tricuspid valve incompetence is 
often seen. Extent of tricuspid valve disease has 
been related to abnormalities in functional right 
ventricular size. Cardiovascular magnetic reso-
nance imaging (CMR) is the cross- sectional imag-
ing modality of choice for evaluation of cardiac 
anatomy and ventricular function in the adult with 
Ebstein anomaly. Cardiac computed tomography 
(CT) is an alternative imaging modality which is 
well suited for delineation of valve morphology, 
particularly in patients unable to undergo CMR. 

   Embryology and Morphology 

   Displacement of the Right 
Atrioventricular Junction 

 The sine qua non of Ebstein anomaly is apical dis-
placement of the functional tricuspid annulus into 
the right ventricle in a spiral fashion such that the 
valve is displaced anteriorly and rightward. 
Embryologically, there is failure of delamination 
of the valve tissue from the underlying myocar-
dium resulting in apical attachments of the mural 
(posterior) and septal leafl ets. This apical dis-
placement of the atrioventricular junction results 
in an inlet portion of the right ventricle which is 
attenuated resulting in two components: an 
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  atrialised  right ventricle and a  functional  right 
ventricle (Figs.  15.1 ,  15.2 , and  15.3 ). The degree 
of adherence of the mural and septal leafl ets deter-
mines the spectrum of disease severity, ranging 
from mild forms with minimal displacement of 

the septal leafl et to complete failure of delamina-
tion of the leafl ets resulting in an imperforate 
membrane (tricuspid sac). In contrast, the anterior 
leafl et of the tricuspid valve is rarely displaced but 
is often redundant or ‘sail-like’ [ 3 ]. Of note, the 
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a b

  Fig. 15.1    Three-dimensional reproduction of the heart 
with Ebstein anomaly demonstrating views of the tricus-
pid valve from short-axis (panel  a ) and axial imaging 
(panel  b ).  aRV  atrialised right ventricle,  fRV  functional 

right ventricle,  RVOT  right ventricle outfl ow tract,  LA  left 
atrium,  LV  left ventricle,  RA  right atrium,  TVAL  tricuspid 
valve anterior leafl et,  TVPL  tricuspid valve posterior leaf-
let,  TVSL  tricuspid valve septal leafl et       

a b

  Fig. 15.2    Steady-state free-precession cine images of the atrialised right ventricle ( aRV ) in the short-axis view ( a ) and 
the axial view ( b )       
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anatomically normal tricuspid valve demonstrates 
some apical displacement relative to the hinge-
point of the mitral valve; however, this offset does 
not typically exceed 8 mm/m 2  [ 4 ,  5 ].

        Morphology of the Tricuspid 
Valve Leafl ets 

 At autopsy in 1866, Wilhelm Ebstein described 
an enlarged and fenestrated anterior leafl et of the 
tricuspid valve. The posterior and septal leafl ets 
were hypoplastic, thickened and adherent to the 
right ventricle [ 6 ]. Indeed, the leafl ets of the tri-
cuspid valve are often thickened and dysplastic 
in the setting of Ebstein anomaly [ 7 ]. 
Fenestrations, particularly of the anterior leafl et, 
are often present. In addition, tethering of the 
anterior leafl et is often seen and is caused by 
chordal attachments to the ventricular free wall 
and/or displaced papillary muscles. The anterior 
leafl et is generally elongated and, if redundant, 
may obstruct the right ventricular outfl ow tract 
[ 5 ]. The malformed tricuspid valve leafl ets often 
result in stenosis or regurgitation; however, the 
latter is far more common. The functional integ-
rity of the tricuspid valve in Ebstein anomaly 
generally depends on several factors: (a) the 
degree of displacement of the right atrioventricu-
lar junction, (b) the extent of dysplasia and the 

presence/size of fenestrations, (c) the size and 
restriction of the anterior leafl et and/or (d) the 
dimension of the ‘functional’ tricuspid valve 
annulus. Of note, the degree of displacement of 
the right atrioventricular junction has important 
relevance for disease severity and ultimate prog-
nosis in adult patients [ 8 ].  

   Development of the Right 
Heart Chambers 

 In addition to tricuspid valve disease, Ebstein 
anomaly is characterised by a wide spectrum of 
right ventricular development. In severe forms, 
the atrialised portion of the right ventricle can 
become disproportionally large, a fi nding which 
has been shown to be associated with poor prog-
nosis in both children [ 9 ] and adults [ 8 ,  10 ]. The 
apex of the functional right ventricle is often 
heavily trabeculated although the myocardium 
itself may be thinned or even aneurysmal. In the 
extreme form, replacement of the myocardium 
with fi brous tissue has been observed [ 11 ]. 
Although hypoplasia of the functional right ven-
tricle is often seen in neonates and young children 
with moderate to severe forms of Ebstein  anomaly 
(as a result of downward displacement of the right 
atrioventricular junction), in adults, conversely, 
the indexed volume of the functional portion of 
the right ventricle is typically normal or may even 
be dilated [ 12 – 14 ]. In two recent studies, dilata-
tion of the functional right ventricle was associ-
ated with the severity of tricuspid regurgitation 
suggesting a mechanistic link between valve 
insuffi ciency and enlargement of the functional 
right ventricle [ 14 ,  15 ] (Fig.  15.4 ). Unlike neo-
nates, in these studies of adults, there was a linear 
relationship between the magnitude of apical 
 displacement and the size of the functional right 
ventricle, likely refl ecting an adaptive response to 
long-standing volume overload from tricuspid 
regurgitation.

      Associated Cardiac Malformations 

 Numerous lesions can be seen in conjunction with 
Ebstein anomaly. Interatrial  communications, 

  Fig. 15.3    Cardiac CT demonstrates severe dilatation of 
the right ventricle and apical displacement of the tricuspid 
valve by 45 mm compared to the mitral septal leafl et 
insertion. Note the distance between the tricuspid valve 
annular plane ( solid line ) and the tricuspid valve coapta-
tion point ( asterisk )       
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such as a secundum atrial septal defects or a pat-
ent foramen ovale, are the most common and 
are reported in more than 80 % of cases [ 16 ] 
(Fig.  15.5 ). Other associated fi ndings include 
patency of the arterial duct, ventricular septal 
defects, pulmonary stenosis/atresia, bicuspid 

 aortic valve, aortic stenosis/atresia, coarctation of 
the aorta and/or mitral valve defects (Fig.  15.6 ).

    Congenitally corrected transposition of the 
great arteries (cc-TGA) is often associated with 
an Ebstein-like malformation of the tricuspid 
valve. In this condition, there are discordant 

a b c

  Fig. 15.4    Severe Ebstein anomaly in a 25-year-old 
woman. These steady-state free-precession cine MRI 
images demonstrate signifi cant apical displacement of the 
septal leafl et in the 4-chamber view ( a ); severe tricuspid 
regurgitation (* indicates dephasing from a signifi cant 
regurgitant jet) and severe right ventricular enlargement in 

the short-axis view ( b ); and marked dilation of the right 
ventricular outfl ow tract in the 4-chamber view ( c ). The 
end-diastolic volumes of the ‘functional right ventricle’ 
was 508 cc (244 cc/m 2 ) in the axial view consistent with 
severe enlargement (upper limit of normal, 103 cc/m 2  for 
a female)       

a b

  Fig. 15.5    A 32-year-old woman with severe Ebstein 
anomaly who developed signifi cant cyanosis during preg-
nancy due to the presence of a patent foramen ovale (PFO). 
When cyanosis persisted postpartum, she underwent per-
cutaneous device closure of her PFO with an Amplatzer 
septal occluder, shown here (*) in the 4- chamber view on 

steady-state free-precession cine MRI imaging ( a ) and in 
the axial view on non-contrast CT ( b ). Note the localised 
susceptibility artefact related to the device on MRI. After 
successful deployment of the device, there was full recov-
ery of oxygen saturations       
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atrioventricular and ventriculo-arterial connec-
tions. The tricuspid valve is associated with the 
subaortic ventricle and, therefore, is exposed to 
higher pressure as compared with typical Ebstein 
anomaly with concordant atrioventricular con-
nections where the tricuspid valve is associated 
with the subpulmonic ventricle. The dysplastic 
tricuspid valve in cc-TGA can occur without or 
with apical displacement of the septal and poste-
rior leafl ets. Unlike classic Ebstein anomaly, in 
cc-TGA, other typical features tend to be absent 
(i.e. there is no rotational displacement of the 
septal and posterior tricuspid leafl ets, the anterior 
leafl et may not be elongated, adherence of the 
septal and posterior leafl ets is limited, the atri-
alised portion of the right ventricular infl ow is 
generally small, and the inlet portion of the right 
ventricular myocardium tends not to be dilated or 
thinned) [ 17 – 21 ]. 

 Of note, left ventricular myocardial abnormal-
ities and left heart lesions are commonly seen in 
Ebstein disease. In about 20 % of patients with 
Ebstein anomaly, noncompaction of the left ven-
tricular myocardium has been described [ 22 ]. It 
is important to note that, despite potential links at 
the time of embryologic development, the extent 

of noncompaction does not mirror severity of 
Ebstein anomaly suggesting additional pheno-
typic modifi ers (Fig.  15.7 ) [ 22 ,  23 ].

   The apical displacement of the septal tricuspid 
valve leafl et may result in discontinuity of the 
central fi brous body and septal atrioventricular 
ring, creating a potential substrate for accessory 
pathway formation. Specifi cally, Wolff-Parkinson-
White syndrome is seen and has been docu-
mented in up to 36 % of patients with Ebstein 
anomaly [ 24 ,  25 ]. In the adult population with 
further atrial enlargement, patients with Ebstein 
anomaly are predisposed to other supraventricu-
lar arrhythmias such as ectopic atrial tachycardia, 
atrial fl utter or atrial fi brillation [ 25 ]. Ventricular 
arrhythmias (in the setting of myocardial fi brosis 
or in the context of left ventricular noncompac-
tion) have been described, although are far less 
common than atrial arrhythmias. [ 22 ,  25 ]  

   Differential Diagnoses 

 The most common entities to consider in the dif-
ferential diagnosis for Ebstein anomaly include 
tricuspid valve dysplasia and Uhl’s anomaly. 

a b

  Fig. 15.6    A 22-year-old woman with mild Ebstein 
anomaly and severe pulmonary hypertension 
(Eisenmenger physiology) related to a large, unrepaired 
muscular ventricular septal defect (*). Based on her 

 systemic pulmonary pressures, her right ventricle is 
hypertrophied ( a ) and the pulmonary arteries are enlarged 
( b ). Her prognosis is determined by her pulmonary hyper-
tension rather than her Ebstein anomaly       
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Tricuspid valve dysplasia is a condition defi ned 
as a spectrum of congenital anomalies of the 
tricuspid valve leafl ets, chordae and papillary 
muscles often resulting in tricuspid regurgitation. 
Although the tricuspid valve may be dysplas-
tic or redundant in the setting of Ebstein anom-

aly (Fig.  15.8 ), in the case of isolated tricuspid 
valve dysplasia, there is no apical displacement 
of the septal leafl et, and ventricular dysplasia is 
absent (in contrast to Ebstein anomaly). Uhl’s 
anomaly is characterised by complete or  partial 
absence of the  myocardial layer of the right 

a

b

c

  Fig. 15.7    A 40-year-old female with Ebstein anomaly of 
the tricuspid valve (*) associated with noncompaction of 
the left ventricle (noncompacted segments predominate at 

the left ventricular apex and free wall,  arrows ), on steady-
state free-precession cine MR imaging in the 4-chamber 
view ( a ), 2-chamber view ( b ) and short-axis view ( c )       

  Fig. 15.8    Incidental fi nding of a cystic structure (*) 
(1.9 × 1.6 cm) related to the septal leafl et of the tricuspid 
valve, imaged on transthoracic echocardiography ( a ), car-

diac MRI ( b ) and cardiac CT ( c ). Redundant tissue and 
other abnormalities of the valve leafl ets are often seen in 
the setting of Ebstein anomaly       
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ventricle. Unlike Ebstein anomaly, the tricuspid 
valve is not involved in the disease process. Uhl’s 
anomaly is rarely associated with other cardiac 
malformations.

       Clinical Presentation and Treatment 
Options 

 In the most extreme form of Ebstein anomaly, 
cyanosis and heart failure become apparent 
within the fi rst days of life. Despite recent 
advances in surgical and medical treatment in 
congenital heart disease, symptomatic newborns 
with Ebstein anomaly continue to have dismal 

outcomes, even in contemporary series [ 26 – 28 ]. 
Perhaps as a consequence of high mortality in 
neonatal life, selection bias dictates that adult 
survivors of Ebstein anomaly will represent the 
milder form of the disease spectrum. 

 In milder forms of Ebstein anomaly, patients 
may be asymptomatic throughout adult life. 
Although adults may come to medical attention 
with signs of heart failure or symptomatic arrhyth-
mia [ 10 ], fatigue and exercise intolerance are com-
mon presentations (Fig.  15.9 ). Indeed, peak oxygen 
uptake is reduced in most patients with Ebstein 
anomaly; the mean aerobic capacity (peak VO 2 ) in 
a meta-analysis of 230 patients (mean age 
22.9 years, 51.5 % male) was about 21 ± 7 ml/min/

  Fig. 15.9    A 26-year-old female with Ebstein anomaly of 
the tricuspid valve and secundum atrial defect was referred 
for surgical repair due to exercise intolerance, recurrent 
atrial arrhythmias and signifi cant tricuspid insuffi ciency. 
Steady-state free-precession (SSFP) cine MRI images 
demonstrate anatomy before surgery ( top panels ) and 
after surgery ( lower panels ). Panels ( a ): 4-chamber SSFP 
view demonstrating apical displacement of the tricuspid 

valve and signifi cant atrialisation of the right ventricle 
( aRV ); ( b ) short-axis SSFP view through the atria demon-
strating an enlarged right atrium ( RA ) and a secundum 
atrial septal defect (*); left atrium ( LA ) is diminutive. ( c ) 
4-chamber SSFP view after surgical repair (including RA 
plication, RA Maze, secundum ASD closure and tricuspid 
valve repair); and ( d ) short-axis SSFP view demonstrating 
an intact atrial septum post suture closure of ASD       
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kg, and half of those studied had an aerobic capac-
ity <60 % of predicted for normal [ 29 ]. Decreased 
aerobic activity has been associated with low rest-
ing oxygen saturation [ 30 ], a fi nding which is most 
often explained by a persistent right-to-left shunt at 
atrial level. Therefore, device closure may be indi-
cated when cyanosis is present, despite the absence 
of severe tricuspid valve disease (Fig.  15.5 ) [ 31 ]. 
From an imaging perspective, aerobic capacity has 
been shown to have an inverse relationship with 
increased atrialised right ventricular volumes as 
measured using cardiac MRI [ 15 ].

   Adults with Ebstein anomaly may fi rst present 
with signifi cant atrial and/or ventricular arrhyth-
mias. In fact, arrhythmia was found to be a major 
contributor to late haemodynamic deterioration in 
the adult with Ebstein anomaly. In one study, 
arrhythmias were the most common reason for clin-
ical presentation in unoperated adults with Ebstein 
anomaly (51 %) [ 8 ]. Patients who experience a sig-
nifi cant arrhythmia should proceed to electrophysi-
ologic testing and ablation therapy or surgical 
treatment of the arrhythmia if cardiac surgery is 
already indicated for haemodynamic reasons [ 31 ]. 

 Contemporary practice guidelines suggest that 
surgical repair of the tricuspid valve be consid-
ered in the context of symptoms and at least mod-
erate tricuspid valve dysfunction [ 31 ]. 
Additionally, PFO/ASD closure should be per-
formed surgically at the time of valve surgery. 
[ 31 ] Currently, tricuspid valve repair is preferred 
over tricuspid valve replacement. Several surgical 
techniques have been described, and early and 
long-term results are reassuring with low in- 
hospital mortality [ 32 ,  33 ]. When valve repair is 
not feasible, prosthetic tricuspid valve replace-
ment has shown to be a viable alternative (particu-
larly in patients older than 50 years) with relatively 
low perioperative mortality [ 34 ]. Surgical out-
come in tricuspid valve surgery in patients with 
Ebstein anomaly has been  associated with various 
factors, including male sex, increased haemoglo-
bin/hematocrit values, right and/or left ventricular 
dysfunction and/or presence of right heart obstruc-
tive disease (right ventricular outfl ow tract 
obstruction or hypoplastic pulmonary arteries) 
[ 35 ]. After surgical repair, aerobic capacity 
 typically improves [ 30 ], and therefore guidelines 

suggest that symptomatic patients with Ebstein 
anomaly and at least moderate tricuspid regurgita-
tion should proceed to operation [ 31 ]. In select 
circumstances, such as severe right heart disease 
including poor right ventricular contractility or 
extended atrialised right ventricle, a bidirectional 
cavopulmonary shunt may be inserted to off-load 
the right heart, considered a ‘one and a half ven-
tricle’ repair. [ 36 ,  37 ] In rare cases, the right heart 
disease is severe enough to warrant a Fontan pro-
cedure, whereby the right heart is bypassed alto-
gether and caval fl ow (both superior and inferior) 
is passively directed to the lungs (Fig.  15.10 ).

      Imaging Techniques 

   Cardiac Magnetic Resonance Imaging 

 Virtually all aspects of Ebstein anatomy, with the 
exception of detailed valve morphology, can be 
well characterised using cardiovascular magnetic 

  Fig. 15.10    A rare example of an adult patient having 
undergone Fontan palliation because of severe atrialisa-
tion of the right ventricle in Ebstein anomaly – there is 
severe displacement of the septal tricuspid leafl et towards 
the apex resulting in a large atrialised right ventricle com-
ponent (aRV). The gated CT image has been acquired sev-
eral minutes after contrast administration in order to allow 
full mixing of contrast and blood with the aim of ruling 
out thrombus within the lateral tunnel type of Fontan 
( asterisk ). Unlike Fig.  15.3 , which was acquired at an ear-
lier time point after contrast injection, the tricuspid valve 
apparatus is harder to appreciate. The anterior component 
of the lateral tunnel is composed of synthetic material 
which routinely calcifi es ( black asterisks ) with time       
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resonance imaging (CMR). Steady-state free- 
precession (SSFP) cine imaging allows for pre-
cise delineation of degree of apical displacement 
of the tricuspid valve as well as volumetric and 
functional assessment of the ventricles [ 12 ]. 
Associated lesions, such as atrial level shunts, 
left heart valve abnormalities and presence of 
myocardial noncompaction are well seen on cine 
SSFP imaging; abnormalities in pulmonary arte-
rial development, coarctation of the aorta or a 
residual ductus arteriosus are best characterised 
using magnetic resonance angiography. 
Quantifi cation of an intracardiac shunt can be 
accurately determined through comparison of 
phase-contrast fl ow volumes through the main 
pulmonary artery and aorta. Severity of tricuspid 
regurgitation can be estimated when fl ow through 
the main pulmonary artery is indexed to the right 
ventricular stroke volume [ 14 ]. It should be noted 
that precise evaluation of tricuspid valve leafl ets, 
chordal attachments and stenosis (if present) is 
best achieved using echocardiography due to 
superior spatial and temporal resolution as com-
pared with conventional CMR. 

 Despite the widespread acceptance that CMR 
is considered the reference standard for assess-
ment of right heart size and function [ 38 ,  39 ], 
relatively little was published on the CMR 
assessment of Ebstein anomaly until recently. It 
is only in the last few years that studies have 
explored assessment of the functional right ven-
tricle using axial or short-axis views on cine 
SSFP imaging (Figs.  15.1  and  15.2 ) [ 12 ,  14 ]. 
Axial imaging seems to provide more consistent 
inter- and intraobserver measurements as com-
pared with short-axis views which may be 
explained by the fact that the axial plane affords 
a better depiction of tricuspid valve displacement 
and point of leafl et coaptation [ 12 ]. That the 
functional right ventricle in the adult is not 
diminutive but is either normal in size or, more 
commonly, is enlarged when indexed for body 
surface area is a relatively new observation 
[ 12 – 14 ] and is likely explained by the presence 
of chronic tricuspid regurgitation (Fig.  15.4 ) 
[ 14 ,  15 ]. It should be noted that the precise role of 
CMR for risk stratifi cation and preoperative 
assessment of the patient with Ebstein is 

 incompletely defi ned and should serve as the 
focus of future research efforts. 

 At the University Health Network in Toronto, 
the fi rst-time study of a patient with Ebstein 
anomaly includes the following sequences: 3 
plane localisers, SSFP cine imaging in multiple 
planes (4-chamber stack, axial stack, short-axis 
stack and right ventricular 2-chamber view), 
gadolinium- enhanced magnetic resonance angio-
gram (time-resolved and conventional) and phase-
contrast fl ow analysis (non-breath held) across the 
main pulmonary artery and ascending aorta. 
Follow-up CMR studies will not include magnetic 
resonance angiography or phase contrast fl ow 
sequences if additional cardiac abnormalities were 
not previously delineated using these sequences. 

 Although CMR is the cross-sectional imaging 
modality of choice to evaluate cardiac anatomy 
and ventricular function in patients with Ebstein 
anomaly, there are certain situations in which 
CMR cannot be performed. CMR is still consid-
ered a restricted modality due to its relatively 
limited availability and substantial cost. It is a 
long study which is often not tolerated by claus-
trophobic patients. CMR is contraindicated in 
patients with a permanent pacemaker, defi brilla-
tor or retained permanent epicardial pacing wires. 
Although not absolutely contraindicated in 
patients with severe arrhythmias, image quality is 
usually signifi cantly impaired and may result in a 
nondiagnostic examination.  

   Cardiac CT 

 Cardiac CT is regarded as a partial alternative to 
CMR, since its ability to acquire data at an isotro-
pic spatial resolution permits subsequent off-line 
reformatting into any anatomical plane desired. 
This allows precise visualisation of the position 
of the tricuspid valve, including chordae tendin-
eae and papillary muscles as well as the trabecu-
lated myocardium (Fig.  15.3 ) [ 40 ]. Newer 
generation multidetector scanners (≥64 MDCT) 
allow wider z-axis coverage, and with 320 
MDCT, a volume of data covering the entire 
heart may be acquired in a single cardiac cycle – 
particularly useful in patients with atrial 
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 fi brillation. Radiation dose is an appropriate con-
cern when considering cardiac CT in a young 
population. However, modern scanning tech-
niques have dramatically reduced the imparted 
radiation dose through a combination of size- and 
weight-based dose modulation, as well as with 
iterative reconstruction techniques that allow a 
relatively noisy data set (acquired at low dose) to 
be smoothed at the time of image reconstruction 
with acceptable fi nal image quality. A complete 
single-phase image stack of the heart and great 
vessels can now usually be achieved with pro-
spective triggering (X-ray tube turned on for only 
the diastolic portion of the cardiac cycle) at a 
dose of 1–2 mSv (average dose for a technetium 
SPECT study for comparison is 10–15 mSv). 
Ventricular function can be also obtained when 
data is acquired retrospectively – since this 
involves having the tube current on throughout 
one or more cardiac cycles, the dose increases in 
proportion. In most cases, therefore, function 
remains more appropriately assessed by CMR or 
echocardiography in all but the most challenging 
cases. 

 Intravenous injection of contrast is targeted to 
obtain good opacifi cation of the right heart during 
image acquisition. The exact fl ow rate, total 
iodine volume and timing of the scan acquisition 
after the start of contrast injection are individually 
adjusted according to the precise clinical ques-
tion. Intracardiac shunts (such as an atrial septal 
defect or a patent foramen ovale) may be appreci-
ated particularly if a ‘concentration gradient’ is 
established between the right and left sides of the 
heart. This is most readily achieved with a dual-
phase injection such that one atrium/ventricle is 
opacifi ed with dense contrast, whilst the other is 
opacifi ed with a mixture of iodine and normal 
saline. The difference in Hounsfi eld attenuation 
values between the two sides then allows shunted 
blood to be identifi ed in the ‘wrong’ chamber – 
the effectiveness of this technique is particularly 
enhanced when a full cardiac cycle is acquired 
since the fl ow of blood through the hole in ques-
tion becomes more apparent. 

 Although very uncommonly encountered, 
some patients with Ebstein anomaly require 
either Glenn shunt creation or even formal Fontan 

conversion in order to off-load a severely 
enlarged or impaired right ventricle (Fig.  15.10 ). 
In these circumstances cardiac CT may be useful 
both for preoperative planning and in the longer- 
term follow-up where adequate echocardio-
graphic visualisation of the Fontan circuit (to 
exclude anatomical distortion or thrombus for-
mation) is often challenging in adult patients. 

 In summary, cardiac CT – although not the 
modality of fi rst choice for imaging Ebstein 
anomaly – is a reasonable method of assessing 
the valvular and atrioventricular components of 
this complex lesion where other methods have 
failed or are contraindicated. This can be done at 
low dose (1–2 mSv) with modern dose reduction 
strategies.      
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        Hypertrophic cardiomyopathy (HCM) is a com-
mon genetic cardiomyopathy caused by muta-
tions in genes which encode for the myofi lament 
protein components of the sarcomere or the 
z-disc [ 1 – 4 ]. It has a prevalence of 1 in 500 in the 
general population and is a global disease affect-
ing patients in all continents [ 5 ] and of both gen-
ders [ 6 ]. It is the leading cause of sudden death in 
young people, with an annual mortality rate of 
1 % [ 7 ]. Since its fi rst description over 50 years 
ago, the pathophysiology of the disease is still 
incompletely understood [ 8 ]. The disease is asso-
ciated with tremendous heterogeneity with regard 
to its presentation, phenotype, and prognosis. 
The diagnosis for HCM is usually made clini-
cally after symptom onset or cardiac events, but 
may also be found after routine 12-lead electro-
cardiogram (ECG), heart murmur on cardiac 
exam, or in family screening of probands. 

   Imaging 

 Clinical diagnosis is confi rmed through imaging 
using 2D echocardiography and/or cardiac MRI 
(CMR) or CT by identifying an increase in left 
ventricular (LV) wall thickness ≥15 mm (mean 
~22 mm [normal ≤12 mm]) without a dilated LV 
chamber in absence of other cardiac or systemic 
disease processes (e.g., aortic stenosis, chronic 
hypertension) capable of producing the magni-
tude of hypertrophy [ 9 ]. In certain instances, such 
as patients with a family history of HCM, a maxi-
mal wall thickness ≥13 mm may be compatible 
with the diagnosis of HCM. LV hypertrophy is 
most commonly asymmetric, with the most com-
mon location of increased wall thickness occur-
ring in the contiguous area of the basal anterior 
septum and anterior wall [ 10 ] (Fig.  16.1 ), although 
there is tremendous heterogeneity in phenotypic 
expression, even in those with a common geno-
type. In addition, in close to 25 % of HCM 
patients, segments of LV hypertrophy can be sep-
arated by myocardial regions of normal thickness, 
i.e., noncontiguous pattern of LV hypertrophy. 
Concentric pattern of LV hypertrophy occurs very 
rarely in HCM (~1 %) [ 11 ,  12 ] (Fig.  16.2 ).

       Characterization of Anatomy 

   LV Hypertrophy 

 CMR has the unique ability to acquire truly tomo-
graphic high-resolution images in any anatomic 
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plane without ionizing radiation, thus making it a 
particularly useful tool for precisely characterizing 
the HCM phenotype. Balanced steady state free 
precession (SSFP) cine imaging sequences result in 
a sharp delineation of myocardial borders due to the 
high contrast between a relatively dark myocardium 
and bright blood pool. This allows for accurate 

measurements of wall thickness in any region of the 
LV chamber. By using contiguous short-axis slices, 
a clear and comprehensive presentation of the entire 
myocardial geometry from the base to apex can be 
achieved, resulting in precise and reproducible 
quantifi cation of chamber volumes, LV mass, and 
systolic function (Figs.  16.1  and  16.2 ). 

a b c

  Fig. 16.1    Focal myocardial hypertrophy. Images in differ-
ent planes (with corresponding scanlines) serve as a refer-
ence “road map” to pinpoint the location of focal hypertrophy 
and to precisely measure the true maximal wall thickness, a 
metric which has been associated with increased risk of car-
diac events. ( a ) In this HCM patient, a basal short-axis slice 

shows a focal area of increased septal wall thickness con-
fi ned to the anterior septum with normal wall thickness in 
other segments. Maximal wall thickness was 16.6 mm. 
Corresponding 4-chamber ( b ) and 2-chamber ( c ) views 
demonstrate the diffi culty in appreciating the true geometry 
of the left ventricle walls without the short-axis slice       

  Fig. 16.2    Concentric hypertrophy on the left ventricle 
(LV). ( a ) Short-axis stack shows extreme hypertrophy in 
most segments. Note the relative sparing of the right ven-
tricular walls. ( b ) 4-chamber slice showing the degree of 
hypertrophy in all of the LV walls. ( c ) Enlarged view of 

slice 7, showing maximal wall thickness of 31 mm. Overall 
LV mass was 311 g, with an LV mass index of 185 g/m 2 . 
Based on this fi nding and after a balanced discussion with 
the patient, a prophylactic ICD was placed due to the high 
risk of sudden death associated with extreme hypertrophy       

 

 

R.H.M. Chan and M.S. Maron



375

 Focal areas of LV hypertrophy in the antero-
lateral free wall, apex, and posterior septum may 
not be well seen (or the extent underestimated) 
by echocardiography due to the inability to dis-
criminate the epicardial borders of the heart from 
noncardiac structures, or due to anatomic inter-
ference from thoracic or pulmonary parenchyma 
(Fig.  16.3 ). Furthermore, there is evidence to 
suggest that in some HCM patients, 
 echocardiography can substantially underesti-
mate the magnitude of hypertrophy compared 
with CMR [ 13 ], particularly in patients with 
focal areas of increased LV wall thickness con-
fi ned to the anterolateral wall [ 14 ] (Fig.  16.3c ).

   Apical HCM is characterized by hypertrophy 
of the myocardium, predominantly in the left 
ventricular apical area. This variant of HCM is 
rare in Western countries (1–2 %) but is common 
in Japanese and other Asian populations (up to 
25 %). Typical features of apical HCM include 
giant negative T waves on ECG, mild symptoms, 
and a generally more benign course. Other mor-
phological fi ndings of this disease include cavity 
obliteration and apical sequestration (Fig.  16.3 ). 
Echocardiography has limitations for demonstra-
tion of the apex and may miss apical HCM. This 
limitation is not encountered with cardiac MRI. 

 CMR can also easily facilitate the identifi cation 
of patients with massive hypertrophy (maximal 
wall thickness ≥30 mm) which is considered a 
high-risk feature and warrants consideration of 
primary prevention implantable cardioverter- 
defi brillator (ICD), even in the absence of any 
other risk markers (Fig.  16.2 ) [ 15 ]. CMR can iden-
tify myocardial crypts, which are more common in 
genotype-positive but phenotype- negative patients 
(i.e., without LV hypertrophy), and may help iden-
tify HCM family members to be considered for 
diagnostic genetic testing (Fig.  16.4 ) [ 16 ,  17 ].

   LV mass calculated from planimetry of short- 
axis slices provides an excellent assessment of 
the overall extent of LV hypertrophy, as there is 
tremendous variability in the patterns of hyper-
trophy in regions remote from maximal LV wall 
thickness. LV mass is therefore a more robust 
measure of the overall extent of LV hypertrophy. 
There is recent evidence that marked increase in 
LV mass index may be more sensitive in predict-
ing adverse outcome (including sudden death), 

while maximal wall thickness >30 mm was more 
specifi c [ 18 ]. However, its relevance as an inde-
pendent marker for predicting adverse outcomes 
such as sudden death (SD) is still not well defi ned.  

   RV Hypertrophy 

 Precise delineation of right ventricular morphol-
ogy has been challenging with echocardiography 
due to its complex three-dimensional geometry 
and its orientation within the thorax. The unique 
ability of CMR or CT to obtain or reconstruct 
images in any orientation provides tools for 
robust assessment of the RV. Recent studies have 
demonstrated increased RV wall thickness 
(≥8 mm) in over 1/3 of HCM patients, with an 
important proportion of patients who have an 
increased RV wall mass [ 19 ,  20 ]. 

 In addition, approximately half of HCM 
patients will demonstrate hypertrophy of the sep-
tal band and the crista supraventricularis 
(Fig.  16.5 ) which is an RV muscle structure that 
is often positioned adjacent to the basal anterior 
septum [ 21 – 23 ]. As a result, it can sometimes be 
erroneously included in the measurement of the 
ventricular septum, which can lead to overesti-
mations in LV maximal wall thickness. It is 
important to clarify the anatomy by carefully 
examining cine loops and seeing the crista move 
off the septum at various stages of the cardiac 
cycle. The morphological phenomena of hyper-
trophied crista supraventricularis and increased 
RV wall thickness support the principle that 
HCM is a disease process that can involve the 
right ventricle, rather than exclusively the LV.

      LV Outfl ow Tract Obstruction 

 Subaortic obstruction in HCM is caused by ante-
rior leafl et of the mitral valve (rarely the posterior 
leafl et) making contact with basal septum in mid- 
systole (SAM-septal contact) (Figs.  16.6  and 
 16.7 ). The Venturi effect was originally hypothe-
sized to be the mechanism by which systolic 
anterior motion (SAM) of the mitral valve leafl et 
and chordal structures occurs. However, recent 
evidence has pointed to fl ow drag, which is the 
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  Fig. 16.3    Echocardiography weaknesses. ( a ,  b ) Patient 
with fl ipped T waves on lateral leads during a screening 
ECG leads to echocardiography, but was nondiagnostic 
due to incomplete visualization of the apex and apical lat-
eral walls ( a ). In this case, steady state free precession 
(SSFP) MR ( b ) showed substantial hypertrophy at the 
apex as well as a small apical aneurysm ( arrow ). ( c ) Focal 
hypertrophy of the mid-inferior septum ( arrow ), which 
was underappreciated in echocardiography. ( e ,  f ) In a dif-
ferent patient, echocardiography suggested thickening of 

the apex ( arrow  in  d ); however, the endocardial borders 
were not clearly visualized. Corresponding 4-chamber 
cine slice ( e ) precisely delineating the degree and location 
of apical hypertrophy ( arrows ). Late gadolinium enhance-
ment (LGE) imaging shows extensive enhancement in the 
apex and the anterior wall ( arrow ). ( g – i ) Patient with api-
cal variant HCM without evidence of LGE. 4-chamber ( g ) 
and 2-chamber SSFP images clearly show the hypertro-
phy localized to the apex. 2-chamber late gadolinium 
enhancement ( i ) shows no abnormal enhancement       
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force of fl ow from a hyperdynamic ventricle, to 
be the primary hemodynamic force for pushing 
the mitral valve toward the septum. Hence, com-
plete characterization of the mitral valve appara-
tus (including the chordal structures and papillary 
muscles), and their infl uence on the pathophysi-
ology of LV outfl ow tract (LVOT) obstruction, 
has important therapeutic implications. There is 
also emerging evidence that the angle between 
LVOT and aortic root may be related with out-
fl ow tract gradient [ 24 ]. The elevated LV systolic 
pressures resulting from outfl ow tract obstruction 
lead to increased wall stress, venous congestion, 
myocardial ischemia, and mitral regurgitation. 

Fibrosis may lead to diastolic dysfunction and 
may also be a substrate for unstable arrhythmias 
(see discussion below on LGE).

    Cine CMR can accurately locate in 3 dimen-
sions the origin of high-velocity blood fl ow, 
frequently in the region of SAM-septal contact, 
which is visualized as a signal void from dephased 
blood (Fig.  16.6 ). Although SSFP sequences 
are less sensitive to dephasing from turbulent 
blood fl ow compared with gradient recalled echo 
(GRE) sequences, hemodynamically signifi cant 
outfl ow tract gradients usually result in visually 
apparent signal voids to easily locate the origin 
of the obstruction. Phase contrast (PC) MR can 

  Fig. 16.4    Different phenotypic expressions of HCM. ( a ) 
Multiple accessory papillary muscles ( arrows ) seen on 
short- axis CMR. ( b ) End-stage HCM with left ventricle 
ejection fraction =30 %. Note the markedly enlarged left 
atrium and the presence of apicobasal bundle ( arrow ). ( c ) 

Myocardial crypts ( arrow ) seen in mid-inferolateral wall 
on echocardiogram in 3-chamber view. ( d ) Different 
patient with a myocardial crypt ( arrow ) seen in basal infe-
rior wall       
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be obtained if subaortic hypertrophic obstructive 
cardiomyopathy (HOCM) is suspected.    For accu-
rate measurements, it is important that the plane 
of PC image is adjusted perpendicular to jet of 

blood fl ow in subaortic region and the velocity 
encoding (VENC) value is set high enough to pre-
vent aliasing. However, due to the superior tem-
poral resolution of Doppler  echocardiography, 

  Fig. 16.5    Right ventricular (RV) septomarginal trabecu-
lation and crista supraventricularis can be mistakenly 
incorporated in the intraventricular septum measure-
ments. ( a ) HCM patient with very prominent septal band 
muscle ( outlined in white ), as well as increased thickness 
of right ventricular anterior free wall of 8.2 mm. Due to 
the location of this muscle adjacent to the septum, incor-
rect inclusion of its dimensions when measuring the left 
ventricle (LV) septal thickness may lead to overestimation 
of the maximum LV wall thickness. Close inspection of 

the cine short-axis stack confi rms that this structure 
indeed moves away from the septum toward the RV cav-
ity. Furthermore, views from other orientations with scan-
lines in ( b ) (modifi ed 5-chamber view) and ( c ) (RV 
outfl ow tract view) confi rm the location of the circum-
scribed area of thickness is in the right ventricular cavity 
rather than part of the septum. ( d ) Another patient with 
hypertrophied septomarginal trabeculation, with its struc-
ture outlined       
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it is preferable to use gradient measurements 
obtained from echocardiography when making 
treatment decisions. 

 Furthermore, fi xed LVOT obstruction by a 
subvalvular membrane and aortic valve stenosis 
must be ruled out, usually through the use of 
echocardiography. The presence of an outfl ow 
tract gradient in the absence of SAM-septal 
 contact is highly suggestive of a subaortic 
membrane. 

 Basal LVOT gradients ≥30 mmHg due to 
SAM-septal contact are a strong independent 
determinant of heart failure (HF) symptom 

 progression, HF death, stroke death, and all-cause 
mortality [ 25 ]. The identifi cation of obstruction at 
rest or following exercise opens up treatment 
options not available to nonobstructed patients, 
including surgery and alcohol septal ablation. 
Therefore, identifying obstruction is a critical 
issue in the diagnostic workup for HCM patients. 

 The limiting factor is the dynamic nature of 
LVOT obstruction [ 26 ,  27 ], where CMR can only 
assess a patient reliably under basal conditions. 
One-third of HCM patients will only have outfl ow 
obstruction transient during activity or provocation. 
Thus, clinical management decisions regarding 

  Fig. 16.6    Elongation of mitral valve leafl et length has 
been identifi ed as a primary phenotypic abnormality in 
patients with HCM phenotype or genotype. ( a ) Patient 
with anterior mitral leafl et length of 31 mm ( arrow ), ( b ) 
Without systolic anterior motion or mitral regurgitation. 
( c ) Patient with anterior mitral leafl et length of 31 mm and 

posterior mitral leafl et length of 23. ( d ) There was marked 
leafl et and chordal systolic anterior motion leading to an 
LVOT gradient of >80 mmHg. Note the dephasing jet 
indicative of turbulence through the LVOT ( arrow ) as 
well as dephased blood in left atrium ( arrowhead ) indica-
tive of mitral regurgitation       
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 outfl ow obstruction should be predicated on mea-
surements from echocardiography (with or without 
stress/provocative maneuvers) (Fig.  16.8 ) [ 28 ].

      Papillary Muscles 

 Abnormalities in papillary muscle morphology 
are common, including papillary muscle hyper-
trophy, anteroapical displacement, double bifi d, 
direct insertion into mitral leafl ets, fusion to ven-
tricular septum or free wall [ 11 ,  29 – 32 ], and 
accessory papillary muscles (including apico-
basal muscle bundles [ 33 ]) (Fig.  16.9 ). Cardiac 
MR can be used to reliably characterize papillary 
muscle anatomy by accurately identifying their 
number, location, and position in the LV chamber 
(Fig.  16.10 ). When compared with controls, there 
appears to be an increased number of papillary 
muscles, in addition to an increased papillary 
muscle mass. Papillary muscle mass is related to 

overall LV mass index. However, subgroups of 
patients have normal LV mass but increased pap-
illary muscle mass [ 30 ]. These observations 
broaden our understanding of HCM phenotype to 
include structures beyond the left ventricular wall 
and suggest that the same disease pathophysiol-
ogy responsible for LV hypertrophy may also be 
involved in papillary muscle hypertrophy.

    Certain abnormalities in papillary muscle 
anatomy have been shown to be related to LVOT 
obstruction. Papillary muscles appear to be posi-
tioned more anteriorly and closer to the ventricu-
lar septum in those with LVOT obstruction at rest 
and had more marked hypertrophy compared to 
those without obstruction [ 30 ]. Anteroapical dis-
placement of anterolateral papillary muscles and 
double bifi d papillary muscles have been found 
to be independently associated with signifi cant 
outfl ow gradients, even after controlling for sep-
tal thickness [ 29 ]. Patients with signifi cant out-
fl ow tract obstruction also have papillary muscles 

  Fig. 16.7    Some classical echocardiographic fi ndings 
found in HCM patients with left ventricle (LV) outfl ow 
tract obstruction, illustrating the anatomy and hemody-
namic effects as a result of the obstruction. ( a ) Continuous 
wave Doppler through the LV outfl ow tract in 5-chamber 
view showing typical dagger-shaped fl ow indicative of 

dynamic obstruction. ( b ) M-mode through mitral valve 
leafl ets in parasternal long axis showing valvular systolic 
anterior motion ( arrows ). ( c ) M-mode through aortic 
valve leafl ets in parasternal long axis showing premature 
closure in mid-systole ( arrows )       

  Fig. 16.8    Left ventricle (LV) outfl ow tract obstruction is 
a dynamic process. This is an echocardiogram of an HCM 
patient with marked dyspnea during exertion showing 
continuous wave Doppler gradients across LV outfl ow 
tract. ( a ) At rest – no signifi cant gradient seen. ( b ) With 

Valsalva maneuver – no signifi cant change in gradients. 
( c ) During exercise – signifi cant LV outfl ow tract obstruc-
tion with peak gradient >60 mmHg. Patient’s symptoms 
were well controlled with titrating doses of beta-blockers       
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closer to the ventricular septum (Fig.  16.9 ) [ 30 ]. 
Prior to more widespread use of CMR, such 
abnormalities are often not well appreciated by 

echocardiography and thus missed and were only 
seen during surgery by direct inspection [ 22 ]. 
Papillary muscle mobility may also play an 

  Fig. 16.9    Schematic of septum, papillary muscle, and 
mitral valve anatomy and their contribution to LV outfl ow 
tract obstruction and mitral regurgitation. ( a ) Normal pap-
illary muscle and mitral valve location and length. Note 
the unimpeded fl ow through the LV outfl ow tract. ( b ) 
Anteroapical displacement of thickened papillary muscle 
( arrow ), with lengthened anterior mitral valve leafl et ( * ) 

and thickened septum leading to signifi cant outfl ow tract 
obstruction. ( c ) Double bifi d papillary muscles with 
lengthened posterior mitral valve leafl et ( * ), leading to 
chordal and valvular systolic anterior motion, outfl ow 
tract obstruction, malcoaptation, and mitral regurgitation 
(Figures copyright Raymond H Chan)       

  Fig. 16.10    Papillary muscle hypertrophy and mitral 
valve abnormalities are primary anatomic features of 
HCM, which affect more than the left ventricle (LV) 
walls. ( a ) Short-axis steady state free precession (SSFP) 
shows prominent size of posterior papillary muscle 
( arrow ), despite relatively normal wall thicknesses. ( b ) 
Modifi ed 4-chamber SSFP confi rms marked enlargement 

of posterior papillary muscle ( arrow ). ( c ) LV outfl ow tract 
(LVOT) view shows elongated anterior mitral valve leaf-
let. ( d – f ) Show late gadolinium enhancement (LGE) 
imaging in corresponding views. Note enhancement seen 
in papillary muscle ( d ,  e ) and mitral valve leafl ets ( f ) 
( arrows ). The clinical signifi cance of LGE in these struc-
tures is unknown       
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important role in dynamic LV outfl ow tract 
obstruction during exercise (Fig.  16.8 ). Complete 
visualization of papillary muscle anatomy is 
therefore a clinically important step in the man-
agement of patients with LVOT obstruction. 

 The above evidence supports the hypothesis 
that accessory and apically displaced papillary 
muscles contribute signifi cantly to LVOT obstruc-
tion, by pulling the plane of the mitral valve 
toward the septum. As a result, they are often 
removed during surgery, and therefore, their iden-
tifi cation by imaging can aid in preoperative sur-
gical planning. Furthermore, CMR can identify 
anomalous papillary muscle insertion into the 
mitral valve, which can redirect patients toward 
surgery rather than alcohol septal ablation, since 
this abnormality causes mid- ventricular obstruc-
tion not amenable to percutaneous approach.  

   Mitral Valve Leafl et Anatomy 

 Mitral valve leafl ets appear to be elongated inde-
pendently of other morphological characteristics 
such as LV thickness or mass and may represent a 
primary phenotypic characteristic of HCM [ 34 ]. 
Such elongated leafl ets play an important role in 
generating LV outfl ow tract gradients, particularly 
in those whose relative anterior mitral leafl et 
length exceeds twice that of the transverse LV out-
fl ow tract diameter (Fig.  16.6 ) [ 34 ]. The anterior 
mitral leafl et (AML) has more redundancy and 
mobility [ 35 ].    There is also a signifi cant relation-
ship between the ratio of AML length and LVOT 
diameter with length and the magnitude of outfl ow 
tract gradient. Extreme lengths of the AML may 
potentially produce mitral-septal obstruction even 
after extensive septal muscle resection. Increased 
mitral valve leafl et length may also serve as a 
marker of gene-positive status in HCM in family 
members without LV hypertrophy. 

 As a result of mitral leafl et malcoaptation due 
to systolic anterior motion (SAM), mitral regur-
gitation jets can also be seen as a signal void in 
the left atrium. These jets are often posteriorly 
directed due to relatively greater SAM of the 
AML compared to the posterior leafl et (Fig.  16.6 ). 
The regurgitant jet volume can be quantitated by 

comparing the left ventricular stroke volume by 
planimetry of SSFP images with the aorta fl ow 
obtained from phase contrast sequences.   

   Planning for Surgical Myectomy 

 Surgical myectomy is the gold standard for 
symptomatic relief in patients with signifi cant LV 
outfl ow obstruction on maximal medical therapy 
[ 9 ]. As outlined above, CMR can be helpful by 
clear delineation of the relative three- dimensional 
anatomy of the LV outfl ow tract, mitral valve, 
and the subvalvular apparatus [ 28 ]. Accessory 
papillary muscles which may contribute to 
obstruction can be identifi ed for planned removal. 
Important measurements for operative planning 
include maximal septal thickness, distance of 
maximum thickness from aortic annulus, and the 
apical extent of septal bulge. Careful CMR plan-
ning using multiple thin slabs with no gaps in the 
LV outfl ow tract orientation can be extremely 
helpful by providing precise and reproducible 
measurements. This anatomic information should 
supplement rather than supplant those obtained 
from transesophageal echocardiogram (TEE). 

   Evaluation After Alcohol 
Septal Ablation 

 Using late gadolinium enhancement imaging, 
CMR can objectively quantify the amount of 
necrosed tissue, as well as its location in relation-
ship to the LVOT (Fig.  16.11 ). This may help in 
the assessment of patients who achieve subopti-
mal results after ablation or when gradients recur 
late after the procedure.

      LV Apical Aneurysms 

 HCM patients with LV apical aneurysms are a pre-
viously under-recognized subgroup prior to more 
widespread use of CMR in these patients. Its preva-
lence is low at 2 % [ 36 ]. It is characterized by thin-
walled, akinetic, or dyskinetic segments in the LV 
apex (Fig.  16.12 ). Often, these segments are 
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 composed of fi brotic tissue which can be seen as a 
transmural pattern of late gadolinium enhancement 
(Fig.  16.13 ). Like apical hypertrophy, echocardiog-
raphy may not reliably detect these aneurysms 
because of its technical limitations, where in one 
study the sensitivity was only 57 % [ 37 ].

    Several mechanisms have been proposed, 
including genetic disposition, presence of myo-
cardial bridging of the left anterior descending 
artery, and mid-cavitary obstruction causing ele-
vated pressures leading to myocardial fi brosis. 
The true mechanism of aneurysmal formation is 
likely multifactorial, as each of the above charac-
teristics has been shown to occur in a small 
minority of patients [ 37 ]. Mid-ventricular hyper-
trophic obstructive cardiomyopathy (HOCM) is 
characterized by asymmetric left ventricular 
hypertrophy and by a pressure gradient between 
basal and apical sites in the left ventricle. These 

patients are often symptomatic and prone to ven-
tricular arrhythmias arising from the distal left 
ventricular aneurysm (Fig.  16.13 ). 

 Recent evidence shows that adverse event rates 
in the subgroup with apical aneurysms are sub-
stantial at ~10 % per year, including sudden death, 
ICD discharges, nonfatal thromboembolic stroke, 
progressive heart failure, and death [ 37 ]; thus, 
patients with apical aneurysms are considered a 
high-risk subgroup. Often, fi brosis can extend 
from the aneurysm to the periapical regions in the 
septum and free wall and may thus serve as a sub-
strate for malignant dysrhythmias [ 38 ]. Patients 
should be considered for ICD implantation for 
primary prevention of sudden death, particularly 
those with extensive LGE [ 10 ]. Dyskinetic and 
akinetic segments may harbor pools of stagnant 
blood fl ow, leading to the formation of intracavi-
tary thrombi and subsequent thromboembolic 

  Fig. 16.11    Cardiac    MR can be helpful in the evaluation 
of patients after alcohol septal ablation. These series of 
images are from a patient who had a successful alcohol 
septal 2 months prior to MR. ( a ) Short-axis steady state 
free precession (SSFP) slice showing small area of 
infarcted myocardium that fails to thicken during systole 
in ( b)  ( arrow ). Corresponding LGE imaging in short-axis 
( c ) and 4-chamber view ( d ) showing focal area in the 

basal septum with bright transmural enhancement sec-
ondary to induced infarction from the alcohol septal abla-
tion ( arrow ). ( e ) Prior to the alcohol septal ablation, 
continuous wave Doppler echocardiography shows a sig-
nifi cant LVOT gradient well over 50 mmHg. ( f ) 2-month 
post-alcohol septal ablation, there is no clinically signifi -
cant LVOT gradient       
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strokes. Among those with a sizable apical aneu-
rysm, there may be a potential role for anticoagu-
lation for stroke prophylaxis. 

 Fortunately, ventricular rupture is not com-
mon despite marked thinning of the myocardium 
at the apex; thus, prophylactic surgical resection 
is not warranted.   

   Tissue Characterization 

   Late Gadolinium Enhancement (LGE) 

 Current risk stratifi cation algorithms for sudden 
cardiac death (SCD) in HCM are imprecise and 
not always defi nitive, as SCD occasionally occurs 
in patients without conventional risk factors 
(Fig.  16.14 ). Identifi cation of additional markers 

to allow more precise selection of those patients 
who may benefi t from primary prevention ICD 
therapy represents a major clinical aspiration in 
HCM. Recently, contrast-enhanced CMR with 
late gadolinium enhancement (LGE) has emerged 
as an imaging technique to noninvasively identify 
myocardial fi brosis in coronary artery disease 
and other cardiomyopathies, including HCM. 
The prognostic value of LGE in HCM patients 
has been the subject of immense interest since the 
fi rst large study demonstrated a possible associa-
tion between LGE and adverse events [ 39 – 44 ].

      Pathophysiology of LGE 

 Myocardial fi brosis may be a manifestation of 
the repair process emanating from microvascular 

  Fig. 16.12    Apical aneurysms. Patients with apical aneu-
rysms represent a small subgroup of high-risk patients. 
Several mechanisms for aneurysm development have 
been proposed, including mid-cavitary obstruction. These 
series of steady state free precession (SSFP) images are 
from a patient with harsh systolic murmur and shortness 
of breath, diagnosed with hypertrophic cardiomyopathy 
with apical aneurysm and mid-cavitary obstruction, with 
intraventricular gradient >80 mmHg by echocardiogram. 
( a – c ) Are diastolic and ( d – f ) are systolic views. 4-cham-

ber slice ( a ) shows dramatic mid-ventricular hypertrophy 
( arrows ) at end diastole and near obliteration of mid-cav-
ity at systole with a jet of dephased blood ( arrows  in  d ) 
indicative of turbulent fl ow. 2-chamber views in systole 
( b ) and diastole ( e ) showing noncontractile large apical 
aneurysm ( arrows ). Late gadolinium enhancement imag-
ing did not show any evidence of enhancement, refuting 
the hypothesis that myocardial fi brosis and subsequent 
dilation is the mechanism of aneurysm formation       
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  Fig. 16.13    Enhancing apical 
aneurysm. A young patient 
with hypertrophic cardiomy-
opathy and apical aneurysm 
presented with a recent stroke 
(presumed to be cardioem-
bolic). ( a ,  b ) Focal hypertro-
phy in the mid-left ventricle 
( arrows ), with a dyskinetic 
apical aneurysm. 
Corresponding late gado-
linium enhancement (LGE) 
images on similar planes ( c , 
 d ) show substantial enhance-
ment of the left ventricle apex 
and the periapical regions 
( arrows )       

  Fig. 16.14    Contrast-enhanced CMR with late gadolin-
ium enhancement can be an arbitrator for implantable 
cardioverter- defi brillator ( ICD ) placement decisions in 
HCM patients whose risk remains ambiguous after assess-
ment with conventional risk factors such as a familial his-
tory of sudden death, history of unexplained syncope, 
multiple episodes on non-sustained ventricular tachycar-
dia, massive left ventricular hypertrophy ( LVH ), and 

abnormal blood pressure response to exercise. 
Furthermore, extensive late gadolinium enhancement 
( LGE ) by itself can identify HCM patients at increased 
sudden death risk, in whom prophylactic ICD therapy 
would otherwise not be considered. Conversely, the 
absence of LGE is associated with low risk of sudden 
death ( SD ) and therefore a potential source of reassurance 
to patients.  NSVT  non-sustained ventricular tachycardia       
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dysfunction and silent ischemia in a large propor-
tion of HCM patients. It has been postulated that 
LGE mostly represents such areas of myocardial 
fi brosis. However, much of the histopathological 
correlations with LGE imaging have been extrap-
olated from CMR-based animal models involv-
ing myocardial infarctions [ 45 ]. Only a small 
number of case reports with explanted end-stage 
HCM patients [ 44 ,  46 ] and small case series of 
patients who underwent myectomies [ 47 ,  48 ] 
have provided direct comparison of LGE to his-
topathology in HCM. Furthermore, it has been 
shown that the junction of the septum and right 
ventricular walls (the so-called RV insertion 
points) may in fact be areas of expanded extracel-
lular space due to intersecting myocardial fi bers 
rather than myocardial fi brosis (Fig.  16.15 ) [ 49 ]. 
There is currently no suitable HCM animal model 
available for study. Thus, the precise mechanism 
by which LGE occurs in HCM is still uncertain 
[ 50 ], but there is strong circumstantial evidence 
to support the paradigm of LGE representing 
areas of replacement fi brosis, particularly in end- 
stage HCM.

      Pattern and Distribution of LGE 

 Prevalence of LGE is high, with a range between 
40 and 80 % depending on patient population. 
Almost any pattern, distribution, and location of 
LGE can be observed in HCM (Fig.  16.16 ). Most 
commonly, it occurs in a patchy mid-wall 

 distribution, usually involving segments with 
greatest degrees of hypertrophy [ 40 ,  44 ]. This is 
likely refl ective of the severity of chronic micro-
vascular ischemic damage leading to replacement 
fi brosis. Patients with greater maximal wall thick-
ness and LV mass index tend to have greater extent 
of LGE [ 40 ,  44 ] (Fig.  16.17 ). LGE can be com-
monly localized to the RV insertion points, likely 
secondary to myocyte disarray and expansion of 
extracellular space rather than fi brosis (Fig.  16.15 ) 
[ 49 ]. As well, LGE can be found in the right ven-
tricular wall and papillary muscles (Fig.  16.10 ). 
There is a strong inverse relationship between 
LVEF and the extent of LGE. Patients with end-
stage HCM with depressed ejection fraction usu-
ally have extensive LGE seen in all segments 
(Fig.  16.18 ) [ 40 ,  44 ,  51 ]. LGE should not corre-
spond to a coronary  vascular distribution, unless 
there is concomitant coronary artery disease.

     As the quantity of LGE may be small, contig-
uous stacks without gaps are needed to ensure 
proper sensitivity for small regions of enhance-
ment.    At a minimum, three orthogonal planes 
should be obtained: a short-axis stack with slice 
thickness of not more than 10 mm, 2-chamber 
view, and 4-chamber view. High-resolution 
(voxel size ≤1.4 mm) isotropic sequences can 
also be used if locally available and of suffi cient 
image quality. Furthermore, it is crucial to 
 cross- reference areas of enhancement simultane-
ously using scanlines in different imaging planes 
(Fig.  16.17 ) to exclude artifacts from blood pool 
and partial volume averaging, particularly in the 

  Fig. 16.15    Short   -axis slices of late gadolinium enhance-
ment (LGE) imaging, showing the classical “insertion 
point” enhancement described in various cardiomyopa-
thies, including HCM. ( a ) Prominent LGE seen in 

 isolation at the anterior RV insertion point ( arrow ), ( b ) at 
the inferior insertion point ( arrow ), and ( c ) at both the 
anterior and inferior insertion points ( arrows )       
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basal and apical areas. It is often helpful to use 
SSFP cine images as another source of reference, 
due to its high image contrast between dark myo-
cardium and bright blood pool.  

   LGE and Risk of Adverse Events 

 Previous studies demonstrated that LGE is asso-
ciated with ventricular arrhythmias [ 39 – 44 ]. 

LGE was shown to be an independent predictor 
of non-sustained ventricular tachycardia (NSVT), 
even after adjusting for age and maximal wall 
thickness [ 52 ]. These data suggest that LGE may 
be representative of the burden of arrhythmo-
genic substrate and perhaps contribute to the risk 
of lethal arrhythmias in HCM. This is supported 
by evidence that the presence of NSVT is associ-
ated with higher risks of sudden death, particu-
larly in young patients [ 53 ]. 

  Fig. 16.16    Late gadolinium enhancement (LGE) patterns. 
Almost any pattern, distribution, and location of LGE can be 
observed in HCM. ( a ) Basal left ventricle ( LV ) short-axis 
image from an asymptomatic 29-year-old man with no con-
ventional risk factors and focal areas of LGE confi ned to 
mid-myocardial anterior wall ( arrows ), encompassing 4 % 
of LV mass. ( b ) Mid-LV short-axis image from a 61-year-old 
woman, with substantial LGE (23 % of LV mass) involving 
basal anterior septum and contiguous anterolateral free wall 
( thick arrows ) as well as a focal area at the intersection of the 
RV free wall and posterior septum ( thin arrow ). A short fi ve 
beat run of NSVT on 24-h ambulatory Holter ECG was the 
only evidence for increased sudden death risk. Extensive 
LGE acted as an arbitrator for the decision to implant an ICD 
for primary prevention, which terminated an episode of rapid 

ventricular tachycardia 5 months later. ( c ) 4- chamber long-
axis image from a mildly symptomatic 54-year-old man 
without conventional sudden risk factors, normal ejection 
fraction (60 %), and extensive, transmural LGE involving the 
distal posterior septum, apex, and lateral free wall ( arrows ) 
encompassing 36 % of LV mass. One year after implantable 
cardioverter-defi brillator (ICD) placement, this patient 
received an appropriate ICD shock for rapid monomorphic 
ventricular tachycardia. ( d ) 4-chamber long-axis image from 
a 29-year-old man with extensive LGE involving large por-
tions of ventricular septum ( arrows ) encompassing 32 % of 
LV mass. Over the follow-up period, he developed the end-
stage phase of HCM (EF <50 %) associated with progressive 
heart failure symptoms (NYHA class III), currently under 
consideration for heart transplantation       
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  Fig. 16.17    Two patients with extreme hypertrophy, one 
with late gadolinium enhancement (LGE) and one with-
out. ( a ,  b ) Late gadolinium enhancement imaging of 
patient with extreme hypertrophy with maximal wall 
thickness of 31 mm and LV mass of 481 g surprisingly 
shows complete lack of enhancement in short-axis slices 

( a ), confi rmed with 4- chamber ( b ) slice. ( c ,  d ) Second 
patient with extreme hypertrophy with maximal wall 
thickness of 44 mm and LV mass of 268 g showing exten-
sive LGE in the short-axis slice ( a ) and 4-chamber slice 
( b ). The LGE was seen in 33 g or 12 % of the LV mass       

  Fig. 16.18    Patients with end-stage HCM usually have 
extensive late gadolinium enhancement (LGE). In this end- 
stage HCM patient, late gadolinium enhancement imaging 
shows extensive enhancement encompassing well over 70 % 
of the entire LV myocardium.  Scanlines  indicate levels of 

corresponding slices. ( a ) Short-axis basal-mid-slice showing 
septum almost completely consisting of enhanced myocar-
dium ( arrows ). ( b ) 4-chamber view shows enhancement in 
the RV and LV apices ( arrows ). ( c ) 2-chamber view shows 
enhancement of entire anterior wall and apex ( arrows )       
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 This has generated interest that LGE could 
serve as a novel risk marker for sudden death, 
thus improving current risk stratifi cation strate-
gies. Only four small short-term studies have 
examined the relationship between LGE and 
sudden death or appropriate therapy for ventric-
ular tachycardia/fi brillation. However, all of the 
individual studies were underpowered to detect a 
signifi cant relationship with sudden cardiac 
death, even when data were combined. It is 
important to note that these studies have focused 
entirely on the association between the  presence  
of LGE and sudden death. However, the mere 
presence of any amount of LGE as a binary vari-
able cannot practically be regarded as a risk 
marker, given that the reported prevalence of 
some LGE is up to 80 % of all HCM patients. 
Furthermore, this designation gives equal weight 
to LGE across a broad spectrum of amounts, 
from minimal to extensive. 

 More recently, results from a large prospective 
cohort study revealed a robust continuous rela-
tionship between the amount of LGE and sudden 
death risk in HCM patients with (as well as with-
out) conventional risk factors (Fig.  16.19a ) [ 51 ]. 
The absence of LGE itself was associated with 
low risk of SCD, representing a potential source 
of reassurance to patients with no other marker of 

increased risk. The data provides support for 
extensive LGE to be an independent prognostic 
marker for sudden death. The extent of LGE can 
also be used as an arbitrator in ICD decisions in 
patients in whom risk stratifi cation remains 
ambiguous in the presence of possible conven-
tional risk factors (Fig.  16.14 ). Furthermore, the 
extent of LGE also predicted development of end-
stage HCM and all-cause mortality (Fig.  16.19b ).

   Intermediate signal-intensity LGE is thought 
to represent areas of tissue of heterogeneity, 
where there are islands of myocardium separated 
by fi brosis. This may potentially be important as 
these regions have been hypothesized to repre-
sent a more arrhythmogenic substrate, making 
one more likely to experience lethal arrhythmias 
[ 54 ]. While there is an association with ambu-
latory ventricular tachyarrhythmias in HCM 
[ 55 ], intermediate signal-intensity LGE does not 
appear to be a superior predictor for identifying 
high-risk patients for sudden death when com-
pared with visually quantifi ed or high-signal- 
intensity (i.e., >6 SD above normal mean SI of 
nulled myocardium) LGE (Fig.  16.20 ) [ 56 ]. The 
emergence of novel CMR techniques such as 
T1 mapping may provide an even more precise 
characterization of abnormal myocardial sub-
strate in HCM [ 57 ].

  Fig. 16.19    ( a ) Predicted risk of sudden cardiac death 
events, stratifi ed by the extent of late gadolinium enhance-
ment ( LGE ). The extent of LGE is independently related 
to risk of sudden cardiac death events in HCM, even after 
adjusting for baseline risk factors and relevant covariates. 

( b ) Risk of adverse events has a continuous independent 
relationship with the extent of LGE, including sudden 
death, development of end stage, and total mortality, even 
after adjusting for relevant baseline covariates       
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       Stress Perfusion CMR 

 CMR can be used to assess perfusion defi cits and 
abnormalities of coronary blood fl ow [ 58 ]. 
Microvascular dysfunction has been well 
described in this disease and can be evaluated 
using multiparametric imaging with CMR [ 59 ]. 
It has been shown that ischemia identifi ed by 
SPECT is associated with increased risk in HCM 
[ 60 ,  61 ]. Stress perfusion CMR may thus be con-
sidered as a further risk stratifi cation tool; how-
ever, its role in the overall risk stratifi cation 
strategy remains undetermined.  

   Differentiation of Athlete’s Heart 
with HCM 

 A common clinical problem arises where physi-
ological changes in the hearts of young competi-
tive athletes may overlap phenotypically with a 
mild expression of HCM. This distinction is par-
ticularly important since HCM is the most 

 common cause of sudden death in young com-
petitive athletes [ 62 ]. Of these deaths, the vast 
majority occur during periods of severe exertion 
during training or competition. Accurate diagno-
sis has profound implications, as the misdiagno-
sis of disease may unnecessarily disqualify a 
patient from further participation and competi-
tion. On the other hand, proper identifi cation of 
athletes with HCM can form the basis for dis-
qualifi cation from certain types of athletic activi-
ties in order to minimize risk. 

 Long-term athletic training (particularly in 
high-intensity endurance sports such as distance 
running, cycling, swimming, and rowing) can 
lead to increases in LV wall thickness, along 
with increases in LV end-diastolic volumes 
which leads to an increase in LV mass [ 63 ]. 
During such activities, cardiac output is greatly 
increased through physiological elevations in 
heart rate, stroke volume, and blood pressure, 
with a concomitant reduction in peripheral vas-
cular resistance. Subsequently, the heart is sub-
jected to predominantly a volume load, rather 
than a pressure load as experienced during 

  Fig. 16.20    These series of images illustrate the method 
to which intermediate signal-intensity (or “gray zone”) 
enhancement is identifi ed and quantifi ed. ( a ) Mid-
ventricular short-axis late gadolinium enhancement 
(LGE) image of 36-year-old man with considerable 
hyperenhancement ( red arrow ) in ventricular septum and 
anterior wall and a region of interest in normal myocar-
dium (ROI;  orange box ) used to defi ne thresholds for 
LGE. ( b ) Manual contouring of endocardial border ( red 

line ) and epicardial border ( green line ) of LV to defi ne 
myocardium.  Red shading  denotes visually determined 
area of hyperenhancement. ( c ) Grayscale threshold 
≥4SDs above signal intensity (SI) of the ROI ( red shad-
ing ), which includes both high- and intermediate-SI LGE. 
( d ) High-SI LGE ( red shading ), defi ned by ≥6SD above 
SI of the ROI. ( e ) Intermediate-SI LGE ( yellow shading ), 
identifi ed by subtracting LGE ≥4SD from ≥6SD (super-
imposed  red shading )       
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 isometric exercises such as weight lifting [ 64 ], 
thus leading to cavitary dilation. However, ath-
letes engaging in either form of exercise tend to 
have increased LV cavity size compared with 
controls, a characteristic that is helpful in differ-
entiating an athlete’s heart from HCM, where 
cavity sizes tend to be small. Pathological 
changes such as severe left atrial enlargement 
and LV systolic and diastolic dysfunction should 
not occur in athlete’s heart. 

 Cessation of systemic training in the athlete 
over a period of several months will cause regres-
sion of increased wall thickness but will not 
result in regression of hypertrophy in patients 
with HCM [ 65 ]. This method has been advocated 
as a method of differentiating between athlete’s 
heart and HCM, since there should be no expected 
regression with detraining in true cardiac disease. 
Furthermore, the presence of greater than small 
amounts of LGE is highly suggestive of HCM 
and not athlete’s heart. 

 Table  16.1  Lists of helpful fi ndings which can 
help distinguish between athlete’s heart and HCM

      Differentiation of Hypertensive 
Heart Disease with HCM 

 A frequent diagnostic dilemma occurs when a 
patient with suspected HCM also has concomi-
tant hypertension (Fig.  16.21 ). Typically, chronic 
hypertension produces concentric remodeling 
rather than asymmetric septal hypertrophy 
(ASH), although ASH is frequently encountered 
in elderly patients. Patients with a family history 
of HCM, ventricular hypertrophy in a nonhyper-
tensive relative, or a positive genetic test may be 
supportive of a diagnosis of HCM. Treatment of 
hypertension may regress hypertrophy in those 
with hypertension. Hypertension rarely produces 
wall thickness >18 mm, while the average LV 
wall thickness in HCM is 21 mm. Strain metrics 

   Table 16.1    Characteristics of athlete’s heart versus hypertrophic cardiomyopathy (HCM)   

 Characteristic  Athlete’s heart  HCM 

 LV end-diastolic dimension >55 mm  Present (>1/3 of highly trained 
elite male athletes), particularly in 
endurance athletes 

 Uncommon until the end stage 
with heart failure and systolic 
dysfunction 

 LV end-diastolic dimension <45 mm  Inconsistent with athlete’s heart  If present, is supportive of 
diagnosis 

 Focal or “unusual” patterns of 
hypertrophy 

 Absent  Common 

 Degree of hypertrophy  Normal or mildly increased 
(≤12 mm), <2 % may be up to 
16 mm 

 Average thickness ~20 mm, with 
small subgroup with substantial 
thickening >50 mm 

 Decreased thickness (~2–5 mm) within 
3 months of deconditioning 

 Supportive of diagnosis  Absent 

 Left atrial enlargement  Absent  May be present 
 Peak oxygen consumption (VO 2  ) >110 %  Present  Absent 
 Late gadolinium enhancement  May be present, usually in small 

amounts in mid-myocardium and 
at RV insertion points, never 
extensive 

 Common (40–60 %), may be at RV 
insertion points but also elsewhere, 
occasionally (~10 %) extensive 

 Sarcomeric mutation on genetic testing  Absent  May be present (~40–50 %) 
 Family history of HCM  Absent  May be present 
 Abnormal ECG  May be present, thus not helpful  May be present 
 Right ventricular involvement  Absent  Occasionally present 
 Transmitral fi lling pattern on 
echocardiography 

 Normal  Decreased E wave, increased A 
wave, or may be normal 

   LV  left ventricle,  RV  right ventricle,  ECG  electrocardiogram  
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from echocardiography and CMR are emerging 
as novel discriminatory tools [ 66 – 68 ].

   Certain patterns of septal hypertrophy may be 
more prominent in HCM, such as reverse curva-
ture and apical hypertrophy. Other patterns such 
as a sigmoid shape are more prominent in elderly 
hypertensive patients [ 69 ] and have been shown 
to be negative predictor of HCM genotype [ 70 ]. 
It also has to be noted that there may be signifi -
cant overlap in phenotypes; therefore, diagnosis 
of hypertension does not necessarily preclude the 
diagnosis of HCM.  

   Differentiation of Metabolic and 
Infi ltrative Cardiomyopathies 
and HCM 

 A variety of genetic diseases can produce pheno-
types that may have myocardial geometry similar 
to HCM. The most common “non-sarcomeric” 
diseases include cardiac amyloidosis, Anderson- 
Fabry’s disease, and Danon disease. Generally, 
most of these conditions produce symmetric 
rather than asymmetric hypertrophy, and LVOT 
obstruction is less common. 

 A systematic approach, including obtaining an 
accurate and complete family history, symptoms, 
physical examination, judicious use of imaging, 
and biochemical and genetic testing, is vital to 

the differential diagnosis between such diseases 
and hypertrophic cardiomyopathy. For example, 
CMR imaging can be used to identify patterns of 
LVH and LGE which can raise suspicion for 
diagnosis of HCM phenocopies. Molecular diag-
nosis can then be used as confi rmatory tests for 
Danon and Fabry’s disease, while biopsy should 
be considered for amyloid. 

 Anderson-Fabry’s disease is an x-linked lyso-
somal storage disease where mutations in the 
α-galactosidase A gene lead to accumulation of 
glycosphingolipids in multiple organs, including 
the kidneys and heart. Cardiac manifestations are 
serious and progressive and may include left ven-
tricular thickening, conduction abnormalities, 
dysrhythmias, and valve disease and are not usu-
ally detected until the third or fourth decade of 
life. Cardiac diseases are a major cause of death 
in patients with Fabry’s [ 71 ]. Adults with this dis-
ease have LGE most commonly localized to the 
basal inferolateral wall, which would be an 
unusual distribution in HCM. 

 Danon disease is another x-linked lysosomal 
storage disease where mutations in the lysosome- 
associated membrane protein 2 (LAMP2) cause 
skeletal myopathy, developmental delay, and car-
diomyopathy. Patients may present during adoles-
cence with elevated creatine kinase, preexcitation 
pattern on ECG, left ventricular hypertrophy, and 
retinitis pigmentosa. Most patients die rapidly from 

  Fig. 16.21    Patient with genotype-positive HCM with con-
comitant hypertension. ( a ) Short-axis slice shows concen-
tric thickening, with enlarged papillary muscle. ( b ) 
4-chamber view shows a dephased jet of blood consistent 
with posteriorly directed mitral regurgitation ( arrow ). Note 

prominent hypertrophy in the apical region.  Scanline  repre-
sents level of the short-axis slice. ( c ) 3-chamber view in 
systole shows dephasing through left ventricle outfl ow tract 
( arrow ), representing fl ow acceleration originating mitral 
leafl et tip secondary to chordal systolic anterior motion       
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heart failure (typically <25 years old), with a small 
proportion dying from sudden cardiac death [ 72 ]. 

 Mutations in PRKAG2, the γ2 subunit of 
AMP-activated protein kinase (AMPK), can 
cause a syndrome of HCM, conduction abnor-
malities, and Wolff-Parkinson-White syndrome. 
However, this mutation does not seem to result in 
malignant consequences, such as sudden death 
and ventricular dilation [ 73 ]. 

 Amyloidosis is caused by the abnormal depo-
sition of insoluble amyloid proteins throughout 
the body, with cardiac involvement being more 
frequent in the AL and TTE subtypes. Amyloid 

deposition leads to diastolic dysfunction and 
restrictive cardiomyopathy, which ultimately 
progresses to heart failure. It is the leading cause 
of death for patients with AL amyloidosis. CMR 
shows a characteristic “failure to null” pattern in 
T1 scout during late gadolinium enhancement 
imaging, together with abnormal blood pool gad-
olinium kinetics. Patients may exhibit a pattern 
of global subendocardial LGE or patchy focal 
involvement in the LV myocardium. Supportive 
fi ndings include enlarged atria (likely secondary 
to restrictive cardiomyopathy), pericardial effu-
sion, and pleural effusions (Fig.  16.22 ).

  Fig. 16.22    Patient with biopsy-proven AL cardiac amy-
loidosis, showing several classical MR fi ndings of amy-
loidosis. ( a ) 4-chamber steady state free precession 
(SSFP) showing diffuse thickening of LV myocardium 
and enlarged left atrium. Note small circumferential peri-
cardial effusion and mild bilateral pleural effusions. ( b ) 
Short-axis SSFP slice showing symmetric thickening and 

small pericardial effusion. ( c ) Look-Locker T1 scout 
showing the typical “failure to null” appearance of myo-
cardium despite varying inversion times from 100 to 
500 ms. ( d ) Short-axis late gadolinium enhancement 
(LFE) imaging showing diffuse LGE as well as regions of 
subendocardial enhancement not in typical coronary 
distribution       
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      Left Ventricular Noncompaction 
(LVNC) 

 Left ventricular noncompaction, or LVNC, was 
fi rst reported in 1984 (Fig.  16.23 ) [ 74 ]. It was ini-
tially observed in echocardiography with the 
appearance of persistent myocardial sinusoids. 
Its prevalence is estimated to be between 0.05 
and 0.24 %, with a wide range of ages at presen-
tation with no predilection for any specifi c age 
[ 75 ]. Over half of all cases are male.

   LVNC is hypothesized to be due to abnormal 
compaction of the myocardium during the fi fth 
and eighth week of embryonic development. The 
trabecular layer of the ventricle has been observed 

to compact from the base to apex during develop-
ment, from epicardium to endocardium, and from 
the septal to lateral wall.    However, cases of 
acquired LVNC have been described, where 
infants whose echocardiograms did not show 
LVNC but were subsequently diagnosed with the 
disease later in life [ 76 ,  77 ]. 

 Different genes found to be associated with 
LVNC include taffazin, β-dystrobrevin (DTNA), 
Cypher/ZASP (LDB3), lamin A/C (LMNA), 
SCN5A, MYH7, and MYBPC3 [ 78 ]. Much like 
HCM, there is considerable genetic heterogene-
ity associated with LVNC. As well, LVNC can 
exist concurrently with HCM or dilated cardio-
myopathy [ 79 ]. Familial involvement ranges 

  Fig. 16.23    Patient with suspected noncompaction on 
echocardiography. ( a ) 4-chamber slice shows large area of 
noncompacted myocardium, with a thickness ratio of 
16.8/7 = 2.4 in relation to adjacent myocardium during 
diastole. ( b ) 3-chamber view of the same patient with a 
thickness ratio of 17.4/6.6 = 2.6. A maximum diastolic 
ratio of noncompacted versus compacted myocardium of 
>2.3–2.5 is required in three long-axis views. ( c )  Short-axis 

slice near the apex shows noncompacted myocardium fi ll-
ing the entire LV cavity. ( d ) Short-axis echocardiography 
near the apex shows echo- lucent matrix-like structure sug-
gestive of noncompacted myocardium. ( e ) Color Doppler 
in 4-chamber orientation helps highlight blood fl ow in the 
recesses. There appear to be numerous prominent trabecu-
lations with deep intertrabecular spaces. Alternatively, 
contrast echocardiography can be used       
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from 18 to 33 % [ 80 – 82 ]. Current guidelines rec-
ommend clinical screen of fi rst-degree relatives 
of probands; however, genetic testing is not rou-
tinely recommended [ 83 ]. 

 Echocardiography is the initial diagnostic test 
of choice, with contrast echo, transesophageal 
echo, and three-dimensional echo serving as use-
ful adjuncts. There is no clear consensus on the 
echocardiographic diagnostic criteria for LVNC, 
as each threshold will have different sensitivities 
and specifi es. The three most widely used criteria 
include:
    1.    Jenni criteria [ 84 ]: In parasternal short-axis 

view, end- systolic  ratio >2 of noncompacted 
to compact layer; the absence of other coexist-
ing structural abnormalities, plus numerous 
excessively prominent trabeculations and 
deep intertrabecular spaces; and recesses per-
fused by intraventricular blood seen by color 
Doppler   

   2.    Chin criteria [ 85 ]: In parasternal short-axis 
view or apical views, end- diastolic  ratio of 
compact layer to total thickness of LV <0.5   

   3.    Stollberger criteria [ 75 ]: >3 trabeculations 
protruding from the LV free wall apically to 
the papillary muscles seen on one imaging 
plane; intertrabecular spaces perfused from 
the LV cavity shown by color Doppler     
 Different criteria have also been proposed, 

including combining the Jenni and Stollberger 
criteria or by quantifying along a continuum the 
noncompacted/compacted ratio and areas of non-
compaction [ 86 ,  87 ]. 

 Due to lower spatial resolution of echocar-
diography, and in its often suboptimal character-
ization of apical segments (where noncompacted 
areas are most commonly found), LVNC often 
goes undiagnosed or misdiagnosed as HCM or 
dilated cardiomyopathy. The superior image res-
olution and unlimited imaging planes make CMR 
a complementary (and often superior) tool in 
establishing the diagnosis. The Petersen criteria 
[ 88 ] in CMR require an end- diastolic  ratio >2.3 
of trabecular and compact layers (Fig.  16.23 ). 
These criteria have been shown to have high 
diagnostic accuracy to distinguish pathological 
LVNC from noncompaction seen in healthy, 
dilated, and hypertrophied hearts. Cardiac CT 

and contrast left ventriculography can also be 
useful if there is a need for concurrent delineation 
of coronary anatomy. 

 Asymptomatic patients do not need treatment 
but need to be followed, but all symptomatic 
patients should be followed closely. Incidence of 
NYHA class II/IV heart failure ranges from 35 to 
44 % [ 80 ,  89 ]. Treatment of patients include 
medical therapy with beta-blockers, ACE inhibi-
tors, and diuretics in those with systolic dysfunc-
tion [ 90 ]. Cardiac resynchronization therapy with 
or without an ICD is recommended for those on 
optimal medical therapy with LVEF <35 % and 
QRS >0.120 s [ 91 ]. Patients should also be moni-
tored for ventricular arrhythmias, with ICD 
implantation in the appropriate patients. 
Prognosis depends on symptoms and LV ejection 
fraction.     
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        Congenital abnormalities of the right ventricular 
(RV) myocardium are rare and include arrhyth-
mogenic right ventricular cardiomyopathy/dys-
plasia (ARVC/D) and Uhl’s anomaly. Though 
rare, ARVC/D frequently appears in the differen-
tial diagnosis of patients with ventricular arrhyth-
mia. We discuss magnetic resonance (MR) and 
computed tomography (CT) imaging techniques 
and various aspects of congenital abnormalities 
of the RV myocardium with special focus on 
ARVC/D. 

    Imaging Techniques 

 Although echocardiography is usually used for 
initial investigation of RV dysfunction, MR and 
CT imaging provide more detailed anatomic 
information. MR imaging allows for reproducible 
analysis of the RV function and measurement. 

    MR Imaging Techniques 

 MR imaging protocol for ARVC/D contains cine 
imaging using balanced steady-state free preces-
sion (b-SSFP) technique, black blood double and 
triple (with fat suppression) inversion recovery 
(IR), and late gadolinium enhancement (LGE) 
using 2- (2D) or 3-dimensional (3D) segmented 
IR fast gradient-echo sequence. 

 Cine MR imaging is used to evaluate wall 
motion abnormalities (hypokinesis or dyskinesis) 
and measure volume and ejection fraction (EF) 
of both ventricles. Transaxial, standard long axis 
(2-, 3-, and 4- chamber), and short-axis views are 
commonly employed, and the addition of RV 
2-chamber long-axis view is recommended to 
further evaluate the RV function [ 1 ]. Focal 
 outpouching of the RV free wall (apical third of 
wall) is sometimes seen in normal subjects on 
transaxial views, but usually not on 4-chamber 
view [ 2 ]. Knowledge of variations in RV mor-
phology and wall motion in normal subjects 
is important to avoid overdiagnosis of abnormali-
ties [ 1 ]. 

 Researchers disagree on the most suitable 
imaging plane for RV volumetric analysis using 
cine MR imaging. Volumetric measurement 
using transaxial rather than short-axis plane 
appears to be more accurate as most part of the 
RV outfl ow tract is incorporated in measurements 
using axial cuts [ 1 ,  3 ], but the use of short-axis 
plane allows measurement of both the RV and 
left ventricle (LV) volumes. The use of short-axis 
plane for the RV volume measurement requires 
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correct placement of the basal short-axis slice 
immediately on the myocardial side of the tricus-
pid valve and careful exclusion of the right atrial 
cavity from the RV on the basal slice especially at 
end systole [ 1 ]. 

 After acquisition of cine MR images, 5–7 mm 
transaxial or oblique transaxial black blood 
images (double IR fast spin echo) will be obtained 
and repeated using same-slice orientation after 
fat suppression (triple IR) to characterize myo-
cardial fat. However, evidence of myocardial fat 
is sometimes unclear on MR imaging. 

 Diastolic LGE images are then obtained about 
10–15 min after intravenous gadolinium contrast 
injection (0.1–0.2 mmol/kg). Using either trans-
axial or 4-chamber views in combination with 
short-axis series permits better evaluation of 
myocardial fi brosis of both ventricles. Thin slice 
thickness (5–6 mm) is recommended to improve 
detection of myocardial fi brosis of the RV wall.  

    CT Imaging Techniques 

 ECG-gated cardiac CT can be used to evaluate 
RV structural abnormality, providing superior 
spatial resolution to that of MR imaging to aid 
detection of myocardial fat and thinning of the 
RV free wall [ 4 ]. CT can also be used in patients 
with pacemaker or implantable cardioverter defi -
brillator. Radiation exposure, the greatest disad-
vantage of CT, can be reduced by lowering tube 
voltage and current as well as by taking advan-
tage of newer dose reduction methods including, 
iterative reconstruction, prospective ECG-gating 
technique, and high-pitch helical scanning. 
However, prospective ECG triggering and high- 
pitch helical scanning methods are usually inad-
equate in patients with fast heart rate or 
arrhythmia. On the other hand, acquisition of all 
systolic and diastolic phases for analysis of vol-
ume and wall motion of the ventricles requires 
retrospective ECG gating which mandates higher 
radiation dose. 

 Patients whose heart rate exceeds 65 bpm 
require oral or intravenous beta-blocker adminis-
tration before CT examination depending on the 
temporal resolution of the scanner. Oral nitro-
glycerin is not required when evaluation of the 

coronary artery is unnecessary. Noncontrast CT 
using prospective mid-diastolic ECG-gating is 
very useful for diagnosing ARVC/D by detecting 
small amounts of myocardial fat. Contrast- 
enhanced CT is crucial for evaluation of changes 
in cardiac structure and analyzing the LV and RV 
volumes. It can be performed using a prospective 
triggering scanning but may be replaced with ret-
rospective ECG gating especially in patients with 
fast heart rate or arrhythmia or when volumetric 
analysis is desired. For post-contrast study, we 
administer an intravenous bolus of 350 or 
370 mgI nonionic iodinated contrast material 
(0.8 mL × body weight) for 12 s followed by 
30 mL of 50 % contrast material diluted with 
saline at 2–4 mL/s using a dual-syringe injector. 
Alternatively, we recommend slow infusion of 
100 mL contrast material to evaluate RV struc-
ture only, but this may not be a great technique 
when assessment of the coronary arteries is also 
required.   

    Arrhythmogenic Right Ventricular 
Dysplasia/Cardiomyopathy 

    Pathogenesis and Defi nition 

 ARVC/D is a genetic disorder of the heart muscle 
with autosomal dominant inheritance in most 
cases and genetic variations in the desmosome- 
binding cells [ 5 – 7 ]. It is characterized by fi bro-
fatty replacement of the RV myocardium that 
leads to progressive alterations in RV ventricular 
size and function [ 5 ]. The disease generally 
involves the RV but has been known to involve 
the LV with some frequency early in the course 
of the disease, manifest parallel involvement of 
both ventricles, and occasionally demonstrates 
left dominance (early and prominent LV manifes-
tation and relatively mild RV disease) [ 8 ,  9 ].  

    Clinical Features 

 Symptomatic ventricular arrhythmias and sudden 
death are the most common manifestations of 
ARVC/D. Less common presentations are right 
ventricular or biventricular heart failure. ARVC/D 
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is an important cause of sudden cardiac death in 
young people, particularly athletes [ 10 ]. 

 Disease progression can occur at any stage of 
life but is more likely after adolescence. The 
prevalence of disease increases greatly between 
15 and 20 years of age [ 11 ]. ARVC/D occurs 
more commonly in males than in females [ 12 ]. 
The disease clinical manifestations vary. In early 
“concealed” phase, individuals are often asymp-
tomatic but may be at risk of sudden cardiac 
death. In the overt “electrical phase,” individuals 
manifest symptomatic arrhythmia, and conven-
tional imaging clearly depicts abnormalities in 
the RV morphology. Later with progression of 
disease and diffuse involvement of the heart, 
biventricular heart failure from diffuse disease 
leads to a phenotype that may resemble dilated 
cardiomyopathy [ 5 ].  

    Diagnosis with 2010 International 
Task Force Criteria 

 Diagnosis of ARVC/D is currently based on crite-
ria established by an International Task Force. 
The original 1994 criteria enabled confi rmatory 
clinical diagnosis of ARVC/D that was highly 
specifi c but lacked sensitivity for early stage and 
familial diseases. In 2010, the original criteria 
were modifi ed to include major and minor crite-
ria that encompass global or regional dysfunction 
and structural alterations, characterization of 
wall tissue, repolarization abnormalities, depo-
larization/conduction abnormalities, arrhythmia, 
and family history (Table  17.1 ). The revised cri-
teria added quantitative measures, particularly 
for imaging studies using 2D echo, MR imaging, 
and angiography. Diagnosis is fulfi lled by the 
presence of 2 major criteria, 1 major criterion 
plus 2 minor criteria, or 4 minor criteria from 
these categories [ 5 ].

       Histologic Features 

 The primary histologic feature of ARVC/D is 
segmental or diffuse transmural loss of the RV 
free wall myocardium and its replacement by 
fi brofatty tissue. Fibrofatty replacement occurs 

as a wave-front phenomenon that extends from 
the epicardium toward the endocardium 
(Fig.  17.1 ) [ 13 ]. One revised criterion involves 
fi brous replacement of the myocardium with or 
without fatty replacement of the tissue at 
 endomyocardial biopsy and calls for quantifi ca-
tion of residual monocytes to determine whether 
this is a major or minor diagnostic consideration 
(Table  17.1 ) [ 5 ].

   The myocardium is commonly affected in the 
so-called triangle of dysplasia, which includes 
the outfl ow tract, infl ow tract (inferior wall 
beneath the posterior leafl et of the tricuspid 
valve), and apex of the RV [ 5 ]. The RV free wall 
becomes thin and translucent in response to myo-
cardial loss and fi brofatty replacement (Fig.  17.1 ). 
Nearly half of cases demonstrate saccular aneu-
rysms at the apex and inferior wall of the RV [ 13 , 

     Table 17.1    International Task Force criteria for ARVC/D   

  I .   Global or regional dysfunction and structural 
alterations  

 Major criteria by MRI: 
   Regional RV akinesia, dyskinesia, or 

dyssynchronous RV contraction and 1 of the 
following: 

    Ratio of RV end-diastolic volume to BSA 
≥110 mL/m 2  (male) or ≥100 mL/m 2  (female) 

   Or RV ejection fraction ≤40 % 
 Minor criteria by MRI: 
   Regional RV akinesia, dyskinesia, or 

dyssynchronous RV contraction and 1 of the 
following: 

    Ratio of RV end-diastolic volume to BSA ≥100 to 
<110 mL/m 2  (male) or ≥90 to <100 mL/m 2  
(female) 

   Or RV ejection fraction >40 to ≤45 % 
  II .  Tissue characterization of wall  
 Fibrous replacement of the RV free wall myocardium 
in ≥1 sample, with or without fatty replacement of 
tissue on endomyocardial biopsy, plus one of the 
following major or minor criteria: 
    Major criteria : Residual myocytes <60 % by 

morphometric analysis (or <50 % if estimated) 
    Minor criteria : Residual myocytes 60–75 % by 

morphometric analysis (or 50–65 % if estimated) 
  III .  Repolarization abnormalities  
  IV .  Depolarization / conduction abnormalities  
  V .  Arrhythmias  
  VI .  Family history  

  From Marcus et al. [ 5 ] with permission 
  BSA  body surface area  
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 14 ]. Histologic changes in the LV wall consist of 
transmural or predominantly subepicardial and 
mid-wall fi brofatty replacement that affects both 
the interventricular septum and the LV free wall 
either diffusely or, more often, regionally 
(Fig.  17.1 ). The wave front of the fi brofatty infi l-
tration appears to extend from the outer to the 
inner layer of the LV wall, resembling the pattern 
of involvement of the RV free wall [ 15 ].  

    Imaging Findings 

 MR imaging fi ndings are useful in diagnosing 
ARVC/D, and characteristic fi ndings include 
dilatation of the RV, especially the RV outfl ow 
tract (RVOT) and part of the triangle of dys-
plasia in association with reduced RVEF and 
regional RV akinesia, dyskinesia, or aneurysm. 
Intramyocardial fat infi ltration and thinning of 

the RV wall are common and usually coexist. 
Post-contrast images may show LGE of the RV 
free wall, ventricular septum, and/or LV free wall 
that suggests myocardial fi brosis [ 4 – 6 ,  8 – 10 ,  16 ] 
(Figs.  17.2 ,  17.3 , and  17.4 ).

     Cine MR imaging is widely used to measure 
RV size and EF and evaluate wall motion abnor-
mality (Fig.  17.2 ). It enables diagnosis of early 
and subtle cases of ARVC/D by detecting regional 
wall motion abnormality, which is thought to pre-
cede global and systolic dysfunction during dis-
ease progression. Aneurysm of the RV free wall 
is also a characteristic fi nding on cine MR imag-
ing, appearing as a focal outpouching of the wall. 
The revised criteria include qualitative and quan-
titative MR fi ndings to diagnose global or 
regional dysfunction and structural alterations; 
ARVC/D diagnosis requires a combination of RV 
dilatation or reduced RVEF and regional wall 
motion abnormalities [ 5 ] (Table  17.1 ). 

  Fig. 17.1    Autopsy specimen of ARVC/D in a 67- year-
old man who died of congestive heart failure. ( a ) 
Photograph of the cut surface of the heart shows marked 
thinning of the right ventricle ( RV ) free wall ( arrowheads ) 
with left ventricle ( LV ) involvement. ( b ,  c ) Low and ( d ) 
high power photomicrographs (Masson trichrome stain) 
of the RV lateral wall show fi brofatty myocardial 

 replacement extending from the epicardium toward the 
endocardium. ( c ) Shows almost complete fi brofatty 
replacement of the RV myocardium. ( e ) Low power pho-
tomicrograph (Masson trichrome stain) also shows fi bro-
fatty replacement from the epicardial side of the LV wall 
(From Kimura et al. [ 4 ] with permission)       
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 It is important to know that the presence of RV 
myocardial fat is not specifi c to ARVC/D 
(Fig.  17.3 ) and appears to be but a common 
 fi nding in elderly individuals and also in the 
scars of myocardium of patients with other 
 cardiomyopathies [ 4 ]. Moreover, MR fi ndings 
 suggesting RV myocardial fat (high signal inten-
sities on fast spin echo sequence) are least 
 reproducible because of the thin RV myocardium 
and various artifacts related primarily to blood 

fl ow. Therefore, the Task Force does not include 
MR evidence of RV myocardial fat in its diagnos-
tic criteria for ARVC/D. 

 MR imaging with LGE is a well-established 
mean of detecting myocardial fi brosis, but MR 
fi ndings of myocardial fi brosis of the RV free wall 
(LGE) are not among the revised criteria, probably 
because of the limited spatial resolution of MR 
for detection of LGE in a thinned wall RV and 
scarce literature support on the utility of LGE for 

  Fig. 17.2    ARVC/D according to the 2010 International 
Task Force criteria in a 50-year-old woman referred for 
evaluation of non-sustained ventricular tachycardia on 

Holter ECG. Cine MR imaging ( a  diastolic phase;  b  
 systolic phase) reveals systolic outpunching (dyskinesia) 
of the anterior wall of the RV ( arrows )       

  Fig. 17.3    ARVC/D according to the 2010 International 
Task Force criteria in a 41-year-old man referred for 
 evaluation of congestive heart failure. Black blood MR 
images without ( a ) and with ( b ) fat suppression show 
dilatation of the right ventricle ( RV ) with a thin RV free 
wall and myocardial fat in the ventricular septum 

( arrows ). Small amounts of fat in the RV trabeculae 
 demonstrated on  noncontrast CT ( c ) are diffi cult to 
 discern on MR imaging ( small arrows ). CT also shows 
extensive fatty infi ltration of the interventricular septum 
( large arrow ) (From Kimura et al. [ 4 ] with permission)       
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diagnosis of ARVC/D. We have found LGE with 
fat suppression and thin slice thickness (5 mm) 
useful in detecting myocardial fi brosis of the RV 
free wall (Fig.  17.4 ). Myocardial fi brosis (LV 
involvement) of the thicker LV wall is well dem-
onstrated with LGE. LGE is most frequently seen 
in the subepicardial layer followed by the midwall 
of the LV myocardium. The anatomical locations 
of LGE in descending order are inferolateral wall, 
inferior wall-septal junction, inferior wall, septum, 
anterolateral wall, and anterior wall (Fig.  17.4 ) 
[ 8 ]. These anatomic distributions of LGEs corre-
late well with pathologic reports of ARVC/D [ 15 ]. 

 CT images are useful in diagnosing 
ARVC/D, especially in patients with implantable 

cardioverter defi brillator. Although CT is not 
included in either the original or revised criteria, 
ACCF/SCCT/ACR/AHA/ASE/ASNC/NASCI/
SCAI/SCMR 2010 appropriate use criteria for 
cardiac CT recognized the utility of CT in assess-
ing RV morphology and patients with suspected 
ARVC/D [ 18 ]. Several characteristic CT fi nd-
ings of ARVC/D are reported including dilata-
tion of the RV including outfl ow tract, thin RV 
free wall, myocardial fat in the RV trabeculae 
and moderator band, conspicuous trabeculae, 
and scalloped or bulging appearance of the RV 
free wall [ 4 ,  19 ] (Figs.  17.5  and  17.6 ). In our 
experience with CT scan in ARVC/D patients, 
the RV free wall is usually imperceptibly thin as 

  Fig. 17.4    ARVC/D according to the 2010 International 
Task Force criteria in a 78-year-old man referred for 
 evaluation of syncope and non-sustained ventricular 
tachycardia on Holter ECG. MR images of 4-chamber ( a ) 
and short-axis ( b ) views show distinct LGE in the RV 
anterior and inferior walls ( thin arrows ) and the LV lateral 
wall ( thick arrow ). A delayed post-contrast short-axis CT 

image ( c ) also shows late enhancement of the LV lateral 
wall ( large arrows ), which is less distinct than the MR 
image. CT does not demonstrate the region of late 
enhancement of the RV wall. Thrombus is seen in the RV 
cavity ( small arrows ) (From Kimura and Nakajima [ 17 ] 
with permission)       

  Fig. 17.5    Histologically proved ARVC/D in a 67-year-
old man who died of congestive heart failure (same patient 
as in Fig.  17.1 ). Axial pre-contrast ( a ) and post-contrast 
( b ) CT images and two-chamber RV image ( c ) of CT 
show a thin RV free wall with scalloped appearance 

( arrows  in  c ) and scattered fat in the RV trabeculae and 
ventricular septum ( arrows  in  a ). Marked dilatation of the 
RV outfl ow tract ( RVOT ), inlet of the RV, and the right 
atrium ( RA ) is also shown (From Kimura et al. [ 4 ] with 
permission)       
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a result of fi brofatty replacement extending from 
the epicardium toward the endocardium. On CT, 
fat is frequently seen in the ventricular septum, 
especially in the RV side of septum, and the LV 
involvement usually appears as areas of wedge-
shaped or band- like fat deposition in the subepi-
cardial LV free wall [ 4 ] (Figs.  17.5  and  17.6 ). 
Myocardial fat and wall thinning are more easily 
and precisely recognized with CT than MR 
imaging. The lower contrast resolution of CT 
compared with MR imaging limits its utility in 
detecting myocardial fi brosis using delayed 
enhancement (Fig.  17.4 ).

        Differential Diagnosis 

 Several conditions that mimic ARVC/D demon-
strate ventricular tachycardia of RV origin or 
imaging fi ndings of RV structural abnormali-
ties. From the clinical standpoint, RVOT tachy-
cardia is one of the most important differential 
diagnoses, and cardiac sarcoidosis, idiopathic 
dilated cardiomyopathy, physiological myocar-
dial fat, and Uhl’s anomaly (discussed in the 
next section) show RV structural abnormality on 
CT or MR imaging and could be mistaken for 
ARVC/D. 

a

c d

b

  Fig. 17.6    ARVC/D according to the 2010 International 
Task Force criteria in a 62-year-old woman referred for 
evaluation of arrhythmia and RV enlargement. Pre-
contrast CT ( a ) shows myocardial fat in the trabeculations 
and ventricular septum ( arrows ). Post-contrast axial ( b ,  c ) 

and RV two chamber ( d ) images show LV apical thinning 
(LV involvement) ( arrow ) and RV enlargement including 
the RV outfl ow tract ( RVOT ) as well as marked thinning 
and scalloping of the RV anterior and inferior walls (From 
Kimura and Nakajima [ 17 ] with permission)       
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    Right Ventricular Outfl ow 
Tract Tachycardia 
 Differentiation of ARVD/C at its early stages 
from RVOT tachycardia, a usually benign and 
nonfamilial cardiac arrhythmia, remains clini-
cally challenging. Reported MR fi ndings of 
RVOT tachycardia vary. Tandri et al. reported 
that RVOT tachycardia usually shows no abnor-
malities in RV structure and function [ 20 ], 
whereas O’Donnell et al. reported minor MR 

imaging abnormalities in 54 % of these patients, 
including minute fatty infi ltration and focal RV 
thinning without RV wall motion abnormality 
and RV dilatation [ 21 ].  

    Cardiac Sarcoidosis 
 RV-dominant cardiac sarcoidosis may mimic 
ARVC/D [ 22 ], with LGE of both the RV free wall 
and the RV side of basal ventricular septum, the 
latter a favorite site of sarcoidosis (Fig.  17.7 ). 

a

c d

b

  Fig. 17.7    Cardiac sarcoidosis in a 72-year-old woman 
referred for evaluation of palpitation and congestive heart 
failure. CT images of the chest ( a ,  b ) reveal mediastinal 
and hilar adenopathy and small nodules with perivascular 
distribution ( arrows  in  b ), suggesting thoracic  involvement 

of sarcoidosis. Short-axis ( c ) and 4-chamber ( d ) MR 
views with fat suppression reveal intense LGE of the RV 
free wall contiguous from the RV side of the septum ( thin 
arrows  in  c  and  d ) and epicardial side of the LV ( thick 
arrows  in  c  and  d )       
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Cine MR imaging shows abnormality of RV wall 
motion, such as regional akinesis or dyskinesis 
similar to that with ARVC/D. On CT, the pres-
ence of hilar and mediastinal lymphadenopathy 
and/or lung abnormality should alert the physi-
cian to consider sarcoidosis (Fig.  17.7 ). Though 
the presence of myocardial fat is a characteristic 
fi nding of ARVC/D, patients with sarcoidosis 
may also reveal myocardial fat associated with 
aging. Differentiation between RV-dominant sar-
coidosis and ARVC/D may not be possible based 
on the revised ARVC/D criteria [ 22 ], and confi r-
mation of cardiac sarcoidosis may require myo-
cardial biopsy.

       Dilated Cardiomyopathy and Valvular 
Causes of Right Heart Failure 
 Dilated cardiomyopathy (DCM) may be mis-
taken for ARVC/D, particularly when ARVC/D is 
associated with structurally advanced disease 
involving the LV. However, the LGE patterns of 
the LV wall in ARVC/D and DCM are quite dif-
ferent. LGE has a distinct pattern in ARVC/D 
involving the subepicardial myocardium of the 
LV inferolateral wall. In contrast, LGE pattern in 
DCM with myocardial scar is mostly mild in the 
LV midwall. Moreover, scalloping or regional 
dyskinesia of the RV free wall on cine MR favors 

diagnosis of ARVC/D. Right heart failure due to 
severe chronic tricuspid insuffi ciency may look 
similar to ARVD or Uhl’s anomaly (Fig.  17.8 ).

       Physiological Myocardial Fat and 
Adipositas Cordis (Cor Adiposum) 
 Physiological myocardial fat is a common and 
considered part of the aging process. Prevalence 
of 85 % is reported based on histologic analysis 
of patients who died of noncardiac causes [ 23 ]. It 
is frequently seen in the RVOT and RV free wall 
but sometimes involves the RV trabeculae, ven-
tricular septum, and LV apex (Fig.  17.9 ) [ 4 ]. 
Adipositas cordis (cor adiposum) is a rare cardio-
myopathy characterized by myocardial fatty 
infi ltration of both ventricles in obese patients 
[ 24 ]. Pathologically, both conditions are similar 
and show fatty infi ltration with dissociation of 
otherwise preserved myocardial fi bers without 
myocardial loss and fi brosis. Adipositas cordis 
and physiological myocardial fat are generally 
considered benign, though patients with associ-
ated arrhythmias and restrictive cardiomyopathy 
are reported in patients with adipositas cordis 
[ 13 ,  24 ].

   Differentiation between physiological fat or 
adipositas cordis and ARVC/D is not diffi cult. 
In ARVC/D, the RV free wall is usually 

a b

  Fig. 17.8    A 38-year-old woman with right heart failure 
due to severe tricuspid insuffi ciency. Axial ( a ) and coro-
nal ( b ) post-contrast CT images show markedly dilated 

 thin-walled right ventricle ( RV ). The right atrium is also 
massively enlarged. The tricuspid valve was replaced with 
surgery,  RA  right atrium       
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almost imperceptibly thin as a result of  fi brofatty 
replacement extending from the epicardium 
toward the endocardium (Figs.  17.5  and  17.6 ), 
whereas the wall maintains normal thickness or 
is sometimes thickened with physiological fat 
or adipositas cordis [ 4 ] (Fig.  17.9 ). The charac-
teristic imaging fi ndings of ARVC/D, such as 
RV enlargement with scalloped appearance of 
the RV free wall and RV wall motion abnormal-
ities, also help differentiate patients from those 
with physiological fat deposition (Figs.  17.2 , 
 17.5 , and  17.6 ).    

    Uhl’s Anomaly 

 Uhl’s anomaly, another congenital abnormality 
of the RV, is extremely rare. It is characterized 
by the absence of myocardium in the RV free wall 
with no interposed adipose tissue or evidence of 
infl ammatory cells or necrosis, normal tricuspid 
valve, and preserved septal and left ventricular 
myocardium [ 25 ]. The disease has been attributed 
to selective but unrestrained apoptosis of the right 
ventricular myocytes after complete cardiac 

development [ 26 ]. It often manifests  initially with 
congestive heart failure, typically during infancy 
or childhood. Arrhythmia and conduction distur-
bance are not predominant  features probably due 
to the absence of residual foci to initiate or trans-
mit anomalous electrical activity [ 25 ]. Cardiac 
transplantation may be proposed when patients 
become refractory to medical treatment [ 27 ]. 

 MR fi ndings of Uhl’s anomaly include an 
extremely dilated thin-walled RV and the absence 
of trabeculation (Fig.  17.10 ). The RV wall shows 
no fat infi ltration. The septa, papillary muscles of 
the tricuspid valve, and left ventricular myocar-
dium are intact. Cine MR images demonstrate no 
movement of the right ventricular wall [ 27 ].

      Differentiation from ARVC/D 

 Uhl’s anomaly is much less frequent than 
ARVC/D, and the median age of patients is 
lower [ 25 ]. ARVC/D is characterized by 
 segmental or diffuse transmural loss of the 
 myocardium caused by fi brofatty replacement, 
and  trabeculation is sometimes hypertrophied, 

a b

  Fig. 17.9    Physiological myocardial fat in a 67-year-old 
woman referred for coronary artery evaluation because of 
chest pain. She was under medical treatment for hyperlip-
idemia. Axial images of contrast CT ( a ,  b ) show fatty 

infi ltration of the RVOT ( arrow  in  a ), RV anterior wall, 
and trabeculation ( arrow  in  b ). Note thickening of the 
RVOT and RV free wall with fatty infi ltration. CT also 
revealed no signifi cant stenosis of the coronary arteries       
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whereas Uhl’s  anomaly shows no fi brofatty 
replacement and absence of trabeculation in the 
RV free wall. Moreover, clinical features differ 
between the two entities. The usual presentation 
of ARVC/D includes palpitation, syncope, ven-
tricular tachycardia, heart block, or sudden death 
[ 25 ], while Uhl’s anomaly presents with symp-
toms related to congestive heart failure.   

    Conclusion 

 Congenital abnormalities of the right 
 ventricular (RV) myocardium are rare and 
include arrhythmogenic right ventricular car-
diomyopathy/dysplasia (ARVC/D) and Uhl’s 
anomaly. ARVC/D is a genetic heart muscle 
disorder characterized by enlarged thin-walled 
aneurysmal RV myocardium with fatty degen-
eration and wall motion abnormality. Uhl’s 
anomaly is also characterized by enlarged 
thin-walled RV and paucity of myocardial tra-
beculation. Magnetic resonance (MR) imag-
ing is commonly used to diagnose these 
diseases, but CT is useful in patients with 
implantable cardioverter defi brillator and for 
the assessment of myocardial fat or identify-
ing RV free wall myocardial thinning.     
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        Congenital heart disease includes an extremely 
diverse spectrum of congenitally malformed 
hearts leading to a variety of different hemody-
namic consequences. The disease is often associ-
ated with anomalies of great vessels and airways 
and infrequently with those of other systems. 
Although the evaluation of simple defects, such 
as atrial septal defect (ASD) and ventricular sep-
tal defect (VSD), can be usually completed with 
echocardiography, supplementary imaging stud-
ies, such as computed tomography (CT), mag-
netic resonance imaging (MRI), and cardiac 
catheterization, are often required for the accurate 
diagnosis and optimal treatment of more complex 
defects. Among those supplementary imaging 
studies, the role of CT has greatly increased, 
thanks to recent technical evolutions [ 1 – 8 ]. 

 In this chapter, scan techniques, radiation dose 
reduction techniques, and clinical applications of 
pediatric cardiac CT for congenital heart disease 
are comprehensively reviewed. Up-to-date 
knowledge and information on these topics, such 
as intracardiac, four-dimensional airway, and 
dual-energy evaluations, are included to provide 
radiologists, technologists, cardiologists, and 
cardiac surgeons with the contemporary status 
of pediatric cardiac CT. 

    Scan Techniques 

 Recent technical evolutions in cardiac CT can be 
summarized into longer z-axis coverage, faster 
gantry rotation speed, higher pitch, ECG- 
synchronized scanning, and various dose reduc-
tion techniques. Dose reduction techniques are 
described in a separate section. Because most 
corrective surgeries for congenital heart disease 
are undertaken early in their life, CT scan tech-
niques should be adapted to free-breathing young 
children with high heart rates [ 5 ,  6 ]. Optimal scan 
techniques also may differ according to whether 
controlled ventilation with or without general 
anesthesia is available for cardiac CT. In addi-
tion, in setting up CT protocols, imagers should 
carefully consider which structures have to be 
included in the evaluation (Table  18.1 ).

   Conventional non-ECG-synchronized spiral 
scanning has been used to evaluate extracardiac 
vascular and airway abnormalities of pediatric 
congenital heart disease [ 1 – 8 ]. Recently intro-
duced high-pitch (up to 3.0–3.4; table feed, 41.1–
46.6 cm/s) dual-source spiral scanning allows 
considerable reduction of cardiac and respiratory 
motion artifacts on non-ECG-synchronized car-
diac CT [ 9 ,  10 ]. Nonetheless, ECG-synchronized 
scanning with either retrospective ECG gating or 
prospective ECG triggering should be performed 
for the evaluation of intracardiac structures and 
coronary arteries (Fig.  18.1 ). This has been proven 
by improved coronary artery visibility on ECG-
synchronized cardiac CT in children with con-
genital heart disease [ 11 – 15 ]. ECG- synchronized 
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cardiac CT also allows more accurate iden-
tifi cation and more detailed characterization 
of intracardiac abnormalities, e.g., potentially 

 life-threatening coronary sinus ostial atresia with 
a persistent left superior vena cava (SVC) that has 
not been detected on cardiac CT [ 16 ].

   Table 18.1    CT scan techniques for pediatric congenital heart disease according to target structures and a child’s 
 respiration status   

 Target structures  Scan mode  Respiration status 

 Extracardiac structures only  Non-ECG-synchronized spiral  Free breathing or breath holding 
 Intracardiac structures and 
coronary arteries 

 Prospectively ECG-triggered 
sequential 

 Free breathing (with or without respiratory 
triggering) 

 Retrospectively ECG-gated spiral  Breath holding, controlled ventilation with 
or without general anesthesia, or free 
breathing (young children) 

 Dynamic evaluation of airways  Four-dimensional sequential 
(supplementary) 

 Free breathing 

 Regional lung perfusion (iodine) 
and ventilation (xenon) 

 Dual-energy spiral  Free breathing or breath holding 

a

c d

b

  Fig. 18.1    CT scan techniques for pediatric congenital 
heart disease. ( a ) Coronal CT image acquired with breath-
hold single-source non-ECG-synchronized spiral scan-
ning in a 5-year-old girl shows cardiac pulsation artifacts. 
( b ) Volume- rendered CT image acquired with free- 
breathing dual-source high-pitch non-ECG-synchronized 
spiral scanning in a 6-year-old girl reveals no discernible 
cardiac and respiratory motion artifacts. The right coro-
nary artery ( arrow ) is faintly seen. ( c ) Volume-rendered 

CT image acquired with free-breathing dual-source pro-
spectively ECG-triggered sequential scanning in a 2-day-
old male newborn shows excellent image quality without 
cardiac and respiratory motion artifacts. ( d ) Volume-
rendered CT image acquired with breath-hold dual-source 
retrospectively ECG-gated spiral scanning shows excel-
lent image quality without cardiac and respiratory motion 
artifacts. The right coronary artery is clearly shown 
( arrow )       
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   The best cardiac phase with minimal cardiac 
motion should be selected for ECG-synchronized 
CT scanning [ 5 ,  6 ]. The mid-diastolic phase, the 
so-called diastasis, is chosen at low heart rates, 
while the end-systolic phase generally offers the 
best image quality at high heart rates (i.e., >75 
beats/min). This heart rate-dependent best car-
diac phase is attributed to the fact that the diasta-
sis is decreased and eventually disappeared with 
increasing heart rate, and the end-systolic cardiac 
rest period tends to remain constant irrespective 
of heart rate. Single cardiac phase is usually suf-
fi cient for the morphologic evaluation, while 
multiphase scanning may be necessary for the 
accurate assessment of ventricular function, ven-
tricular volumes, and coronary arteries at the 
expense of higher radiation dose. 

 High temporal resolution is benefi cial for 
ECG-synchronized pediatric cardiac CT because 
most children have high heart rates. Currently, 
there are technical limitations to improve tempo-
ral resolution by increasing gantry rotation speed 
(0.27–0.35 s for single-source CT, 0.28–0.33 s 
for dual-source CT) and pitch. High gravitational 
(g) forces associated with fast gantry rotation 
speed (e.g., 17 g for 0.42 s rotation time, 33 g for 
0.33 s rotation time) are close to a current 
mechanical upper limit. It is attributed to the fact 
that the g force is inversely proportional to the 
square of gantry rotation time. Theoretically, 
there are certain limits in increasing pitch in 
order to obtain gapless image data. In this respect, 
heart rate-dependent pitch, if available, is more 
benefi cial than fi xed low pitch. The highest tem-
poral resolution, 75–83 ms, of ECG-synchronized 
scan is currently achieved with dual-source CT 
because only a quarter of gantry rotation is 
required for image reconstruction [ 9 ]. In contrast, 
at least a half of gantry rotation is needed for 
image reconstruction of ECG-synchronized scan 
using a single-source CT system. 

 Cine CT has been used to evaluate tracheo-
bronchomalacia [ 17 ], air trapping [ 18 ], and 
 subtle lung parenchymal abnormalities simply by 
reducing motion artifacts [ 19 ] in free-breathing 
children. With a longer longitudinal coverage of 
modern multi-detector row CT (MDCT) 
(4–16 cm for 64–320 detector rows), four- 
dimensional (4D) airway CT is increasingly used 

in clinical practice [ 5 ,  6 ,  20 ]. This 4D airway CT 
can overcome diagnostic pitfalls of conventional 
cine CT resulting from longitudinal motion of the 
airways and oblique course of the bronchi. In 
general, expiratory airway collapse greater than 
50 % has been regarded as a diagnostic criterion 
of tracheobronchomalacia in children. A new 
diagnostic criterion, e.g., expiratory tracheal col-
lapse of approximately 31–32 % in a study [ 17 ], 
and a quantitative analysis method should be 
developed for free-breathing children (Fig.  18.2 ).

   Dual-energy CT is a recently highlighted scan 
mode acquired at two different tube voltages for 
material differentiation, e.g., iodine for perfusion 
and xenon for ventilation that is not readily seen 
on conventional single-energy CT [ 21 ]. Regional 
lung perfusion and ventilation can be assessed 
with dual-energy CT [ 22 – 27 ]. In children with 
congenital heart disease, dual-energy CT may be 
used for initial identifi cation and follow-up of 
pulmonary embolism [ 22 ,  28 ] (Fig.  18.3 ) and for 
evaluation of airway anomalies or diseases. 
Radiation dose of dual-energy CT using a dual- 
source system is comparable to that of single- 
energy CT [ 21 ], whereas dual-energy CT using a 
single-source system with rapid tube voltage 
switching delivers substantially higher radiation 
dose [ 29 ]. The difference in radiation dose 
between the two dual-energy CT techniques 
should be cautiously considered in children.

       Radiation Dose Reduction 
Strategies 

 To pursue the principle of as low as reasonably 
achievable in children, radiation dose of cardiac 
CT should be optimally minimized without com-
promising diagnostic image quality. In fact, sub-
millisievert cardiac CT examination can be 
achieved by using available dose reduction strat-
egies collectively, including body size-adapted 
dose settings, attenuation-based tube current 
modulation, optimally low tube voltage, ECG- 
controlled tube current modulation, minimal lon-
gitudinal coverage, and an iterative reconstruction 
algorithm [ 5 ,  6 ,  13 ,  15 ,  30 ]. 

 First of all, radiation dose settings should be 
adjusted to individual body size. Body weight, 
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a b

  Fig. 18.3    Dual-energy CT for evaluating pulmonary 
embolism and lung perfusion. ( a ) Axial weighted average 
CT image in a 22-year-old man with repaired tetralogy of 
Fallot and recurrent pulmonary valve endocarditis shows 
obstructing pulmonary embolism ( arrow ) in the right 
lower lobe. The right ventricle ( RV ) appears enlarged and 

hypertrophic. A patent and dilated left pulmonary artery 
branch ( curved arrow ) is noted. ( b ) Coronal color-coded 
iodine map reveals a large perfusion defect in the right 
lower lobe ( arrows ).  RA  right atrium,  LA  left atrium,  LV  
left ventricle       

a

b d

c

  Fig. 18.2    Four-dimensional airway CT. Inspiratory ( a ) 
and expiratory ( b ) coronal volume-rendered CT images 
demonstrate a mild subglottic stenosis ( arrow ) and tra-
cheomalacia ( curved arrow ). ( c ) The airway central axis 
( green line ) is semiautomatically traced for quantitative 

analysis. ( d ) The cross-sectional areas of the airways were 
automatically measured along the airway central axis, 
which is mandatory for quantitative assessment of airway 
abnormalities, such as tracheobronchomalacia       
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body mass index, cross-sectional dimensions, 
and mean body density can be used to develop a 
body size-adapted cardiac CT protocol [ 31 – 33 ]. 
In general, cross-sectional dimensions, such as 
body diameter and area, show better dose adapta-
tion to body habitus than traditionally used body 
weight and body mass index do. 

 Tube current modulation should be used to 
reduce radiation dose of cardiac CT without 
degrading image quality [ 5 ,  6 ,  30 – 34 ]. It may be 
classifi ed into angular, z-axis, and combined 
types according to modulation direction. For its 
proper use, we fi rst need to understand that basic 
principles differ between vendors [ 35 ]. In a study 
[ 34 ], radiation dose of pediatric cardiac CT could 
be reduced by 9 ~ 26 % by using combined tube 
current modulation. The degree of dose reduction 
is infl uenced by tube voltage and scan direction 
[ 36 ]. More importantly, we must ensure patient 
positioning in the gantry isocenter to avoid 
adverse effects of improper positioning. We also 
should clearly recognize that tube current modu-
lation is not truly automatic and it needs user- 
defi ned target image quality. 

 Low tube voltage provides not only potential 
for radiation dose reduction but also higher 
contrast- to-noise ratio of cardiac CT [ 30 ,  37 ]. 
Depending on body size and scan technique, 80 
or 100 kV has been used for pediatric cardiac CT 
to have the benefi ts of low tube voltage. 
Additionally, 70 kV recently became available 
for pediatric cardiac CT. However, it should be 
noted that tube current saturation is more fre-
quently reached during tube current modulation 
at low tube voltage, which limits the dose- 
reducing effect of tube current modulation [ 6 , 
 30 ]. The use of lower pitch is a practical solution 
to this problem. In this respect, we have to ensure 
that low tube voltage for cardiac CT is truly dose 
effi cient and optimal. 

 ECG-controlled tube current modulation or 
ECG pulsing is a useful dose-saving technique 
for retrospectively ECG-gated spiral CT scan-
ning, in which the full dose is applied to the tar-
get cardiac phase and 4 or 20 % of the full dose is 
applied to the rest of the cardiac cycle [ 5 ,  6 ,  38 ]. 
Heart rate-adapted pitch may further reduce radi-
ation dose with increasing heart rate [ 39 ]. In 

 contrast, prospectively ECG-triggered sequential 
scanning is an intrinsically low-dose imaging 
technique [ 5 ,  6 ,  15 ]. 

 Although required scan range of cardiac CT is 
quite variable according to clinical requests, it 
should be kept to the minimum. Overranging, 
i.e., unnecessary radiation exposure outside a 
scan range of multi-slice spiral CT, is directly 
proportional to beam collimation, reconstructed 
slice thickness, and pitch [ 40 ]. Because this over-
ranging has a great impact on total radiation dose 
in pediatric cardiac CT, it should be reduced by 
using the adaptive collimation technology [ 41 ]. 
However, this adaptive collimation technology is 
not available for high-pitch dual-source spiral CT 
scanning, resulting in a greater radiation expo-
sure. Therefore, this high-pitch scanning should 
be used only when the favorable risk-benefi t ratio 
is expected. 

 Recently introduced iterative reconstruction 
algorithms have potential to reduce radiation 
dose of pediatric cardiac CT, compared with con-
ventional fi ltered back projection algorithms [ 42 , 
 43 ]. Typical dose estimates of dose-optimized 
pediatric cardiac CT are below 1 mSv for single- 
source non-ECG-synchronized spiral scanning 
and prospectively ECG-triggered sequential 
scanning, 1–3 mSv for high-pitch dual-source 
spiral scanning, and 2–6 mSv for retrospectively 
ECG-gated spiral scanning in our institution. 
However, comprehensive single- or multicenter 
studies on radiation dose of pediatric cardiac CT 
are necessary to determine the current risk level 
of dose-optimized pediatric cardiac CT.  

    Clinical Applications 

 Recent technical innovations of cardiac CT 
expand clinical applications in patients with con-
genital heart disease. In addition to traditional 
applications including the evaluation of extracar-
diac great vessels, airways, and lungs, newer 
applications include the assessment of coronary 
arteries, conotruncal structures, intracardiac 
structures, cardiac function, ventricle volumetry, 
dynamic airway obstruction, and regional lung 
perfusion [ 44 ]. 
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    Aorta 

 Anomalies of the aorta commonly include 
obstructive lesions in the aortic arch, such as 
coarctation of the aorta (CoA), interrupted aortic 
arch (IAA), and aortic arch atresia [ 45 ,  46 ]. In 
CoA, CT can avoid diagnostic pitfalls of echocar-
diography resulting from geometric distortion 
caused by a large patent ductus arteriosus (PDA). 
Because a periductal aortic stenosis in CoA is a 
dynamic process, monitoring of blood pressure 
difference between upper and lower extremities 
and echocardiographic follow-up are necessary 
although a patient is initially asymptomatic with-
out a defi nite evidence of CoA. If there are equiv-
ocal fi ndings on echocardiography, cardiac CT 
can provide the accurate diagnosis of CoA 
(Fig.  18.4 ). The presence of collateral arteries 
indicates long-standing, severe CoA, and these 
collateral arteries can be seen on cardiac CT as 
early as 3 months of age (Fig.  18.4 ). In CoA, the 
affected aortic arch may show various degrees of 
hypoplasia and elongation that may lead to modi-
fi ed surgical techniques to develop optimal 
geometry of the aortic arch and avoid postopera-
tive left main bronchus narrowing.

   Pseudocoarctation is characterized by tortuous 
elongation of a higher aortic arch without hemo-
dynamically signifi cant obstruction. In some cases 
showing pseudocoarctation on cardiac CT, cardiac 

catheterization may be necessary to exclude 
hemodynamically signifi cant obstruction. Various 
degrees of progressive aneurysmal dilation of the 
aorta are shown in children with congenital con-
nective tissue disorders, such as Marfan syndrome, 
Loeys-Dietz syndrome, and arterial tortuosity 
syndrome [ 47 – 49 ]. Cardiac CT can be used to 
detect and monitor cardiovascular complications 
in these connective tissue disorders (Fig.  18.5 ).

   Among various types of aortic arch anoma-
lies, common symptomatic vascular rings include 
double aortic arch and right aortic arch with an 
aberrant left subclavian artery (with or without 
Kommerell diverticulum) [ 50 ]. The arch anatomy 
and tracheal and esophageal compression can be 
accurately depicted on cardiac CT [ 51 ,  52 ]. The 
presence of the posterior ligamentum arteriosum 
contralateral to the aortic arch is closely related 
to the formation of vascular rings. However, the 
ligamentum arteriosum is not discernible on 
imaging. In this respect, the ligamentum arterio-
sum calcifi cation, if detected, may be helpful to 
determine its location on cardiac CT [ 53 ]. 
Tracheomalacia may be complicated with these 
vascular rings before and more frequently after 
surgery [ 54 – 56 ]. Circumfl ex retroesophageal 
aorta makes surgical correction of aortic arch 
anomalies more diffi cult [ 57 ,  58 ] (Fig.  18.6 ).

   In addition to the aortic arch, aortic stenosis 
may occur at supravalvular and valvular levels. 

a b c

  Fig. 18.4    Coarctation of the aorta. ( a ) CT image with an 
aortic arch view shows hypoplasia of distal arch and a min-
imal periductal stenosis ( arrow ). ( b ) Follow-up CT image 
demonstrates the development of a signifi cant discrete nar-
rowing ( arrow ) at the periductal area. The  post-stenotic 

dilatation of the proximal descending thoracic aorta ( aster-
isk ) is noted. ( c ) Volume-rendered CT image with a poste-
rior view reveals multiple collateral arteries connecting to 
the descending aorta, indicating signifi cant aortic fl ow 
obstruction due to the coarctation of the aorta       
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Supravalvular aortic stenosis, defi ned as a focal 
or diffuse narrowing of the aorta starting at the 
sinotubular junction, is commonly associated 
with Williams syndrome or may occur in nonsyn-
dromic forms [ 59 ,  60 ]. Bicuspid aortic valve is 

seen in 3–8 % of patients with congenital heart 
disease and often associated with aortic stenosis 
and arteriopathy showing progressive dilation of 
the proximal aorta even in the absence of signifi -
cant aortic stenosis [ 61 ]. In patients with aortic 
stenosis, cardiac CT may show anatomic features 
of valvular stenosis by planimetry, left ventricu-
lar hypertrophy, and dilation of the proximal 
aorta.  

    Pulmonary Artery 

 Obstructive pulmonary artery abnormalities, 
such as hypoplasia, stenosis, and atresia, can be 
shown on cardiac CT. These abnormalities are 
universally seen in patients with tetralogy of 
Fallot (TOF)/pulmonary atresia spectrum [ 62 –
 64 ]. Juxtaductal left pulmonary artery stenosis 
often results in asymmetrically reduced left 
pulmonary vascularity on cardiac CT. Peripheral 
pulmonary artery stenosis is frequently seen in 
patients with Williams and Alagille syndromes 
[ 65 ,  66 ] (Fig.  18.7 ). In order to restrict 
 pulmonary blood overfl ow resulting in pulmo-
nary  vascular disease, pulmonary artery band-
ing is placed most commonly at the main 
pulmonary artery or at the branch pulmonary 
artery  bilaterally as a hybrid procedure for 

  Fig. 18.5    A 2-year-old girl with Loeys-Dietz syndrome. 
CT image with an aortic arch view shows aortic root dila-
tation and annuloectasia. Other arteries, including the pul-
monary arteries and aortic arch vessels, also show diffuse 
dilation. A patent ductus arteriosus ( asterisk ) is noted.  AR  
aortic root,  PA  pulmonary artery       

a b

  Fig. 18.6    Circumfl ex retroesophageal aorta. ( a ) Volume-
rendered CT image with a posterior view shows the left 
aortic arch, a retroesophageal aortic segment ( arrow ), and 
the right-descending aorta. ( b ) Three-dimensional lung 

and airway CT image with a superior view reveals a left 
main bronchus narrowing ( arrow ) compressed by the aor-
tic anomaly.  T  trachea,  A  anterior,  P  posterior,  R  right,  L  
left       
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hypoplastic left heart syndrome. Complications 
of this procedure, such as pulmonary artery ste-
nosis resulting from impingement, distal migra-
tion, or scarring of the banding site and 
pulmonary artery pseudoaneurysm, can be 
identifi ed on cardiac CT.

   In pulmonary atresia, the systemic arterial 
source of pulmonary circulation may be single or 
multifocal, including a PDA or major aortopul-
monary collateral arteries (MAPCAs). Anatomic 

details of the central pulmonary arteries and 
 various systemic arterial sources, crucial for 
 surgical planning of unifocalization, can be 
delineated on cardiac CT [ 67 ] (Fig.  18.8 ). Thanks 
to such CT road map of MAPCAs, procedure 
time of catheter angiography and possibility of 
overlooked MAPCAs can be substantially 
reduced. Nonetheless, conventional catheter 
angiography is necessary for identifying commu-
nications between pulmonary arterial feeders.

cba

  Fig. 18.7    A 7-year-old body with Alagille syndrome. 
Oblique coronal ( a ) and superior volume-rendered ( b ) CT 
views show a proximal left pulmonary artery stenosis 

( arrow ). ( c ) Lung perfusion scintigraphy confi rms dif-
fusely decreased left-lung perfusion (25 % of total lung 
perfusion).  P  posterior,  L  left       

a b

  Fig. 18.8    Pulmonary atresia with major aortopulmonary 
collateral arteries (MAPCAs). ( a ) Volume-rendered CT 
image with an anterior view shows anatomic details of the 
tiny central pulmonary arteries ( short arrows ) and 
MAPCAs. A left modifi ed Blalock-Taussig (LMBT) 
shunt ( long arrow ) is noted. ( b ) Color-coded 

 volume-rendered image demonstrates three MAPCAs 
with different colors ( green ,  light blue , and  purple ). The 
tiny central pulmonary arteries ( short arrows ) are con-
nected to a green-colored MAPCA and a LMBT shunt 
( long arrow ) is connected to a  purple-colored  MAPCA       
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   Dilatation of the pulmonary arteries is com-
monly seen in patients with repaired TOF and 
absent pulmonary valve syndrome as a result 
of long-standing pulmonary regurgitation, or in 
patients with pulmonary arterial hypertension. 
In absent pulmonary valve syndrome, bronchial 
compression by severely enlarged central pul-
monary arteries usually results in respiratory 
 diffi culties necessitating surgical treatments, 
such as reduction pulmonary arterioplasty [ 68 , 
 69 ] (Fig.  18.9 ). Lung perfusion defects may be 
 identifi ed on dual-energy CT in patients with 
 pulmonary arterial hypertension and pulmonary 
embolism [ 22 ,  70 ,  71 ].

   In pulmonary artery sling, an aberrant left pul-
monary artery arises from the proximal right pul-
monary artery, courses between the trachea and 
the esophagus, and extends to the left pulmonary 
hilum. In addition to this anomalous course of the 
left pulmonary artery, cardiac CT can show asso-
ciated airway anomalies, such as tracheal bron-
chus, bridging bronchus, congenital tracheal 
stenosis, and tracheomalacia [ 72 – 75 ]. Rarely, 
one of the two pulmonary arteries arises 
 aberrantly from the ascending aorta and the other 
arises normally from the main pulmonary artery. 
Anomalous origin of the right pulmonary artery 
is far more frequent than the left one.  

    Pulmonary Vein 

 A part of (partial anomalous pulmonary 
venous return, PAPVR) or all (total anomalous 

pulmonary venous return, TAPVR) pulmonary 
veins may show anomalous drainage into a sys-
temic vein, the right atrium, the coronary sinus, 
or the portal vein [ 76 – 79 ]. Exact sites of drainage 
and obstruction in TAPVR or PAPVR should be 
 accurately identifi ed before surgery, which can be 
better demonstrated on cardiac CT than on echo-
cardiography (Figs.  18.10  and  18.11 ). TAPVR is 
classifi ed as supracardiac (50 %), cardiac (25 %), 
infracardiac (20 %), or mixed (5 %) type accord-
ing to anomalous drain sites. Infracardiac type is 
almost always obstructive due to an extrinsic nar-
rowing by the diaphragm or pulmonary venous 
drainage through the hepatic sinusoids. Right-
sided PAPVR is frequently associated with the 
sinus venous type of ASD [ 80 ] (Fig.  18.11 ). In 
addition, PAPVR is a component of scimitar syn-
drome and horseshoe lung is rarely associated 
with scimitar syndrome [ 81 ,  82 ].

    Congenital pulmonary vein stenosis and 
 hypoplasia/atresia may involve individual or multi-
ple pulmonary veins [ 77 ]. The abnormalities may be 
focal or diffuse and unilateral or bilateral. Anatomic 
details of these abnormalities can be more accu-
rately and promptly evaluated with cardiac CT than 
with echocardiography, and cardiac CT is, there-
fore, a viable alternative for invasive conventional 
catheter pulmonary venography [ 83 ,  84 ].  

    Systemic Vein 

 Persistent left SVC is frequently seen in patients 
with congenital heart disease [ 85 ]. A small or 

a b c

  Fig. 18.9    Absent pulmonary valve syndrome. ( a ) 
Volume-rendered CT image with a posterior view shows 
aneurysmal dilatation of central pulmonary arteries. ( b ) 
Curved planar reformatted CT image along the bronchi 
demonstrates bilateral bronchial compressions by dilated 

central pulmonary arteries. ( c ) Volume-rendered CT 
image with a posterior view shows substantial decrease in 
size of dilated central pulmonary arteries after reduction 
pulmonary arterioplasty.  RPA  right pulmonary artery,  LPA  
left pulmonary artery       
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large bridging vein is present between bilateral 
SVC in approximately 30 % of cases. In about 
90 % of cases, a persistent left SVC drains into 
the right atrium via the dilated coronary sinus 
[ 86 ]. Less frequent drain sites include the inferior 
vena cava (IVC), hepatic vein, and left atrium. 
Recognition of a left SVC is clinically relevant 
when a procedure requiring upper limb venous 
access or cavopulmonary connection is planned. 

Left SVC drainage into the left atrium is 
almost always associated with other congenital 
 anomalies. In left atrial isomerism, a left SVC 
often drains into the roof of the left atrium. The 
levoatriocardinal vein is a rare, persistent venous 
connection between the left atrium and systemic 
vein and often associated with left-sided obstruc-
tive lesions, such as CoA, hypoplastic left heart 
syndrome, congenial mitral stenosis, and cor 

a b

  Fig. 18.11    Partial anomalous pulmonary venous return 
(PAPVR) and the sinus venous type of atrial septal defect 
(ASD). ( a ) Volume-rendered CT image with a right lateral 
view shows the right upper lobe vein ( long arrow ) and the 
right middle lobe vein ( short arrows ) anomalously drain-
ing into the superior vena cava ( SVC ) and the dilated right 

atrium ( RA ), respectively. ( b ) Four-chamber CT image 
reveals the sinus venous ASD ( asterisk ). The right middle 
lobe vein ( arrows ) anomalously drains into the RA, while 
the right lower pulmonary vein ( curved arrow ) normally 
drains into the left atrium ( LA ).  RV  right ventricle       

a b

  Fig. 18.10    Total anomalous pulmonary venous return 
(TAPVR). Volume-rendered CT image with a posterior 
view ( a ) and an inferior view ( b ) shows a cardiac type of 

TAPVR in which all pulmonary veins anomalously drain 
into the dilated coronary sinus ( CS )       
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 triatriatum [ 2 ]. Subaortic left innominate vein is 
more frequently seen in the right aortic arch, 
underdeveloped pulmonary artery, and abnormal 
elongation of the aortic arch [ 87 ,  88 ]. This anom-
alous vein can be clearly identifi ed on cardiac CT 
although it has no clinical signifi cance. 

 IVC interruption with azygos continuation is 
commonly associated with left atrial isomerism, 
whereas juxtaposition of the IVC and abdominal 
aorta is frequently seen in right atrial isomerism 
[ 2 ]. Separate hepatic venous drainage into the 
atrium may make Fontan completion diffi cult in 
patients with functional single ventricle (FSV). 
In patients with FSV, cavopulmonary connec-
tions are surgically created. Homogeneous vas-
cular enhancement in Fontan pathway is diffi cult 
to be achieved on cardiac CT due to preferential 
cavopulmonary blood fl ow [ 5 ,  6 ,  89 – 91 ]. After 
Fontan procedure, systemic vein-to-pulmonary 
vein and systemic vein-to-systemic vein collater-
als are often seen on cardiac CT [ 92 ] (Fig.  18.12 ).

       Airways 

 Airway anomalies are often associated with con-
genital heart disease. Among them, the intimate 
relationship between congenital tracheal stenosis 

and pulmonary artery sling is described as the 
 so- called sling-ring complex. Congenital tracheal 
stenosis also is frequently attributed to respira-
tory diffi culty, diffi cult intubation, and postoper-
ative ventilator weaning failure in children with 
congenital heart disease. In addition to airway 
anomalies, CT also is invaluable for evaluating 
extrinsic vascular compression of the central air-
ways, most commonly the left main bronchus, in 
patients with congenital heart disease [ 8 ,  93 – 95 ]. 
CT is also useful to monitor the effects of surgi-
cal treatments for vascular airway compression, 
such as aortopexy and anterior translocation of 
the right pulmonary artery (Fig.  18.13 ). Traumatic 
placement of an endotracheal tube may cause an 
iatrogenic subglottic tracheal narrowing. Long- 
standing and extrinsic airway compression by 
dilated cardiovascular structures, endotracheal 
tube, or mediastinal lymphadenopathy may result 
in tracheobronchomalacia that can be assessed 
with cine CT or 4D airway CT as described in the 
previous section [ 5 ,  6 ,  44 ,  55 ,  56 ].

   To determine atrial situs, the relationship of 
the upper lobar bronchus and the pulmonary 
artery can be assessed on cardiac CT [ 8 ]. The 
upper lobar bronchi are bilaterally eparterial in 
right isomerism, whereas they are bilaterally 
hyparterial in left isomerism (Fig.  18.14 ).

a b

  Fig. 18.12    Collateral veins developed after Fontan oper-
ation. ( a ) Coronal maximum intensity projection (MIP) 
CT image shows systemic-to-pulmonary venous collater-
als between the right brachiocephalic vein ( short yellow 
arrow ) and the right pulmonary veins ( long arrows ). The 
dilated azygos vein ( AV ) is also noted. ( b ) Coronal MIP 

CT image reveals the systemic-to-systemic venous 
 collaterals by an enlarged pericardiacophrenic vein 
extending from the left brachiocephalic vein ( arrow ) to 
the inferior vena cava ( IVC ) and a systemic-to-pulmonary 
venous collateral between the left brachiocephalic vein 
( arrow ) and the left superior pulmonary vein       
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       Coronary Arteries 

 In addition to hemodynamically signifi cant coro-
nary artery anomalies, trivial anomalies, such as 
high takeoff, and certain coronary artery anatomy, 
particularly in TOF and transposition of the great 
arteries (TGA), may be clinically very important 
in patients with congenital heart disease [ 13 ,  96 ]. 
Therefore, presurgical recognition of such anom-
aly or anatomy on cardiac CT may prevent coro-
nary artery-related, postsurgical complications. 
In addition to unfavorable  coronary artery 

 anatomy, commissural malalignment of aortic-
pulmonary sinus often seen up to 46 % in com-
plete TGA may require alterative procedures for 
coronary artery transfer during arterial switch 
operation to avoid torsion or stretching of coro-
nary arteries [ 97 ]. After arterial switch operation, 
cardiac CT may be used to detect potential steno-
sis (3–8 % of patients) of the transferred coronary 
arteries [ 13 ,  98 ]. Cardiac CT may be used to 
assess coronary artery abnormalities in Williams 
syndrome, such as dilated coronary arteries and 
coronary osteal stenosis [ 99 ].  

a

c

b

d

  Fig. 18.13    A 4-month-old infant with complex congeni-
tal heart disease. ( a ) Volume-rendered CT image with an 
aortic arch view shows that potential space ( asterisk ) for 
the left bronchi between the left pulmonary artery ( LPA ) 
and the descending aorta ( DA ) is narrow. ( b ) Coronal 
minimum intensity projection (MinIP) CT image reveals 
narrowing ( arrows ) of the left bronchi. Of note, the 

branching pattern of the bronchial tree is situs inversus. 
( c ) Volume-rendered CT image with an aortic arch view 
performed after posterior aortopexy demonstrates that the 
space ( asterisk ) for the left bronchi becomes considerably 
widened. ( d ) Coronal MinIP CT image performed after 
posterior aortopexy shows that the narrowing ( arrows ) of 
the left bronchi is improved       
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    Cardiac Defects 

 Recent technical developments of cardiac CT 
enable us to evaluate conotruncal and intracar-
diac structures accurately without cardiac pulsa-
tion artifacts [ 5 ,  6 ,  44 ]. Therefore, clinical 
applications of cardiac CT in assessing conotrun-
cal and intracardiac defects largely remain to be 
determined. 

 Anatomic features of the anomalies involving 
the arterial trunks, such as truncus arteriosus and 
aortopulmonary window, can be evaluated with 
cardiac CT [ 1 – 4 ,  8 ]. Truncus arteriosus is a single 
arterial trunk arising from the ventricles via a 
single semilunar valve (truncal valve) and classi-
fi ed as three types according to the origin of the 
pulmonary artery and the distance between the 
two origins (Fig.  18.15 ). Aortopulmonary win-
dow is an abnormal communication between the 
ascending aorta and the pulmonary trunk in the 
presence of separate aortic and pulmonary valves 
and classifi ed as proximal, distal, or total, depend-
ing on its location.

   The pulmonary trunk normally lies anterior 
and the left of the ascending aorta. The ascending 

aorta is located anterior and right ( d -malposition) 
or left ( l -malposition) to the pulmonary trunk in 
malposition of the great arteries, which is com-
monly seen in double outlet right ventricle 
(DORV) and TGA [ 7 ].  d -malposition of the great 
arteries is common in complete TGA, whereas 
 l -malposition is frequently seen in congenitally 
corrected TGA. Side-by-side relationship of the 
great arteries in complete TGA is associated with 
increased incidence of unusual coronary artery 
patterns with high operative risks [ 13 ]. These 
relationships of the great arteries can be accu-
rately evaluated with cardiac CT. 

 The semilunar valve is classifi ed as the uni-
cuspid, bicuspid, tricuspid, or quadricuspid valve, 
according to the number of valvular leafl ets [ 7 ]. 
Semilunar valvular stenosis may be seen as thick-
ening and doming of the valve on cardiac CT. On 
the other hand, semilunar valvular insuffi ciency 
may be seen as incomplete diastolic coaptation 
on cardiac CT. The semilunar valve may show 
membranous valvular atresia in pulmonary atre-
sia and aortic atresia. 

 Dynamic morphology of ventricular outfl ow 
tract obstruction in various congenital heart 

a b

  Fig. 18.14    The relationship of the upper lobar bronchus 
and the pulmonary artery ( PA ) in atrial isomerism. ( a ) In 
right atrial isomerism, coronal maximum intensity projec-
tion (MIP) minimum intensity projection (MinIP) CT 

image shows the bilaterally eparterial upper lobar bronchi 
( arrows ). ( b ) In contrast, the bilaterally hyparterial upper 
lobar bronchi ( arrows ) are shown in left atrial isomerism       
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 diseases including TOF can be characterized by 
multiphase ECG-synchronized cardiac CT [ 5 ,  6 , 
 44 ] (Fig.  18.16 ). Aneurysmal dilatation of the 
right ventricular outfl ow tract is often developed 
after total correction of TOF particularly using a 
transannular patch technique. In pulmonary atre-
sia, CT can demonstrate the dimension of the 
right ventricular infundibulum as well as the dis-
tance between the infundibulum and the proxi-
mal end of the atretic pulmonary trunk, which 
may be important for surgical planning. Anatomic 
features and function of cardiac chambers also 
can be assessed by multiphase ECG-synchronized 
cardiac CT. As a result, ventricular enlargement 
and hypertrophy, ventricle function, and ventricle 
volumetry can be evaluated with CT. CT ventri-
cle volumetry may be used to determine the opti-
mal timing of pulmonary valve replacement in 
repaired TOF patients and to predict the feasibil-
ity of biventricular repair in patients with a mar-
ginally small ventricle [ 100 ]. In addition, left 
ventricular noncompaction, isolated or often 
associated with congenital heart disease, can be 
depicted on cardiac CT [ 101 ,  102 ]. Atrial situs 
can be determined on cardiac CT by the extent of 

the pectinate muscles of the atrial appendages 
[ 7 ]. The pectinate muscles extend to the corre-
sponding atrioventricular junction in the right 
atrial appendage, whereas they show a limited 
extent in the left atrial appendage. In addition to 
the pectinate muscles, the systemic and pulmo-
nary venoatrial connections and the crista termi-
nalis may be used as landmarks for determining 
the atrial situs. A membranous obstruction in the 
left atrium, such as cor triatriatum (sinister) or 
supramitral ring, can be identifi ed and measured 
on cardiac CT [ 103 ]. To differentiate these two 
entities, the connections of the left atrial append-
age to the left atrium proper should be evaluated: 
its connection to the distal cavity in cor triatria-
tum and its connection to the proximal cavity in 
supramitral ring. Cor triatriatum may be diffi cult 
to be distinguished from bowed septum primum 
in infants with TAPVR [ 104 ].

   The septum of the heart consists of three com-
ponents: the interatrial, atrioventricular, and 
interventricular septa [ 7 ]. A defect in the inter-
atrial or interventricular septum results in ASD or 
VSD. On the other hand, atrioventricular septal 
defect (AVSD) is a defect in the atrioventricular 

a b

  Fig. 18.15    Truncus arteriosus. Volume-rendered CT 
image with a left lateral view ( a ) and a posterior view ( b ) 
shows truncus arteriosus type 1 in which a single 

 pulmonary trunk originates from the left lateral aspect of 
the common trunk ( arrows ).  L  left pulmonary artery,  R  
right pulmonary artery,  D  descending aorta       
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septum variably involving the adjacent atrial and 
ventricular septa (usually the inlet portion of the 
interventricular septum). Size, location, and type 
of these septal defects can be evaluated with car-
diac CT, especially by using an en face view. 
However, the diagnosis of the secundum ASD 
should be carefully made at cardiac CT since the 
fossa ovalis may be too thin to be identifi ed on 
cardiac CT. In VSD, the so-called malalignment 
defect due to anterior or posterior deviation of the 
conal septum may be seen on cardiac CT. 
Furthermore, an aneurysm-like pouch formed by 
the adhesion of the tricuspid valve leafl et to the 
rim of a perimembranous defect, limiting actual 
shunt fl ow, may be seen on cardiac CT. 

 The atrioventricular valve may show atresia, 
stenosis, regurgitation, or various kinds of 
 dysplasia. Tricuspid atresia may be classifi ed into 
two major types: the more common type showing 
the absent right atrioventricular connection fi lled 
by areolar sulcus tissue and the rarer type show-
ing imperforate tricuspid valve [ 8 ]. The right 
ventricle in a patient with tricuspid atresia is 
opacifi ed via a bulboventricular foramen or 
ventriculo- coronary arterial communications 
(VCAC) on cardiac CT. Ebstein anomaly is 
defi ned as apical displacement of the attachment 
of the tricuspid, almost always septal and 
 posterior, leafl ets from the atrioventricular 

 junction [ 8 ]. The atrialized and functioning right 
ventricle can be measured by cardiac CT [ 105 ]. 
In AVSD, there is an abnormal arrangement of 
the atrioventricular valve leafl ets, consisting of 
anterior and posterior bridging leafl ets, right and 
left mural leafl ets, and an anterosuperior leafl et. 

 Discordant ventriculoarterial connection, i.e., 
the ascending aorta from the morphologic right 
ventricle and the pulmonary trunk from the mor-
phologic left ventricle, is seen in complete or con-
genitally corrected TGA. In congenitally corrected 
TGA, atrioventricular connection is also discor-
dant [ 106 ]. In DORV, both great arteries are con-
nected to the morphologic right ventricle [ 107 ]. A 
great artery is regarded as being connected to a 
ventricle when more than half of its semilunar 
valve is connected to that ventricle, the so-called 
50 % rule. Cardiac CT helps characterize ana-
tomic variants of DORV resulting in various 
hemodynamic consequences clinically mimick-
ing simple VSD, TOF, and complete TGA.   

    Conclusion 

 Recent technical developments allow cardiac 
CT to be used as an important diagnostic 
imaging modality in patients with congenital 
heart disease. Further studies are necessary to 
validate potential clinical implications of 
 cardiac CT in evaluating cardiac defects. 

a b

  Fig. 18.16    Tetralogy of Fallot. Volume-rendered CT 
images with a right anterior oblique view obtained at end 
systole ( a ) and end diastole ( b ) demonstrate a dynamic 

infundibular narrowing ( arrows ).  RA  the right atrium,  RV  
the right ventricle,  P  pulmonary trunk,  A  ascending aorta       
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Coupled with optimized imaging techniques 
of cardiac CT, evolving clinical applications 
of cardiac CT should be enthusiastically inte-
grated to develop fi nest diagnostic algorithms 
for patients with congenital heart disease.     
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        The number of adults with congenital heart disease 
(CHD) has dramatically increased over the past 
decades. It is estimated that more than a million 
adults with CHD are in the United States alone [ 1 ] 
and it is expected that this number will continue to 
grow as the population increases. This is secondary 
to the signifi cant improvement in cardiac surgery 
and perioperative care. Now, at least 95 % of new-
borns with CHD will survive to adulthood [ 2 ]; how-
ever, despite this improvement, residual or recurrent 
lesions may progress over years and decades result-
ing in an increase in the need for reoperation. Valve 
procedures are the most common, and many patients 
may require numerous surgical procedures or inter-
ventions over a lifetime. This chapter will review 
the surgical issues associated with reoperation in 
adults with CHD and discuss the role of available 
imaging modalities in the perioperative manage-
ment of this growing patient population. 

   Adults with Congenital Heart Disease 

 Two different groups of adult patients fall 
into this category: the fi rst group, which is 
the majority, includes those who will need 

 reoperation to fi x residual or recurrent defects 
or treat long-term complications (e.g., valve 
deterioration) and the second group includes 
those with previously undetected CHD who 
present for the fi rst time in adulthood. Despite 
the term “total correction,” there are very few 
lesions that are truly corrected for a lifetime 
without the need for further intervention. One 
example could include the ligated and divided 
patent ductus arteriosus [ 2 ]. The majority of 
many other patients with CHD are at risk of 
needing late intervention or repeat operation. 
Surgical repairs of most anomalies are there-
fore considered palliative. Most reoperations 
in these patients are related to valve dysfunc-
tion, residual or recurrent intracardiac defects, 
or arrhythmias. 

 Several factors are important and contribute 
to perioperative mortality with repeat operations. 
Some of these factors are older age, female sex, 
preoperative organ system dysfunction, preop-
erative renal failure, prior history of stroke, and 
obesity [ 3 ]. Additional factors have been identi-
fi ed by Park et al. [ 4 ] included previous radia-
tion, preoperative heart failure or cardiogenic 
shock, previous coronary artery bypass grafts, 
and emergency status. The resternotomy mortal-
ity increases dramatically from 6.5 % with no 
injury to 25 % when signifi cant hemorrhage is 
encountered secondary to the inadvertent 
cardiotomy.  
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   Technical Considerations 
and Pitfalls During Reoperation 

 Prior to reoperation, the surgeon should assess the 
overall risks of mortality and morbidity and dis-
cuss all available options and alternatives with the 
patient. Communication with the cardiology, anes-
thesia, perfusion, and operating room team mem-
bers is essential to success during these challenging 
procedures. The following is our strategy:
•    Peripheral cannulation of femoral or axillary 

vessels if repeat sternotomy will be associated 
with injury to cardiac or great vessel (e.g., 

aorta, conduit, innominate vein) structures. 
This is determined by preoperative evaluation 
of cross-sectional images and the close rela-
tionship of these structures to the posterior 
sternum. The advent of percutaneous tech-
niques of cannulation facilitate right internal 
jugular and groin cannulation with almost no 
need for an incision in the case of emergency 
(Fig.  19.1a–d ); however, we prefer cutdown 
exposure of groin vessels so that repair can be 
accomplished under direct vision.

•      Currently, we use a percutaneous cannula 
placed into the right internal jugular vein and 

a b

c d

  Fig. 19.1    Intraoperative photographs showing the cutdown 
technique of femoral cannulation in preparation for cardio-
pulmonary bypass prior to redo sternotomy. ( a ) Small groin 
incision is performed to expose the femoral vessels and 
Seldinger technique using a guidewire is performed with 
purse-string sutures on the vessels. ( b ) The puncture site is 
then dilated over the guidewire prior to insertion of the can-
nula. ( c ) The femoral arterial and ( d ) femoral venous 

 cannulae are inserted and secured in place with the fi nal 
position of the venous cannula confi rmed using intraopera-
tive transesophageal echocardiography. When the femoral 
artery is noted to be small, a chimney graft is sewn end-to-
side to the femoral artery. One or both groins can be cannu-
lated based on vascular anatomy. Frequent postoperative 
examination of distal pulses and extremity perfusion are 
essential to identify potential compartment syndrome       
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advance it into the superior vena cava for addi-
tional venous return.  

•   Vacuum-assisted venous drainage is used 
selectively and is avoided if there are any 
residual intracardiac shunts so that if injury 
occurs to a cardiac structure (usually right- 
sided) during dissection, air embolism is 
avoided.  

•   Certain situations may necessitate initiation of 
cardiopulmonary bypass (CPB) before ster-
notomy, and this is determined by the relation-
ship of mediastinal structures to the sternum 
and chest wall (Fig.  19.2 ) and the number of 
previous sternotomies.

•      The use of pericardial substitute (e.g., Gore- 
Tex pericardial membrane) may be considered 
if additional reoperation(s) is expected in 
order to minimize or reduce the risk of cardiac 
injury; however, their use has been controver-
sial [ 5 ,  6 ]. A previous report from our institu-
tion identifi ed that the incidence of injury is 
reduced if the native pericardium was approx-
imated during the prior surgical procedure [ 4 ].  

•   The initiation of CPB prior to resternotomy 
does not necessarily protect the right ven-
tricle (RV) from injury; however, it provides 
a decompressed right heart and creates a 
controllable situation and minimizes the 

a

c

b

d

  Fig. 19.2    Preoperative cross-sectional imaging with 3-D 
reconstruction are of paramount importance in reopera-
tions. ( a ) 3-D reconstruction showing a right coronary 
artery aneurysm ( arrow ); ( b ,  c ) the same patient also has 

a severe pectus deformity with the mediastinal structures 
displaced into the left hemithorax; ( d ) 3-D reformat show-
ing the relationship of the leftward position of the right 
coronary artery aneurysm ( arrow ) to the sternum       
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amount of blood loss if injury occurs and 
facilitates dissection. This is particularly 
helpful when there is signifi cant right heart 
enlargement or there are elevated right-
sided pressures.  

•   Although CPB can facilitate a safe resternot-
omy, it does result in longer CPB times, which 
has been shown to increase mortality and mor-
bidity. As a result, the operation should be 
orchestrated so that the CPB time is as short, 
but safe, as possible. This can be accom-
plished by using peripheral CPB to facilitate 
resternotomy, then separating from CPB after 
sternal division to complete the mediastinal 
dissection whenever possible. In some situa-
tions, the dissection may be facilitated if the 
heart is maintained decompressed while on 
CPB; the decision to perform the dissection on 
or off bypass is individualized.  

•   Controversy exists regarding the need to 
remove the previously placed sternal wires or 
to retain them in place during the actual saw-
ing of the sternum (Fig.  19.3a ). There is no 
conclusive evidence that cardiac injury is 
decreased with keeping them intact; the 
decision is generally based on surgeon 
preference.

•      We use the air-driven microsagittal saw 
(Fig.  19.3b ) during repeat sternotomy and 
divide the anterior sternal table with the saw 
followed by careful division of the posterior 
table with a heavy scissors under direct vision 
with the help of Volkmann retractors that ele-
vate the two halves of the sternum (Fig.  19.4a ). 
The microsagittal saw has the advantage of 
precise perpendicular division of the sternum, 
with relatively easy control of the depth of 
blade penetration and the ability to feel the 
posterior sternal table [ 7 ].

•      The heart and great vessels should be gently 
released in a stepwise fashion from the back 
of the sternum with combination scissors and 
low-energy electrocautery to allow safe sepa-
ration of the two sternal halves and safe place-
ment of the sternal retractor later on 
(Fig.  19.4b ). We intentionally enter each 
 pleural space so that the mediastinum falls 
away from the chest wall.  

•   Limiting dissection only to the necessary 
areas of the intended procedure is an impor-
tant consideration as it decreases the risk of 
injury to cardiac structures and results in less 
bleeding from dissected areas at the end of the 
procedure.     

a b

  Fig. 19.3    Intraoperative photos demonstrating our tech-
nique of resternotomy: ( a ) towel clips are used on either 
side of the sternum to elevate the corresponding half dur-
ing the resternotomy; ( b ) the microsagittal saw is 

 preferred during redo sternotomy due to its ease of han-
dling. In general, we use the saw for division of the ante-
rior sternal table and heavy blunt scissors to divide the 
posterior table       

 

S.M. Said et al.



435

   Role of Echocardiography 

 Echocardiography plays a signifi cant role in the 
preoperative preparation for cardiac surgery, for 
both primary and repeat operations. It provides 
an accurate diagnosis, details about valve anat-
omy, the presence of septal defects, outfl ow tract 
anatomy, chamber dilatation or hypertrophy, and 
ventricular function. Preoperative transthoracic 
echocardiography and intraoperative transesoph-
ageal echocardiography are used routinely. 
Specifi c issues essential in the planning of a reop-
eration are outlined below:
•    It is important to identify an intracardiac 

shunt (atrial or ventricular level) as there is a 

risk of air embolism if inadvertent cardiot-
omy occurs while the heart is decompressed 
on cardiopulmonary bypass. When a septal 
defect is present, we maintain a positive cen-
tral venous pressure of at least 5 mmHg to 
avoid air entry into the right heart with subse-
quent systemic embolization across the 
shunt. An aortic tack vent is used routinely 
and the bed is maintained in Trendelenburg 
position and the operative fi eld is fl ooded 
with carbon dioxide. If the laceration involves 
a left-sided structure, aorta or pulmonary 
venous atrium, then CPB and deep hypother-
mia may become necessary to facilitate 
resternotomy.  

a b

  Fig. 19.4    Intraoperative photos demonstrating our pre-
ferred technique of resternotomy: ( a ) The anterior table of 
the sternum is divided with the microsagittal saw, and 
then with the help of Volkmann retractors, the posterior 
table is divided with the scissors under vision; ( b ) after 
dividing the posterior sternal table, the mediastinal struc-

tures are dissected and released carefully from the ster-
num using low-energy electrocautery and scissors. Each 
hemithorax is entered so the mediastinum falls away from 
the chest wall allowing sternal separation without tearing 
of upper mediastinal or cardiac structures       
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•   Analysis of all intracardiac valve function is 
essential, but evaluation of the aortic valve to 
identify aortic regurgitation is particularly 
important. When aortic regurgitation is pres-
ent, venting of the left ventricle is critical in the 
event that ventricular fi brillation occurs (which 
is expected with hypothermic bypass) in order 
to avoid distention of the left ventricle and its 
deleterious effects on ventricular function.  

•   Intraoperative transesophageal echocardiogra-
phy also provides guidance for peripheral can-
nulation and ensures proper positioning of both 
arterial and venous cannulae; it helps in evalu-
ating collapse of the cardiac chambers after ini-
tiation of peripheral CPB, provides a continuous 
evaluation to the contractile status and disten-
sion of the ventricle(s), and guides the de-airing 
process at the conclusion of bypass.    

   Role of Cross-Sectional Imaging 
Computed Tomography (CT) Scan 

 The relationship and position of cardiac structures 
(chambers and great vessels) to each other and to 
the chest wall is essential when planning reopera-
tion. Anatomic landmarks especially coronary 
arteries may be obscured, and an extracardiac 
conduit or dilated ascending aorta may become 
very close or even adherent to the  undersurface of 

the sternum or chest wall (Fig.  19.5 ). In advanced 
cases, imaging of these anatomic structures has 
demonstrated erosion into the sternum, and this 
signifi cantly increases the risk of resternotomy. 
Cross-sectional imaging provides a road map of 
these important anatomic fi ndings that is essential 
in the preoperative evaluation. The indications for 
CT scan or MR imaging include a congenital 
diagnosis and prior surgery; information about 
great vessel anatomy (dilatation, stenosis, etc.) is 
particularly helpful. Advantages and disadvan-
tages of CT vs MR are beyond the scope of this 
chapter and described elsewhere in this textbook. 
In general, MR is preferred when feasible since 
the exposure to radiation is reduced and the need 
for multiple studies over a lifetime is common in 
the patient population. The recent introduction of 
three- dimensional reconstructions is also invalu-
able in redo surgery as it provides the surgeon 
with an anatomic model of the heart and medias-
tinal structures, their relation to the sternum, loca-
tion of extracardiac conduits, and anomalous 
course of major coronary arteries, and facilitates 
operative planning (Fig.  19.6 ).

       Magnetic Resonance Imaging (MRI) 

 While MR imaging also provides excellent cross- 
sectional imaging similar to CT scanning, MR 

a b

  Fig. 19.5    The value of preoperative cross-sectional 
images in demonstrating the relationship of the mediasti-
nal structures to the underside of the sternum. In this par-

ticular case, the ascending aorta ( a ) and the aortic arch ( b ) 
are eroding into the sternum. Knowledge of this preopera-
tively is essential when planning redo sternotomy       
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imaging is particularly helpful at providing 
 additional information about cardiac chamber 
size and ventricular function. Decreased myocar-
dial function has been one of the independent risk 
factors of perioperative mortality and overall out-
come in many studies [ 8 ]. MRI plays an impor-
tant role in evaluation of the right ventricular 
function which is diffi cult to evaluate by echocar-
diography with accuracy. 

 MRI is increasingly used in all types of patients 
with cardiac disease, including those with Ebstein 
malformation and other forms of congenital tri-
cuspid regurgitation (TR) and right- sided disease 
(e.g., tetralogy of Fallot). Functional assessment 
can be made including quantitative measurement 
of left and right ventricular size and function 
(Fig.  19.7 ). At present, we rely on echocardiogra-
phy (2- and 3-D) for detailed evaluation of valve 
anatomy (ventricular size and function to a lesser 
extent) and MRI for detailed assessment of right 
and left ventricular dimensions and function.

  Fig. 19.6    CT with 3-D reconstruction showing dilated 
ascending aorta ( AA ) above the sinutubular junction, loca-
tion of the major coronary arteries in relation to the ster-
num, and the degree of calcifi cation in the aortic arch 
( white arrows ) and to a lesser degree in the ascending and 
descending aorta.  RCA  right coronary artery       

a b

  Fig. 19.7    Measurements of right ventricular volumes in 
Ebstein by MRI. Steady-state free-precession (SSFP) 
axial MR images in end-diastole ( a ) and end-systole ( b ) 
are shown. Tricuspid leafl ets are shown by  green arrows . 
The border between functional right ventricle ( fRV ) and 
atrialized right ventricle ( aRV ) is demarcated by  yellow 
lines  connecting the free wall attachment of the anterior 
tricuspid leafl et and septal attachment of the apically dis-
placed septal leafl et. The border between the aRV and the 
right atrium ( RA ) is shown by red lines connecting the free 

wall attachment of the anterior tricuspid leafl et and the 
point of presumed normal attachment of the septal tricus-
pid valve leafl et. Measurements are obtained in end-dias-
tole ( a ) and end-systole ( b ). The severity of clinical 
disease is thought to be inversely correlated to the size of 
the functional RV (fRV). In adults with unrepaired Ebstein 
anomaly, aRV volume is independently related to exercise 
test capacity and may express severity of disease [ 8 ].  LV  
left ventricle (Courtesy of Farhood Saremi MD. University 
of Southern California)       
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       Role of Cardiac Catheterization 

 Cardiac catheterization is used selectively in 
the preoperative testing for adults with CHD 
prior to reoperation. Its role is mostly related to 
hemodynamic assessment in selected situations. 
However, cardiac catheterization can also play a 
supplemental role in imaging, e.g., great vessel 
anatomy, pulmonary artery, and coronary anat-
omy. Knowledge of coronary artery anatomy and 
distribution and the presence of acquired lesions 
are critical when planning resternotomy and the 
potential need for bypass grafting. Patients who 
had prior repair of tetralogy of Fallot with or with-
out RV-to-pulmonary artery (PA) conduit may 
require reoperation for pulmonary valve or con-
duit replacement. Limited ventriculotomy may be 
necessary during pulmonary valve replacement or 
right ventricular outfl ow tract (RVOT) reconstruc-
tion. Accurate placement of this incision is of par-
amount importance to avoid injury to important 
coronary artery branches that may be crossing 
the RVOT (e.g., anomalous origin of left anterior 
descending branch from the right  coronary artery) 

and this can be clearly delineated from preopera-
tive cardiac catheterization or CT cross-sectional 
images as well (Fig.  19.8 ).

      Alternate Cannulation Sites 
and Peripheral Access Evaluation: 
Role of Ultrasonography 

 Patients with CHD frequently require repeat oper-
ations over a lifetime. As the number of sternoto-
mies increases, the risk of cardiac injury increases 
as well. Peripheral vascular access may be com-
promised and limited from multiple prior cardiac 
procedures including open-heart surgery with 
perioperative invasive monitoring, cardiac 
catheterization(s), electrophysiology procedure(s), 
and/or pacemaker insertion. This may lead to scar-
ring, stenosis, and obstruction of peripheral arte-
rial and venous structures in the neck and groin, or 
they may be at risk for pseudoaneurysm, arteriove-
nous fi stulae, or other complications associated 
with any of these procedures. Since peripheral 
cannulation for cardiopulmonary bypass becomes 

a b

  Fig. 19.8    Computed tomography scan with 3-D recon-
struction ( a ) showing: anomalous origin of the left ante-
rior descending artery ( LAD ) from the right coronary 
artery ( RCA ) crossing the right ventricular outfl ow tract in 

a patient with tetralogy of Fallot. Corresponding cross-
sectional image ( b ) shows its close proximity to the ster-
num.  RV  right ventricle,  LV  left ventricle,  Ao  aorta,  PA  
pulmonary artery       
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a strategic alternative and facilitates initiation of 
bypass prior to a hazardous resternotomy, knowl-
edge of the peripheral vessel patency (groin and 
neck) is essential during the preop workup. 

 Preoperative evaluation of peripheral vascula-
ture using ultrasonography is very important dur-
ing the preoperative evaluation as it will change 
the plan with regard to cannulation. Peripheral 
arterial options include femoral or axillary artery; 
occasionally the innominate or carotid artery is 
considered in young children. Peripheral venous 
options include femoral and right internal jugular 
vein with advancement of the cannula into the 
right atrium via the superior or inferior vena 
cava. The decision to expose or cannulate the 
peripheral vessels and the timing of initiation of 
CPB before sternotomy is individualized, and 
preoperative imaging aids in this decision 
making. 

 The following alternative cannulation sites 
may be considered if there is a high risk of car-
diac injury during the sternotomy:
•    Femoral artery or vein vessels  
•   Iliac artery or vein vessels  
•   Axillary artery  
•   Carotid artery (usually right)  
•   Innominate artery  
•   Internal jugular vein (usually right)  
•   Right atrium or ascending aorta (via right 

thoracotomy)  
•   Left ventricular apex (via left thoracotomy)  
•   Pulmonary artery (via left thoracotomy)  
•   Abdominal aorta     

   Specifi c Pathology 

 The following lesions are examples of how pre-
operative imaging plays a critical role in guiding 
the surgeon during reoperation and minimizing 
the risks associated with resternotomy. 

   Tetralogy of Fallot/Pulmonary Atresia 

 Patients who had prior tetralogy of Fallot (TOF) 
or pulmonary atresia with ventricular septal 
defect (PA/VSD) repair using an extracardiac 

conduit, the conduit usually lies to the left of the 
midline and the aorta may be dilated (as is the 
case with all conotruncal anomalies) and they 
may be in close proximity to the back of the ster-
num (see Fig.   19.8    ). 

 Coronary artery anomalies are not uncommon 
and determination of the location of major coro-
nary arterial branches (i.e., anomalous left ante-
rior descending from the right coronary artery) is 
important during reoperation (Fig.  19.8 ). 
Anomalous vessels can be vulnerable during 
sternal reentry or at the time of any ventricular 
incisions that may be needed for a given 
procedure.  

   Truncus Arteriosus/Transposition 
of the Great Arteries 

 The Rastelli procedure (VSD closure with RV-PA 
conduit placement) has been the most common 
procedure to treat transposition with VSD and 
pulmonary stenosis. The position of the RV-to-PA 
conduit can be located to the left or right of the 
ascending aorta. Either way, the conduit com-
monly lies in a midline position and very close to 
the back of the sternum or even eroding into it.  

   Ross Procedure 

 This group of patients may have aneurysmal dila-
tation of the proximal aortic root – the pulmonary 
autograft (neoaorta). It is not uncommon for this 
proximal dilated segment of aorta to be abutting 
the sternum (Fig.  19.9 ). In addition, the right cor-
onary artery button origin is often high on this 
dilated proximal segment of aorta and can also be 
abutting the back of the sternum and be at risk 
with resternotomy. This emphasizes the impor-
tance of cross-sectional imaging in any patient 
with previous aortic root surgery. Reoperation 
after the Ross procedure is almost inevitable for 
most patients and the most common indications 
are the following:
•     Pulmonary homograft (or RV-PA conduit) 

structural degeneration  
•   Autograft (neoaorta) valve regurgitation  
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•   Autograft dilatation  
•   Concomitant tricuspid or mitral valve 

regurgitation  
•   Coronary artery abnormalities (usually button 

or proximal segments)     

   Functional Single Ventricle 

 Imaging of cardiac structures and great vessel 
anatomy as well as hemodynamic assessment is 
essential in patients with a Fontan circulation 
being considered for reoperation. Important anat-
omy includes the Fontan pathways, pulmonary 
venous pathways, systemic ventricular outfl ow 
tract, valvar function and ventricular dimension, 
presence of hypertrophy or dilatation, and ven-
tricular function (systolic and diastolic). In addi-
tion, information about residual intracardiac 
shunts and collateralization is needed. Depending 
upon the type of connection, a dilated right atrium 

in the setting of an atriopulmonary connection 
may be adherent to the underside of the sternum 
and susceptible to injury.  

   Ebstein Malformation 

 Severe right-sided enlargement (atrium and ven-
tricle) is the rule with this diagnosis Fig.  19.10 ). 
A right ventricular myopathy is always present 
in combination with tricuspid regurgitation. 
Echocardiography plays an important role in 
analysis of tricuspid valve anatomy and MR or 
CT imaging in right ventricular size and function. 
In MR assessment of the RV function, axial 
imaging appears to provide more reproducible 
data than standard short-axis views [ 8 ]. Cardiac 
catheterization is performed selectively to ascer-
tain right- and left-sided fi lling pressures if con-
sideration is being given to applying the 
bidirectional cavopulmonary anastomosis.

a b

  Fig. 19.9    Sagittal CT angiogram ( a ) with 3-D recon-
struction ( b ) in a patient who had undergone the Ross pro-
cedure. The proximal ascending aorta – the neoaortic root 

(pulmonary autograft) – is dilated, and the abrupt cutoff in 
the mid- ascending aorta is the location of the distal suture 
line from the autograft to the native ascending aorta       
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      Residual Intracardiac Shunts 

 The importance of identifying residual or recur-
rent atrial or ventricular septal defects is para-
mount during resternotomy as there can be an 
increased risk of systemic air embolism if pre-
cautions are not applied with the conduct of car-
diopulmonary bypass during resternotomy and 
inadvertent cardiotomy occurs.  

   Prior Homografts 

 Homografts have been utilized in the CHD 
population for decades. They have been used 
mostly for RV-to-PA conduit reconstruction and 
to a lesser extent in the aortic root position. At 
present, homografts are commonly used in the 
neonate and infant for right-sided reconstruc-
tions. In the adult population, homograft  tissue 

a

c d

b

  Fig. 19.10    ( a ,  b ) Axial images of computed tomography 
angiography showing a markedly dilated right atrium and 
right ventricle in relation to the underside of the sternum; 
this is a common fi nding in patients with Ebstein malfor-
mation presenting for late reoperation. Magnitude of api-
cal displacement of the septal tricuspid valve is shown by 
 red arrows  which is an indicator of disease severity. ( c, d)  

Are color-coded CT in the same patient in four-chamber 
( c ) and right ventricle outfl ow tract ( d ) views. Tricuspid 
valve is shown in blue.  aRV  atrialized right ventricle,  fRV  
functional right ventricle,  RV  right ventricle,  RVOT  right 
ventricle outfl ow tract,  LV  left ventricle,  IVC  inferior vena 
cava (Courtesy of Farhood Saremi MD. University of 
Southern California)       
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is  commonly used in the setting of active val-
var  endocarditis (aortic or pulmonary valve/
conduit). Homograft tissue is very vulnerable to 
calcifi cation, often circumferential calcifi cation, 
which can complicate the conduct of the opera-
tion. Preoperative radiographs (Fig.  19.11 ) and 
cross- sectional imaging are useful in identifying 
the position of the homograft and its relation to 
the underside of the sternum. It also shows the 
extent of homograft calcifi cation and location of 
the aorta and right coronary artery and prepares 
the surgeon for the expected diffi culty and risks 
during reoperation. It is important to look for the 
extent of previous homograft replacement from 
preoperative CT scan as this may change the plan 
of the operation. Peripheral cannulation may be 
considered if the distal anastomosis of the homo-
graft extends to the base of the innominate artery 
or if it has been used as a hemiarch technique as 
extensive calcifi cation in these areas may inter-
fere with proper cannula placement or aortic 
cross-clamp application.

      Tricuspid Valve Regurgitation 

 Tricuspid valve (TV) regurgitation has been con-
sidered as a relatively benign lesion for a long 
time; however recent data suggest that irrespec-
tive of the pulmonary artery pressure or left ven-
tricular ejection fraction, TR has a negative 
impact on survival [ 9 ]. Severe TR starts a vicious 
circle of chronic right ventricular volume over-
load and right ventricular dilatation and dysfunc-
tion which results in right heart failure. Correction 
of TR in a timely fashion preserves right ventric-
ular function and interrupts this circle; however, 
optimal timing has been controversial, but it is 
generally recommended before the onset of right 
ventricular dysfunction, even in asymptomatic 
patients [ 10 ,  11 ]. From our experience we con-
sider the following as indications for TV surgery: 
presence of symptoms or cyanosis (occurs in the 
presence of atrial septal defect), decreased exer-
cise tolerance, progressive cardiomegaly on chest 
X-ray, progressive right ventricular dilatation or 

a b

  Fig. 19.11    Lateral views of chest angiogram ( a ) and 
plain X-ray ( b ) in a patient with a prior homograft right 
ventricle-to- pulmonary artery conduit who had undergone 
a Rastelli procedure for transposition of the great arteries 

with pulmonary stenosis and ventricular septal defect. 
The extensive degree of calcifi cation ( black arrows ) and 
erosion into the posterior sternum is clearly evident       
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reduction of right ventricular systolic function by 
echocardiography, and the occurrence or pro-
gression of atrial or ventricular arrhythmias. 
Progression of TR is also taken into consider-
ation for timing of intervention for pulmonary 
valve replacement (PVR). In general we repair 
TR when the degree of TR is moderate or more at 
the time of operation for another reason, PVR 
being most common. 

 The decision for TV intervention should be 
made based on preoperative outpatient echocar-
diography and not the intraoperative echocar-
diography because of the different (more 
favorable) hemodynamics under the conditions 
of general anesthesia. 

   Pacemaker-Induced Tricuspid 
Valve Regurgitation 
 There is increased use of permanent pacemaker 
(PPM) and implantable cardioverter- defi brillators 
(ICD) in adults with CHD as a result of atrial or 
ventricular arrhythmias which are common late 
sequelae of many CHD pathologies [ 12 ]. 
Different mechanisms of TR were reported 
among our experience [ 13 ]: (1) leafl et perfora-
tion by the lead, (2) lead entanglement of the TV 
apparatus, (3) lead impingement of the TV leaf-
lets, and (4) lead adherence to the TV 
(Fig.  19.12a–c ). In our experience, we analyzed 
the records of 571 consecutive patients with 

 congenital (non-Ebstein) TR who underwent TV 
operation for severe TR. Twenty-fi ve patients 
(4 %) had severe TR secondary to PPM or ICD 
lead placement. TV replacement was performed 
in 14 patients (56 %), while it was repaired in the 
remaining 11 patients (44 %).

       Hypoplastic Left Heart Syndrome 

 Hypoplastic left heart syndrome (HLHS) is a 
spectrum of malformation that share in common 
the inability of the left-sided structures to support 
the systemic circulation. It includes a variety of 
lesions ranging from aortic atresia or stenosis 
with or without mitral atresia or stenosis; the left 
ventricle is always hypoplastic (Fig.  19.13 ). 
Typically, the surgical management of patients 
with HLHS involves three-staged palliation pro-
cedures starting with the Norwood stage I and 
ends with the completion Fontan procedure. 
Surgical outcomes have been improved remark-
ably in the current era; however reoperation or 
late intervention is inevitable for the majority. 
Recurrent aortic arch obstruction is one example 
of an issue that appears after stage I Norwood 
and it ranges from 9 to 37 % [ 14 ]; it is very del-
eterious to the single ventricle as it will lead to 
signifi cant systemic ventricular dysfunction and 
even mortality. In addition, the following are 

a b c

  Fig. 19.12    Pathologic specimens ( a ,  b ) showing entan-
glement of the pacemaker lead ( arrows ) with the subval-
var apparatus of the tricuspid valve. ( c ) Intraoperative 
photograph showing perforation of the septal leafl et and 

entanglement of the tricuspid subvalvar apparatus adja-
cent to the anteroseptal commissure with the pacemaker 
or internal cardioverter- defi brillator lead       
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some of the issues that arise in adults who have 
undergone completion Fontan for HLHS:

     Fontan Conversion and Arrhythmia 
Surgery 
 Those who are faced with failing Fontan circula-
tion may be considered for Fontan conversion 
which entails conversion of prior atriopulmonary 
Fontan (Fig.  19.14 ) to total extracardiac cavopul-
monary connection (Fig.  19.15 ), arrhythmia sur-
gery, treating any concomitant systemic 
atrioventricular valve dysfunction, and relieving 
any obstruction in the Fontan pathway [ 15 ].

       Neoaortic Root Aneurysm After Fontan 
Completion 
 This is similar to what can happen after Ross pro-
cedure when including the native pulmonary root 
in the reconstruction of the neoaorta at the time 

of Norwood and subsequent exposure of the pul-
monary valve and root to systemic arterial pres-
sure [ 16 ]. Valve-sparing aortic root replacement 
represents a reasonable option in these patients.  

   Transplantation 
 Those patients who underwent cardiac transplan-
tation as their initial or intermediate treatment step 
can still present late with issues related to aortic 
coarctation or aneurysmal enlargement of the neo-
aorta that may require late intervention [ 17 ].    

   Percutaneous Interventions 

   Pulmonary Valve Replacement 

 PVR is one of the most common procedures per-
formed in adults with CHD [ 18 ]. It is usually 

a b

  Fig. 19.13    ( a ,  b ) Pathologic specimens showing the char-
acteristic features of hypoplastic left heart syndrome: 
hypoplastic aortic arch, hypoplastic left ventricle ( LV ), and 

diminutive ascending aorta ( AA ).  DA  descending aorta, 
 LSA  left subclavian artery,  LA  left atrium,  IA  innominate 
artery,  RV  right ventricle,  RAA  right atrial appendage       
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  Fig. 19.14    Illustration showing the original Fontan pro-
cedure that included an end-to-side anastomosis of the 
distal end of right pulmonary artery ( RPA ) to superior 
vena cava ( SVC ) (classic Glenn anastomosis); end-to-end 
anastomosis of right atrial appendage ( RAA ) to proximal 
end of RPA by means of an aortic valved homograft; clo-
sure of atrial septal defect; insertion of a pulmonary 
valved homograft at the inferior vena cava ( IVC ) to right 
atrium ( RA ) junction; and ligation of main pulmonary 
artery       

a b
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  Fig. 19.15    ( a ,  b ) Extracardiac conduit-modifi ed Fontan 
procedure as popularized by Marcelletti in 1990. This 
technique includes a bidirectional superior cavopulmo-
nary anastomosis and placement of a synthetic graft 
between the inferior vena cava and the right pulmonary 

artery (total cavopulmonary connection). The location of 
the distal anastomosis between the extracardiac conduit 
graft and the right pulmonary artery can be to the right ( a ; 
Puga) or to the left ( b ; Marcelletti) of the bidirectional 
superior cavopulmonary anastomosis       
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 performed for free PR that resulted from RVOT 
reconstruction during prior repair of tetralogy of 
Fallot. The etiology can be regurgitation or steno-
sis in the setting of a conduit for pulmonary atre-
sia, transposition of great arteries with pulmonary 
stenosis, or truncus arteriosus. Reoperation is a 
common pathway for all these different patholo-
gies and it is not uncommon for many to require 
multiple PVR during their lifetime. Transcatheter 
techniques have emerged as a reasonable alterna-
tive for patients who require repeat operations or 
those who are at high risk for reoperation. The 
indications and the timing for PVR have been 
somewhat controversial. However, the general 
trend is earlier intervention to avoid the deleteri-
ous effects of volume overload with subsequent 
right ventricular enlargement and dysfunction 
[ 19 ]. PVR may also be considered in the pres-
ence of RVOT obstruction due to previous con-
duit valve/biologic valve structural degeneration 
with a peak gradient >50 mmHg. Other indica-
tions may include reduced exercise capacity, 
increased right ventricular end-diastolic dimen-
sion, or concomitant moderate or severe TR [ 20 ]. 
Percutaneous PVR was fi rst described by 
Bonhoeffer et al. [ 21 ] and consisted of bovine 
jugular venous valve that was sutured to the wall 
of a balloon expandable stent. A modifi ed ver-
sion of the initial device (the Melody valve; 
Medtronic Inc) is currently approved and is in 
use with good short-term results and successful 

relief of RVOT gradient and correction of pulmo-
nary valve regurgitation [ 22 ].  

   Hybrid Strategy 

   Branch Pulmonary Artery Stenting 
 Branch pulmonary artery stenosis is frequently 
treated with percutaneous stenting techniques 
[ 23 ]. This approach may be challenging in the 
presence of concomitant RVOT obstruction and, 
therefore, the hybrid approach where deployment 
of these stents will be more technically feasible, 
provides an alternative approach [ 24 ,  25 ], 
(Figs.  19.16  and  19.17 ). Intraoperative branch PA 
stenting may also be considered as a rescue pro-
cedure following complications of the percutane-
ous approach. The traditional repair technique of 
branch PA stenosis has been patch arterioplasty, 
but this may not be possible in all cases. Repeat 
operations with extensive scarring or distally 
located stenosis can make surgical repair diffi cult 
and time consuming. The increased cardiopul-
monary bypass time and subsequent duration of 
surgery can be minimized with the hybrid 
approach [ 26 ]. Endovascular stenting may also 
provide a structural support to the repaired PA 
and decrease the chance of compression by sur-
rounding structures. We have published our expe-
rience with such strategy in 24 patients between 
1997 and 2006 [ 27 ]. The median age was 15 

  Fig. 19.16    Intraoperative 
photograph of a combined 
pulmonary valve replacement 
and right pulmonary artery 
stenting. The proximal end of 
the stent is fl ared and sutured 
( arrow ) close to the pulmo-
nary bifurcation. The bovine 
pericardial roof is seen on the 
right and the suction catheter 
is in the left pulmonary artery       
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years and a total of 27 stents were deployed, most 
commonly in the left PA (13 stents). The most 
common diagnoses were pulmonary atresia with 
septal defect and TOF. This was almost always 
done with RVOT reconstruction or pulmonary 
valve replacement. Two procedures were done as 
rescue procedures following complications (stent 
migration and catheter impaction) of percutane-
ous approaches. There was no early mortality or 
pulmonary artery tear, dissection, or stent 
thrombosis.

    In these cases, preoperative imaging studies 
are important for surgical planning. Cardiac cath-
eterization, CT scan, or MRI will allow determi-
nation of the appropriate stent length, stent 
position to avoid side-branch “jailing,” and the 
appropriate stent diameter to achieve complete 
relief of the branch PA stenosis without overdila-
tation of the distal PA branch.  

   Pulmonary Venous Baffl e Obstruction 
After Prior Atrial Switch 
 Although the current standard treatment for trans-
position of the great arteries is the arterial switch 
operation, the atrial switch is still performed as 
part of the “double-switch” operation for con-
genitally corrected transposition [ 28 ], and there 
are many late survivors of the atrial switch for 

 transposition from the early era of cardiac sur-
gery. Pulmonary venous pathway baffl e obstruc-
tion is a potential late complication following 
the atrial switch operation. Treatment of such 
sequelae is very challenging and gaining periph-
eral access to the pulmonary venous baffl e/path-
way is also very diffi cult. While only case reports 
exist in the literature for approaches to pulmonary 
venous baffl e obstruction, there are also only 
a few reports of the use of interventional cath-
eterization techniques to relieve  systemic  venous 
baffl e obstruction [ 29 ,  30 ].  We reported our 
experience with such approach in a 28-year-old 
female who underwent an atrial switch procedure 
at 11 months of age and presented with late pul-
monary venous pathway baffl e obstruction [ 31 ]. 
Preoperative transthoracic echocardiography 
revealed a mean gradient of 14 mmHg across 
the pulmonary venous pathway (Fig.  19.18a ). 
A mini right thoracotomy was performed, and a 
purse-string suture was placed on the right atrial 
free wall, and a sheath was advanced allowing a 
stent to be deployed. The intraoperative gradient 
dropped to 4 mmHg after stent deployment. One 
year later, follow-up echocardiography revealed a 
widely patent stent (Fig.  19.18b ). The same tech-
nique was repeated in two other patients from our 
institution with similar success.

a b

  Fig. 19.17    Cardiac catheterization showing; ( a ) 
Percutaneous treatment of proximal right pulmonary 
artery stenosis ( thin arrow ) with severe right ventricle-

to-pulmonary artery conduit valve ( wide arrowhead ) 
regurgitation. ( b ) The appropriately placed stent in the 
proximal right pulmonary artery ( thin arrow )       
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   Several advantages to this technique are worth 
mentioning. The operation is performed via a 
small incision with adequate exposure to the right 
atrial wall. It provides direct access to the area of 
obstruction thereby avoiding the diffi culty that is 
usually encountered with the percutaneous 
approaches. Other advantages include the avoid-
ance of CPB and the risks associated with repeat 
sternotomy.    

   Mayo Clinic Experience 

 We reviewed our experience with 984 adult 
patients (495 male) with CHD who underwent 
reoperation between January 1993 and December 
2007 [ 32 ]. The mean age at reoperation was 36.4 
years. The most common diagnoses were 
conotruncal anomaly, 361 (37 %); Ebstein/tricus-
pid valve, 174 (18 %); pulmonary stenosis/right 
ventricular outfl ow tract obstruction, 92 (9 %); 
single ventricle, 71 (7 %); atrioventricular septal 
defect, 64 (7 %); subaortic stenosis, 62 (6 %); 
aortic arch abnormalities, 23 (2 %); and anoma-
lous pulmonary veins, 21 (2 %). The overall 
 mortality was 3.6 %. Repeat sternotomy with the 
potential risk of cardiac injury conferred an 
increased mortality of 6 %. The following factors 

were independent predictors of cardiac injury: 
single-ventricle diagnosis and increased number 
of prior sternotomies. It was also noticed that 
with increase time from previous sternotomy, 
there is a decrease incidence of cardiac injury. 
Predictors of perioperative mortality included 
urgency of the operation, single-ventricle diag-
nosis, and longer bypass time.  

   Summary 

 In summary, adults with CHD are subject to 
repeat reoperations and complex procedures. 
Thoughtful surgical planning and proper preop-
erative imaging are critical to a safe, successful 
operation.     
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        Congenital heart disease (CHD) represents the 
most common form of birth defects and is the 
leading cause of birth defect-related deaths [ 1 ,  2 ]. 
Current data suggest that the total incidence for 
nonchromosomal CHD in the USA is 12 per 
1,000 births [ 2 ]. An estimated 6 % of these babies 
die before the age of 1 year [ 3 ,  4 ]. As treatment of 
CHD has improved, there is a need for regular 
diagnostic follow-up in this growing population 
across all age ranges [ 5 ,  6 ]. Expert guidelines for 
the defi nition of care have been developed but are 
based on limited data, and there is an ongoing 
debate about indications for surgery or re- 
intervention and longitudinal evaluation [ 7 ,  8 ]. It 
is therefore crucial to establish effi cient methods 
for the diagnosis, therapy planning, and post- 
interventional monitoring of CHD in order to 
provide biomarkers for long-term outcome and 
longitudinal care. 

 The main needs in CHD are successful early 
treatment and ongoing care for affected  children 
and adults. Transthoracic and transesophageal 
echocardiography (TTE and TEE) are readily 

 available imaging options and are the primary 
modalities for managing patients with CHD 
[ 9 ,  10 ]. The major limitation of TTE and TEE is 
their inability to suffi ciently visualize the pulmo-
nary arteries and veins beyond the hilus. In addi-
tion, TTE and TEE are limited in their ability to 
accurately quantify ventricular volumes and blood 
fl ow parameters. As patients grow older, acous-
tic windows often become more restrictive and 
further limit the diagnostic role of echocardiog-
raphy. More complete anatomic and functional 
assessment can be performed with catheter-based 
angiography [ 11 ], computed tomographic angi-
ography (CTA) [ 12 ,  13 ], or magnetic resonance 
imaging (MRI) [ 7 ,  14 – 16 ]. Due to radiation con-
cerns, particularly in the pediatric patient popula-
tion, cardiac catheterization and CT should only 
be considered as modalities of second choice [ 17 ]. 
For many years, the assessment of the left ventricle 
was emphasized in diagnosis of CHD. However, 
the importance of studying the vastly different 
morphology and function of the right ventricle has 
recently been recognized [ 18 ]. Imaging protocols 
adapted to the right heart have been developed to 
evaluate morphologic changes [ 19 – 21 ]. 

 In recent years, cardiovascular MRI has 
gained increasing relevance for evaluation of 
right and left ventricular structure and function 
and is used as a standard tool in the assessment of 
repaired CHD next to echocardiography [ 22 ]. In 
this context, MRI can provide standardized quan-
tifi cation of peak velocities, volumetric blood 
fl ow, or retrograde fraction to evaluate valve 
insuffi ciency. For the assessment of ventricular 
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volumes, MRI is considered the gold standard 
[ 23 ,  24 ]. In addition, cardiac MRI permits the 
evaluation of the thoracic anatomy, global and 
regional cardiac function, blood fl ow in the great 
vessels, and myocardial viability within one 
examination. Recently introduced fl ow-sensitive 
MRI techniques with full volumetric coverage 
and encoding of all three principal directions of 
blood fl ow [often termed 4-dimensional (4D) 
fl ow MRI] can provide information on 3D hemo-
dynamics of the heart and surrounding vessels. 

 As surgical techniques have improved, 
patients with CHD are being followed into their 
fourth and fi fth decades of life, such that there are 
now more adults with CHD than children. In fact, 
the number of adults with CHD in the USA now 
exceeds more than 1,000,000 patients, and epide-
miologists anticipate that 1 in 150 young adults 
are expected to have some form of CHD in the 
next decade. Such patients will require frequent 
diagnostic testing in order to plan surgical repair, 
assess preoperative risk, and/or survey for impor-
tant long-term complications. Since the diagnos-
tic questions of this patient population are 
different from the typical cardiac disease patient 
in adulthood [ 25 ], it is essential that radiologists 
have an understanding of the pathophysiology of 

common forms of CHD and a good knowledge of 
the typical postsurgical anatomy as well as mid- 
and long-term complications. 

 In the following chapter we focus on the appli-
cation of MRI to the most common repaired 
CHD one will face in routine diagnostics: patients 
after repair of tetralogy of Fallot (TOF), transpo-
sition of the great arteries (TGA), and heart 
defects leading to single-ventricle physiology 
and Fontan procedure. 

   Magnetic Resonance Imaging 

 Cardiovascular MRI has undergone substantial 
advances over the last decade. A typical imaging 
protocol for the diagnostic workup of CHD 
patients is shown in Fig.  20.1 . After initial local-
izer scans, the data acquisition work fl ow includes 
the assessment of cardiac function with multiple 
ECG synchronized 2D time-resolved (CINE) 
pulse sequences that cover the heart in different 
orientations and in multiple contiguous slices.

   Images are obtained during suspended respi-
ration in order to avoid artifact from respiratory 
motion. Vascular anatomy is assessed with a 3D 
contrast-enhanced MR angiogram (MRA). For 

  Fig. 20.1    Work fl ow of standard congenital heart disease 
MRI. Dark-blood or bright-blood sequences may be 
included for further anatomic assessment. Delayed post 

contrast images can be obtained at the end if necessary. 
 2D  two dimensional,  3D  three dimensional,  MRA  MR 
angiography,  PC  phase contrast       
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the purposes of hemodynamic analysis in patients 
with CHD, multiple 2D CINE phase-contrast 
(PC) images are used to provide maps of the 
through-plane velocity of blood. CHD exams 
typically require multiple acquisitions which, 
due to the complex cardiovascular geometry, are 
diffi cult to localize and may have to be repeated 
several times. As a result, CHD exams require 
many more MR measurements compared to 
patients with less complex pathologies and can 
be up to 60–90 min in duration [ 26 ]. To ensure 
robust image quality for cardiovascular MRI, 
a dedicated phased-array cardiac coil (typically 
12–32 channels) should be used. 

 The majority of the cardiovascular MRI pro-
tocols established for adult acquired heart dis-
ease focus on the evaluation of impaired global 
function, perfusion, and viability of the left ven-
tricle that are associated with myocardial infarc-
tion and myocarditis or aortic valve disease. In 
patients after repair for CHD, however, the right 
heart is often affected either due to progressive 
overload as a consequence of pulmonary regurgi-
tation or due to its function as systemic ventricle 
[ 21 ]. MRI-based assessment of the right ventricle 
is more challenging and should be adapted to the 
individual heart defect and type of surgical repair. 
Moreover, for pediatric cardiac MRI exams, it 
is important to adjust image parameters to the 
faster heart rate and smaller size of children [ 14 ]. 
Younger children have to be examined in seda-
tion or during anesthesia. Therefore, sequences 
with diaphragm navigation are important. 

 In general, a CHD MRI protocol consists of 
four groups of acquisition techniques to obtain 
information on the anatomy and function of the 
heart and surrounding vessels:
    1.    Anatomic/morphologic imaging   
   2.    Dynamic imaging: ventricular and valve 

function   
   3.    Blood fl ow quantifi cation   
   4.    3D angiography     

 1. Anatomic assessment is typically based on 
bright-blood imaging using fast gradient echo 
and balanced steady-state free precession (SSFP) 
sequences in the three standard anatomic dimen-
sions [ 27 ]. These sequences have an inherently 
high myocardial-to-blood-contrast and can be 

performed during breath-held imaging [ 28 ]. 
Alternatively, black-blood pulse sequences (T1- 
or T2-weighted fast spin echo, T2-weighted 
HASTE) can be applied. More recently intro-
duced respiratory- and ECG-gated 3D SSFP 
pulse sequences provide high image quality and 
have the advantage to obtain an isotropic volu-
metric data set which can be reformatted in multi- 
planar directions [ 29 ]. Stents often lead to 
artifacts which tend to be more pronounced in 
SSFP than in T1 TSE sequences (Fig.  20.2 ).

   2. ECG-gated and time-resolved 2D (CINE) 
SSFP sequences are used for dynamic imaging of 
cardiac function in the standard short-axis, long- 
axis 4-chamber/2-chamber/3-chamber, and axial 
transverse views. Additional orientations such as 
the right ventricular outfl ow tract (RVOT) or cor-
onal may be acquired depending on the specifi c 
heart defect [ 30 ]. In addition to the assessment of 
ventricular motion over the heart cycle, CINE 
MRI can be employed to evaluate systolic and 
diastolic valve movements and detect valve or 
conduit stenosis and insuffi ciency. 2D CINE 
images covering the heart (“short-axis stack” 
sections from base to apex) are used for the quan-
tifi cation of global cardiac function (stroke vol-
ume, ejection fraction) as well as ventricular 
mass and volumes. The summation disc method 
for ventricular volume calculation and ejection 
fraction is considered the clinical reference stan-
dard [ 31 ,  32 ]. Cardiovascular MR measurements 
show good interobserver variability and high 
reproducibility [ 33 – 35 ], and there are several 
studies which provide age- and gender-specifi c 
reference values for right ventricular volumes for 
adults [ 36 ] and pediatric patients [ 37 ,  38 ]. The 
right ventricle differs from the left ventricle in its 
geometric shape but also in the more trabeculated 
myocardium and thinner wall. Due to its complex 
geometry, image acquisition of multi-slice 2D 
CINE MRI in axial orientation has been sug-
gested as the method of choice by a number of 
groups [ 39 ,  40 ] (Fig.  20.3 ).

   3. For the assessment of aortic and pulmonary 
valve disease or intracardiac shunts, 2D CINE 
phase-contrast (PC) MRI with through-plane 
velocity encoding is applied [ 41 ]. This tech-
nique allows quantifying blood fl ow (net fl ow, 
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peak velocity, regurgitant fraction) to evaluate 
vessel, valve or conduit stenosis or intracardiac 
shunts (Fig.  20.4 ). Using the simplifi ed Bernoulli 

 equation, the pressure gradient over a stenosis 
can be estimated. Similar to direct trans-stenotic 
pressure measurements invasively acquired by 

a b

c d

  Fig. 20.2    Balanced steady-state free precession sequence 
with multi-planar reformations (MPR) in a patient with 
stent implantation in hypoplastic left pulmonary artery. 

( a ) Axial, ( c ) coronal, ( d ) sagittal. ( b ) Axial dark-blood 
fast spin echo T1-weighted image at the level of the stent       
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catheter or echocardiography, pressure gradients 
can be estimated following the modifi ed Bernoulli 
equation Δ P  = 4( υ  2 ). A further clinical application 
of 2D CINE PC MRI is the evaluation of shunt-
ing, which is indicative of septal defects allowing 
blood transfer from the arterial to the venous sys-
tem or vice versa (from the system with the higher 
to the lower pressure). To quantify shunt volume, 
two fl ow measurements are performed. 2D CINE 
PC MRI in the ascending aorta and in the pulmo-
nary artery is used to quantify the left and right 

ventricular stroke volumes, QS and QP, respec-
tively. The ratio of QP/QS represents the direction 
of shunt and the shunt volume. For QP/QS = 1, no 
shunt is present; if QP/QS > 1, a shunt from the 
aortic circulation to the pulmonary circulation is 
present and vice versa for QP/QS < 1.

   2D CINE PC MRI is a valid technique that 
can easily be performed in simple vessel geom-
etries. For complex anatomic situations after the 
repair of a congenital heart defect, however, fl ow 
measurements in multiple 2D planes are often 

a

c

b

  Fig. 20.3    Volumetry of the right ventricle based on axial 
(transversal) cine-balanced steady-state free precession 
sequence images. ( a )  ED  end diastole. ( b )  ES  end systole. 

( c ) Table shows an example for normalized to body surface 
area cardiac parameters for a female 14-year-old patient with 
enlarged right ventricle after surgery for tetralogy of Fallot       
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needed to capture the complex hemodynamic 
situation. This can be a rather challenging task, 
even for experienced technicians and radiolo-
gists. Measurements often have to be repeated 
due to incorrect velocity encoding or placement 
and angulation of imaging planes. 

 4. Gadolinium contrast-enhanced MR angi-
ography (CE MRA) often reveals more detailed 
anatomic information of the surrounding vessels 
compared to the standard anatomic sequences and 
can depict aortopulmonary collaterals. CE MRA 
can be performed as a high spatial resolution 
angiography which can depict, for example, small 
collateral vessels in aortic coarctation (Fig.  20.5 ). 
In other cases the use of time-resolved MRA is 
preferred which allows to depict the dynamics 
of the passage of the injected contrast medium 
through the different cardiac  compartments and 
vessels to simultaneous assess the pulmonary 

arteries, aorta, and shunts [ 42 ,  43 ] (Fig.  20.6 ). 
Additional late-enhancement imaging for viabil-
ity imaging may be considered to evaluate poten-
tial left or right ventricular fi brosis or scars due to 
coronary insuffi ciency.

    Traditionally, MR imaging of fl ow using PC 
sequence is accomplished by using methods that 
resolve single-directional fl ow in two spatial 
dimensions of an individual slice. More recently, 
3D spatial encoding combined with three- 
directional velocity encoded PC MRI (4D fl ow 
MRI) has drawn increased attention. 4D fl ow MRI 
offers the ability to measure and to visualize the 
temporal evolution of complex blood fl ow patterns 
within an acquired 3D volume. 4D fl ow MRI has 
become a valuable method for the comprehensive 
assessment of 3D cardiovascular hemodynamics 
within a wide range of applications [ 44 – 50 ]. Using 
4D fl ow MRI, pathological blood fl ow patterns in 

a b c

  Fig. 20.4    Two-dimensional phase-contrast imaging with 
region of interest ( dotted circles ) in the pulmonary trunk: ( a ) 
Cine, ( b ) magnitude, and ( c ) phase-encoding image of a 

patient with relevant pulmonary refl ux. Flow-time curve 
reveals retrograde fl ow below the  x -axis. Table shows quan-
titative data with a regurgitation fraction of about 38 %       
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the aorta caused by aortic valve disease or aortic 
coarctation or in patients with Marfan syndrome 
have been evaluated in comparison with normal 
aortic hemodynamics [ 51 – 55 ]. Correlations 
between morphologic changes and fl ow altera-
tions as well as the development of aneurysms and 
abnormal wall shear stress were examined [ 52 , 
 56 – 58 ]. The 4D fl ow MRI acquisition scan can be 
prescribed as a single 3D volumetric acquisition 
covering the whole mediastinal cardiovascular 
system and therefore has several advantages in 
comparison with multiple 2D PC MRI: (1) All 
vessels of interest are scanned within on a single 
measurement, (2) pre- and post-processing tools 

allow investigation of blood fl ow at any location in 
the vessel of interest at every time point during the 
heart cycle, and (3) 3D visualization of complex 
blood fl ow patterns. 

 Since the acquisition of volumetric data 
requires considerably longer total scan times 
(up to 20 min) compared to traditional 2D CINE 
PC MRI, exams can no longer be performed 
during a breath hold. Patient breathing can cause 
data inconsistencies that result in image ghost-
ing and blurring. Therefore, respiratory gating 
is usually applied to minimize artifacts. Most 
widely available approaches include bellows 
reading or  navigator gating of the diaphragm 

a b

  Fig. 20.5    ( a ) Dark-blood T2 pulse sequence reveals aor-
tic coarctation ( arrow ). ( b ) High spatial resolution 
contrast- enhanced MR angiography for depiction of mul-

tiple collateral arteries (intercostal and internal  mammary) 
in ( arrow ) aortic coarctation       
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movements. Overall scan time depends on heart 
rate and effi ciency of respiration control and 
takes about 5–10 min for a volume covering the 
thoracic aorta and 10–20 min for whole-heart 
acquisitions. 

 To subsequently analyze the fl ow data by 
quantitative means and visualization of complex, 
three-directional blood fl ow patterns various 
tools have been proposed. The complex nature of 
the 4D fl ow MRI data (three spatial dimension, 

a b

c d

  Fig. 20.6    Time-resolved contrast-enhanced MR angiog-
raphy in a patient with repaired tetralogy of Fallot at four 
different time steps: ( a ) At 25 s after gadolinium injection, 
( b ) at 30 s, ( c ) at 35 s, ( d ) at 46 s. ( a ) The right atrium, 
ventricle, and pulmonary arteries are equally enhanced. 
( b ) Enhancement of the right heart, pulmonary arteries, 

and veins; beginning enhancement of the aorta and supra-
aortic branches. ( c ) Persisting pulmonary vessel enhance-
ment which does not interfere with the left ventricle and 
sharp aortic enhancement. ( d ) Residual contrast medium 
in the heart, pulmonary vessels, and aorta in the venous 
phase due to prolongated contrast-medium injection       
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three velocity directions, and time within the car-
diac cycles) imposes the challenge to translate 
the multidimensional information into images 
that can clearly depict the underlying anatomic 
and functional information. The combination of 
angiographic data (3D PC MRA) and 3D blood 
fl ow visualization, which can both be derived 
from the 4D fl ow data, can be powerful tools to 
effi ciently display vascular anatomy and blood 
fl ow in 3D and over time. 

 There are different methods for the visualiza-
tion of three-directional blood fl ow including 3D 
streamlines, time-resolved 3D pathlines, and 2D 
vector graphs. Vector graph displays the magni-
tude and direction of blood velocity within a spe-
cifi c voxel, encompassing all three measured 

velocity directions; 3D streamlines are used to 
describe an instantaneous path tangent to the 
velocity vectors at a specifi c point in time and 
provide an overview over fl ow fi eld patterns at a 
specifi c point within the cardiac cycle. Time- 
resolved pathlines can be considered massless 
particles that display the temporal evolution of 
the blood fl ow velocity data over one or multiple 
heartbeats. Both streamlines and pathlines can be 
color-coded according to the fl ow velocity mag-
nitude which allows a clear visualization of the 
velocity distribution within the cardiac chambers 
and vessels. Alternatively, traces can be color- 
coded according to their vascular origin to iden-
tify complex fl ow pathways in complex cases of 
CHD (Fig.  20.7 ).

  Fig. 20.7    Four-dimensional ( 4D ) fl ow MRI data acquisi-
tion: Measurements are synchronized with the ECG cycle 
and the resulting raw data comprise information along all 
three spatial dimensions, three velocity directions, and 
time in the cardiac cycle. 3D blood fl ow visualization of 

the heart and large vessels using streamlines show the 
large-scale intracavity fl ow structures in ventricular sys-
tole and diastole in a healthy volunteer.  Color  coding is 
based on the streamline origin       
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   Since 4D fl ow MRI data refl ect the true under-
lying time-resolved blood fl ow velocity vector 
fi eld, it is possible to perform quantitative analy-
sis of the measured blood fl ow. Previous studies 
have demonstrated close agreement for fl ow 
derived from standard time-resolved 2D and 4D 
data [ 59 ,  60 ]. 

 The aforementioned advantages play a key role 
for the use of 4D MRI technique in repaired CHD, 
particularly for the evaluation of the pulmonary 
arteries and the low-pressure system which is 
affected more frequently in this patient cohort than 
in adults with acquired valve or heart diseases. 

   Tetralogy of Fallot After Repair 

 Tetralogy of Fallot (TOF), the most common cya-
notic congenital heart defect, accounts for about 
5–10 % of all congenital heart diseases [ 61 ,  62 ]. 
Based on the main defects of this relatively 
common CHD (pulmonary stenosis, ventricu-
lar septal defect (VSD), overriding aorta, and 
hypertrophy of the right ventricle), these patients 
usually undergo corrective surgery in their fi rst 
year of life. Advances in diagnosis, surgical 
 techniques, and postoperative treatment have 
led to an increasing number of patients reaching 
adulthood [ 63 ] and a high survival rate of almost 
90 % at 30 years [ 64 ]. 

 Surgical treatment for TOF consists of the clo-
sure of the VSD and reconstruction of the RVOT 
[ 65 ]. Despite the great progress of surgical man-
agement, the majority of adult patients are bur-
dened with functional abnormalities which can 
usually be tolerated well until adolescence [ 66 ]. 
Different surgical techniques have been used for 
RVOT reconstruction: homograft, transannular 
patch, or a valve-preserving technique. Despite 
the success of these interventional techniques, 
restenosis or aneurysm formation of the pulmo-
nary outfl ow tract can complicate the patients’ 
mid- and long-term outcome [ 67 ,  68 ]. Pulmonary 
valve insuffi ciency with consecutive right ven-
tricular volume overload is the most common and 
serious postoperative long-term complication in 
more than 70 % of TOF patients after repair 
[ 69 ,  70 ]. Progressive right ventricular dilatation 

or reduced ventricular function is an indicator of 
the need for valve replacement [ 71 ,  72 ]. 

 MRI is superior to echocardiography for the 
evaluation of pulmonary artery stenosis, for 
detecting and quantifying pulmonary valve insuf-
fi ciency, for assessing right ventricle volume, and 
for monitoring progression of pulmonary regurgi-
tation and right ventricular dilatation [ 22 ,  24 ,  73 ]. 
The role of MRI as the preferred noninvasive 
imaging modality in patients with repaired TOF 
has gained international acceptance [ 66 ]. 

 Standard MRI protocols based on ECG-gated 
SSFP sequences provide anatomic and volumet-
ric information. Typically, the right ventricle is 
dilated and has a thickened trabecular wall. In 
the 4-chamber view, the interventricular sep-
tum is shifted backward to a horizontal position. 
Proximal stenosis of the left pulmonary artery 
(LPA) can often be observed on anatomic images, 
occasionally in association with poststenotic 
ectasia or in conjunction with hypoplastic LPA 
(Fig.  20.8 ). Time-resolved contrast-enhanced 
MRA can provide information on abnormal lung 
perfusion by depicting asymmetric contrast- 
medium distribution to both lungs (Fig.  20.8 ). 
MRA can additionally help to detect abnormali-
ties of the aorta and supra-aortic arteries. In this 
context, post-processing of the MRA data to gen-
erate 3D surface-rendered or maximum intensity 
projection (MIP) images can often provide an 
improved 3D impression of the aortic and pul-
monary vasculature (Fig.  20.9 ).

    2D CINE MRI in oblique sagittal orienta-
tion to depict the RVOT should be acquired in 
addition to basic 4- and 2-chamber views. By 
viewing 2D CINE images dynamically over the 
cardiac cycle, jet fl ow phenomena or fl ow turbu-
lences caused by valve stenosis or insuffi ciency 
can be observed in the pulmonary outfl ow tract 
and pulmonary arteries of repaired TOF patients 
(Fig.  20.10 ). To quantify aortic and pulmonary 
blood fl ow and the degree of valve regurgitation, 
2D PC MRI is used. Postsurgical anatomy often 
complicates 2D PC MRI planning, and RVOT 2D 
CINE images can facilitate the exact placement 
of the 2D PC plane in the main pulmonary artery.

   For the assessment of ventricular volumes and 
global cardiac function, 2D CINE SSFP planes in 
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the ventricular short axis, which is preferred for 
biventricular volumetry, or in the axial plane should 
be performed. Both views allow for visual evalua-
tion of regional wall motion abnormalities and ven-
tricular asynchrony in contraction and relaxation. 

 This standard MRI protocol described above 
provides a broad overview over anatomy and 
function of the repaired heart after TOF but 
does not provide detailed information on poten-
tial right heart fl ow alterations associated with 
 post- repair TOF. Since altered hemodynamics 
can result in right ventricular dilatation and thus 

at risk for sudden death and tachyarrhythmias 
[ 74 ], it is vital to obtain a better understanding of 
in vivo 3D fl ow patterns in TOF patients. 

 4D fl ow MRI pilot studies have shown that 
color-coded visualization by streamlines or 
particle traces can demonstrate increased peak 
velocity in the pulmonary trunk of TOF patients 
compared to normal controls. Higher fl ow 
velocity was frequently observed even in the 
absence of residual or restenosis of the RVOT 
(Fig.  20.11 ). Blood fl ow distribution to the 
right and left lung can easily be appreciated and 

a

c

b

  Fig. 20.8    ( a ) Axial and ( b ) sagittal balanced steady-state 
free precession (SSFP) images show high-grade proximal 
left pulmonary artery ( LPA ) stenosis in a Fallot patient 
( arrows ); the poststenotic LPA is hypoplastic. ( c ) Time-

resolved MR angiographies at four different time steps 
show markedly delayed and reduced contrast-medium 
fi lling of the LPA and peripheric lung vessels.  AA  ascend-
ing aorta,  MPA  main pulmonary artery       
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measured by 4D MRI leading to an assessment 
of potential  abnormal fl ow ratios (Fig.  20.12 ). 
In addition, 4D fl ow MRI can visualize dia-
stolic retrograde fl ow in the pulmonary arteries 
and the RVOT (Figs.  20.11  and  20.12 ). A more 

 precise  assessment of pulmonary regurgitation is 
obtained by quantitative measurements. Accurate 
positioning of planes for regional fl ow quantifi -
cation can be challenging in standard 2D phase-
contrast imaging, particularly in TOF where 

a

c

b

  Fig. 20.9    Tetralogy of Fallot. ( a ) Volume-rendered ante-
rior view of the systemic circulation shows a right aortic 
arch. Volume-rendered ( b ) and maximum intensity pro-
jection ( c ) images of the pulmonic circulation show 

ectatic right ventricular outfl ow tract ( RVOT ) and the pul-
monary arteries with a curved shape of the left pulmonary 
artery ( LPA ).  AA  ascending aorta,  RPA  right pulmonary 
artery,  MPA  main pulmonary artery       
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the left pulmonary artery is often angulated or 
hypoplastic. Incorrect plane placement cannot be 
corrected after 2D data acquisition whereas the 
4D data allow retrospectively for correct quanti-
fi cation of the regurgitation fraction. Feasibility 
studies depicted fl ow disturbances in the pulmo-
nary trunk in terms of vortices or increased heli-
cal fl ow patterns which may be associated with 

pulmonary artery dilatation (Fig.  20.13 ). This 
observation has already been made in previous 
4D fl ow MRI studies of the aorta showing that 
abnormal fl ow patterns and vortices contribute to 
ineffective vascular fl ow [ 56 ,  57 ,  75 ]. Similarly, 
pulmonary trunk abnormalities may infl uence the 
development of regurgitation and hemodynamic 
 alterations. These observations in small patient 

a b

c d

  Fig. 20.10    ( a ) Sagittal and ( b ) oblique coronal balanced 
steady-state free precession (SSFP) images in two patients 
with tetralogy of Fallot depict ectatic right ventricular out-
fl ow tract ( RVOT ) with a low signal jet in diastole due to 
pulmonary valve insuffi ciency ( arrows ). Ectasia of the 
pulmonary trunk distal the valve is seen in both cases and 

the right pulmonary artery ( RPA ) dilatation is seen in the 
second case. ( c ,  d ). Coronal CINE SSFP images show sig-
nal alterations in the aneurysmatic RPA in (c) and a sys-
tolic high-velocity fl ow jet ( arrow ) in the RPA in (d).  RV  
right ventricle,  LV  left ventricle       
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cohorts are promising as 4D fl ow MRI may help 
to understand pathophysiological considerations 
of altered hemodynamics in TOF patients.

        Transposition of the Great Arteries 
After Arterial Switch Repair 

 Transposition of the great arteries (TGA) is a 
cyanotic congenital heart defect characterized by 
ventriculoarterial discordance with the aorta orig-
inating from the right ventricle and the  pulmonary 

artery from the left ventricle [ 76 ]. Initial surgi-
cal interventions by Senning and modifi cation 
by Mustard (atrial switch procedures) left the 
right ventricle acting as the systemic ventricle 
[ 77 ,  78 ]. In this procedure, intra-atrial baffl es 
were used to direct the blood to the correspond-
ing ventricle, resulting in a physiological but not 
anatomic repair [ 79 ]. This condition gives rise 
to complications such as arrhythmia, progres-
sive ventricular dysfunction, and heart failure 
[ 80 ,  81 ]. Subsequently, the treatment for TGA 
has been modifi ed and is nowadays based on 

  Fig. 20.11    Four-dimensional fl ow visualization by color-
coded particle traces depicts high fl ow velocity above 
1.5 m/s in the main pulmonary artery ( MPA ) and right pul-
monary artery ( RPA ), particularly at the bifurcation dur-
ing systole ( arrow ). There is a noticeably asymmetric 

fl ow distribution to the RPA and left pulmonary artery 
( LPA ) although there is no vessel stenosis. Remarkable 
pulmonary refl ux into the right ventricle ( RV ) can be visu-
alized during diastole ( arrow )       

  Fig. 20.12    Four-dimensional (4D) fl ow visualization of 
insuffi cient fl ow hemodynamics: particle traces emitted 
from a plane in the right pulmonary artery ( RPA ) fl ow par-
tially backward to the left pulmonary artery ( LPA ) in late 

systole ( arrow ) showing strong helical fl ow patterns, 
which marked refl ux to the main pulmonary artery ( MPA ) 
and into the right ventricle ( RV ) during the entire diastole       
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the arterial switch procedure during the neonatal 
period (Jatene principle) which involves a surgi-
cal  correction of the arterial displacement [ 82 ]. 
The arterial switch operation consists of transec-
tion of the aorta and the main pulmonary artery 
at their roots to correct the ventriculoarterial dis-
cordance with transfer of the coronary arteries to 
the neoaortic root (Fig.  20.14 ).

   In the typical postoperative Lecompte posi-
tion, the pulmonary trunk is located anterior to 
the ascending aorta and the pulmonary arteries 
embrace the ascending aorta [ 83 ]. In some cases, 
e.g., in case of associate defects such as VSDs, 
the classical Lecompte position cannot be accom-
plished and the left pulmonary artery is routed 
posterior to the ascending aorta (Fig.  20.15 ).

   Most common midterm and long-term com-
plications include stenosis of the right ventricu-
lar outfl ow tract and the pulmonary arteries, 
coronary artery stenosis, aortic root dilatation, or 
valve insuffi ciency [ 84 – 88 ]. A recent study by 
Kempny and coworkers reported that coronary 
complications and aortic valve dysfunctions are 
rare. In contrast, RVOT obstructions or 
 pulmonary valve insuffi ciencies were more fre-
quently observed and lead to re-intervention 
[ 89 ]. Therefore, regular follow-up by echocar-
diography and MRI is mandatory to monitor 

 ventricular size and function and to identify ves-
sel stenosis or valve insuffi ciency needing inter-
vention [ 90 ]. Echocardiography is challenging 
for older children due to the limited acoustic 
window by the postsurgically retrosternal loca-
tion of the pulmonary trunk and the pulmonary 
arteries [ 91 ]. The complex postsurgical cardio-
vascular geometry requires multi-planar acquisi-
tions as either dark- blood T2 HASTE or 
bright-blood SSFP MRI to completely capture 
the altered anatomy and detect a potential RVOT 
stenosis (Fig.  20.16 ) [ 92 – 95 ]. In analogy to the 
follow-up of Fallot patients, the use of 3D SSFP 
sequences with free- breathing and full volumet-
ric coverage can facilitate the assessment of the 
complex cardiac anatomy and the measurement 
of vessel diameters [ 96 ].

   Time-resolved CE MRA is most useful for the 
assessment of the extracardiac anatomy. It has the 
potential to demonstrate segmental pulmonary 
artery stenosis or morphologic alterations of the 
pulmonary trunk and the aortic root (Fig.  20.16 ). 
Because of the subsequent contrast fi lling of the 
different cardiac compartments, a detailed depic-
tion of the vessels is warranted without interfering 
overlay by venous structures or suboptimal timing 
in contrast-medium arrival time using standard 3D 
MRA. In addition, information on the dynamics 

  Fig. 20.13    Four-dimensional particle traces fl ow visual-
ization of the right ventricular outfl ow tract (RVOT) at 
three different time points during systole. High fl ow 

velocity in the ectatic RVOT with helical and vortical fl ow 
disturbances ( arrows ), additional vortex in the left pulmo-
nary artery ( LPA ) ( arrows ).  MPA  main pulmonary artery       
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  Fig. 20.14    Outline of arterial switch procedure in transposition of the great arteries       

a b c

  Fig. 20.15    ( a ) Axial image of balanced steady-state free 
precession (SSFP) sequence in a patient with transposi-
tion of the great arteries (TGA) after arterial switch proce-
dure reveals the “typical” postsurgical anatomy with 
anterior main pulmonary artery ( MPA ) location and 
Lecompte position of the pulmonary arteries. ( b ) Axial 

SSFP image in another patient shows the MPA located 
right anterior in relation to the ascending aorta ( AA ) which 
has an ectatic root. ( c ) Axial SSFP slice demonstrates an 
ectatic MPA and an atypical course of the left pulmonary 
artery ( LPA ) dorsal the AA.  RPA  right pulmonary artery       
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of the passage in the contrast agent through the 
 cardiovascular system can be used to detect sym-
metric or delayed perfusion of the right and left 
pulmonary system (Fig.  20.17 ).

   For the evaluation of ventricular function, a 
series of 2D CINE SSFP images is obtained in 
standard planes (4-chamber, 2-chamber, short- axis 
stack) and for the RVOT and LVOT. Similar to 
Fallot patients, an axial image stack may be used to 
assess the right ventricular volume. For fl ow quan-

tifi cation to evaluate valve insuffi ciency and resid-
ual shunts, 2D PC MRI is performed at the level of 
the ascending aorta and main pulmonary artery 
[ 97 ]. Blood fl ow in the pulmonary arteries can also 
be evaluated with 2D CINE PC MRI to investigate 
pulmonary stenosis arising from morphologic ves-
sel lumen changes during the heart cycle [ 91 ]. 

 Viability studies should be performed in sus-
picion of coronary artery stenosis or occlusion; 
infarction as a consequence of coronary artery 

a b

c d

  Fig. 20.16    ( a ) Axial and ( b ) coronal balanced steady-
state free precession (SSFP) images show valvular pulmo-
nary stenosis ( arrows ) and aortic root dilatation after 
arterial switch. ( c ) Volume-rendered and ( d ) maximum 
intensity projection images of another patient with a mod-

erate supravalvular pulmonary artery stenosis ( arrow ) but 
no pulmonary valve stenosis and with regular symmetric 
contrast enhancement of both lungs.  AA  ascending aorta, 
 RV  right ventricle,  PA  pulmonary artery       
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occlusion may be detected in late-enhancement 
images of myocardium. Thinly sliced MPR- 
capable 3D SSFP MRI performed in end diastole 
covering the aortic and pulmonary root can depict 
the exact course of the proximal coronary arter-
ies, e.g., to aid re-intervention surgery. 

 The advantages of 4D MRI for evaluation of 
TGA patients after switch procedure are similar 
to those of the Fallot patients. The location of 
peak velocities in the pulmonary trunk and pul-
monary arteries can easily be identifi ed using 
3D fl ow visualization. Retrospective fl ow quan-
tifi cation at these locations can provide a more 
accurate assessment of peak velocities com-
pared to 2D PC methods [ 59 ]. Initial feasibility 
studies have shown that TGA patients have 
increased fl ow disturbances in the pulmonary 

trunk and pulmonary arteries in comparison 
with healthy persons. Helical fl ow patterns were 
frequently seen in the left pulmonary artery 
(Fig.  20.18 ). The fl ow alterations could be sub-
ject to geometric properties as they are depen-
dent on the location of the pulmonary trunk in 
relation to the ascending aorta. A straight ante-
rior MPA position may provoke more fl ow dis-
turbances than a slight laterally shifted MPA 
(Fig.  20.18 ).

   Although aortic insuffi ciency is usually mild 
to moderate, it is well known that the aortic 
root is often dilated in TGA patients [ 98 ,  99 ]. 
These observations might be related to the heli-
cal fl ow patterns in the ascending aorta that 
have been observed in a preliminary study 
(Fig.  20.19 ).

a b

  Fig. 20.17    Transposition of the great arteries (TGA) 
after arterial switch procedure. Time-resolved contrast-
enhanced MR angiography at two different time steps. 
( a ) Pulmonary contrast fi lling reveals asymmetric and 

delayed contrast enhancement of the left lung. ( b ) Aortic 
enhancement with slight venous overlay by pulmonary 
veins and capillary vessels       
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a b

  Fig. 20.18    ( a ) Particle traces visualization shows vortex 
located at the left ectatic side of the main pulmonary 
artery ( MPA ) ( arrow ) and increased fl ow velocity in both 
pulmonary arteries. ( b ) Vortex formation in the proximal 

left pulmonary artery ( LPA ) ( arrow ) and helical fl ow in 
the LPA can be observed by four-dimensional fl ow 
visualization       

  Fig. 20.19    Helical fl ow patterns in the ascending aorta ( AA ) visualized by streamlines (anterior and posterior view)       
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      Total Cavopulmonary Connection/
Fontan 

 Hypoplastic left or right heart syndrome is one of 
the most severe forms of congenital heart disease. 
The hypogenesis of one ventricle typically requires 
multiple surgical interventions to construct a sin-
gle-ventricle physiology. This involves the venous 
return being routed directly to the lungs, while the 
remaining intact ventricle provides the systemic 
circulation. Initially, the Glenn procedure routed 
the superior caval venous return to the pulmonary 
arteries. With the addition of the Fontan comple-
tion surgery, the inferior caval venous return is 
also connected to the pulmonary arteries. 

 The total cavopulmonary connection (TCPC), 
a variation of the traditional Fontan procedure, is 
the surgical method of choice for the palliation of 
a number of CHD which can be summarized as 
single-ventricle defects [ 100 ,  101 ]. These CHDs 
comprise hypoplastic left heart syndrome 
(HLHS), double inlet left ventricle (DILV), dou-
ble outlet right ventricle (DORV), pulmonary 
atresia with hypoplastic right ventricle, and tri-
cuspidal atresia. While pulmonary arteries were 

directly connected to the right atrium in the past, 
there are two main different modifi cations of the 
original Fontan procedure: the lateral intracar-
diac tunnel with or without fenestration and the 
extracardiac conduit [ 102 ] (Fig.  20.20 ).

   In HLHS, three steps called Norwood proce-
dure have to be performed to achieve the separa-
tion of systemic and pulmonary circulation [ 103 ]: 
The initial stage performed in the fi rst days of life 
ensures unobstructed systemic fl ow by creating a 
common outfl ow between the aortic root and the 
pulmonary valve called Damus-Kaye-Stansel 
anastomosis and reconstruction of the hypoplas-
tic aortic arch. At this stage the intervention is 
completed by excision of the atrial septum and a 
modifi ed Blalock-Taussig (BT) shunt from one 
of the subclavian arteries to the pulmonary arter-
ies. In the second step, the BT shunt is eliminated 
and a connection from the superior vena cava 
(SVC) to the right pulmonary artery is estab-
lished which is usually performed as a bidirec-
tional Glenn anastomosis nowadays. For 
completion of the Fontan circulation, blood from 
the inferior vena cava (IVC) is directed to the 
right pulmonary artery via a tunnel or conduit. 

Superior
vena cava

a b c

Right atrium

Closed atrial
septal defect

Left
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  Fig. 20.20    Different types of total cavopulmonary connection. ( a ) The pulmonary arteries are connected to the right 
atrium in the original Fontan procedure. ( b ) One modifi cation is the lateral intraatrial tunnel which leads the blood from 
the inferior vena cava (IVC) to the right pulmonary artery. ( c ) Another modifi cation represents the extracardiac conduit 
which diverts the blood from the IVC to the pulmonary arteries       
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 Survival rates have signifi cantly improved 
with a reported 20-year survival of about 85 % 
[ 104 ]. Despite the success of the surgical proce-
dure, limitations remain. For example, it is 
unclear why some patients develop “failing 
Fontan physiology” early in life while others 
remain asymptomatic into their 20s and 30s. The 
Fontan circulation is a palliative procedure which 
results in altered anatomic and physiological 
consequences with an increased risk of ineffi -
cient fl ow dynamics. Sequelae include cardiac 
and extracardiac complications such as atrial 
arrhythmia, thromboembolic complications, and 
subsequent failing which can lead to increased 
pressure in the IVC, cardiac cirrhosis, and portal 
hypertension [ 105 ,  106 ]. Due to a maldistribution 
of hepatic factors to the pulmonary circulation, 
pulmonary arteriovenous malformations can 
develop, causing progressive hypoxia [ 107 ]. 
Another limitation is the impaired increase in 
exercise capacity through the passive fl owing 
blood in the TCPC pathway [ 108 – 110 ]. Rare, but 
serious, life-threatening consequences involving 
the lymphatic system with protein-loss enteropa-
thy, pleural effusions, and plastic bronchitis have 
also been reported [ 111 ]. 

 Cardiac MRI in single-ventricle patients 
includes a detailed depiction of the cardio-
vascular anatomy based on multi-planar ana-
tomic imaging as well as 2D CINE and 2D PC 
MRI for the evaluation of the single ventricle 
and valvular function and the fl ow through 
the cavopulmonary anastomoses. In this con-
text, 2D CINE SSFP images in different ori-
entations are performed to assess ventricular 
function and the patency of the Fontan path-
way. Isotropic 3D SSFP imaging is helpful 
to evaluate the complex anatomy and to rule 
out anastomosis or pulmonary artery stenoses 
(Fig.  20.21 ). In addition, dilatation of the intra-
cardiac tunnel or the right atrium in Fontan 
patients can occur and may result in lung vein 
compression and risk of swirling blood fl ow 
in the enlarged atrium which delays fl ow to 
the lungs and facilitates thrombus formation 
(Fig.  20.21 ). Image interpretation due to arti-
facts may be limited in the presence of foreign 
material, e.g., after coiling of collateral vessels 

or after stent implantation. Infrequent stent 
complications may result in compression of 
adjacent structures, e.g., the bronchi or other 
vessels (Fig.  20.21 ). CE MRA can assist in the 
evaluation of the aorta, the pulmonary arteries, 
and veins, particularly for the evaluation of a 
residual hypoplastic arch after reconstruction, 
recoarctation (Fig.  20.22 ), pulmonary arte-
riovenous malformations, or aortopulmonary 
collaterals. Depending on the site of contrast-
medium injection during the time-resolved 
MRA, there might be asymmetric fi lling to the 
right pulmonary artery via the SVC, whereas 
the left pulmonary artery may be fi lled later 
after the diluted contrast medium returns via 
the IVC to the pulmonary arteries.

    The anatomy in single-ventricle patients can 
vary considerably between patients since the 
disease is often associated with other vascu-
lar anomalies or situs ambiguous or inversus. 
A detailed patient history of previous operations 
and the discussion with the referring clinician are 
thus of high importance for optimal planning of 
the MRI exam and image interpretation. 

 PC MRI can be employed to quantify the car-
diac output and the differential pulmonary blood 
fl ow to the right and left pulmonary arteries. 
A previous study has shown that the measure-
ment of total fl ow in the pulmonary veins is the 
most reliable measurement of pulmonary fl ow 
[ 79 ]. For a complete quantitative fl ow assess-
ment, imaging planes should be placed in the 
ascending and descending aorta, the SVC and 
IVC, as well as in all four pulmonary veins. 

 The hemodynamic conditions in this patient 
group have been studied extensively with the 
aim to defi ne the optimal surgical strategy for 
non- disturbed fl ow dynamics. Various stud-
ies with different MRI techniques, computer-
based models, and radionuclide washout have 
investigated the blood fl ow distribution from 
the superior and inferior vena cava (SVC/
IVC) to the pulmonary arteries [ 112 – 120 ]. 4D 
fl ow MRI has become a valuable technique to 
identify, visualize, and quantify in vivo blood 
fl ow and has shown variable fl ow patterns 
independently of geometric characteristics 
[ 121 – 124 ]. In this context, the benefi t of the 
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4D velocity  acquisition method is its capac-
ity to obtain a comprehensive evaluation of 
the 3D whole-heart hemodynamics. Based on 
3D fl ow connectivity mapping, the distribu-
tion of the SVC and IVC blood fl ow to the pul-
monary arteries can be evaluated (Figs.  20.23  
and  20.24 ). In addition, 4D fl ow MRI allows 
for a complete quantitative assessment of the 
blood fl ow in  different cardiovascular compart-
ments. Therefore, 4D MRI has the potential to 

improve postoperative evaluation of ineffective 
hemodynamics which may contribute to under-
standing of the failing Fontan.

        Summary 

 MRI is superior to echocardiography in many 
respects for imaging of different kinds of CHD 
after repair. CHD patients are often confronted 

a b c

d e

  Fig. 20.21    ( a ) Coronal balanced steady-state free pre-
cession (SSFP) image of the total cavopulmonary connec-
tion (TCPC) with extracardiac Gore-tex conduit with 
moderate proximal right pulmonary stenosis (RPA) steno-
sis ( arrow ) in a patient with abdominal situs ambiguus. 
( b ) Axial SSFP image reveals severe left bronchus ( LB ) 
compression due to stent in left pulmonary artery (LPA). 
The bronchus lumen can be appreciated more distally 
( arrow ). The right bronchus ( RB ) appear normal in cali-
ber. ( c ) Sagittal SSFP image shows a stenosis of the upper 

anastomosis with persisting left superior vena cava ( L -
 SVC ) ( arrow ). This patient has right atrial isomerism with 
heterotaxia, same patient as in ( d ) coronal SSFP image, 
status post Fontan procedure in which the right atrium 
( RA ) was connected to the pulmonary arteries. Note 
dilated RA. Artifacts due to occlusion of the right SVC  
which is marked by (*). ( e ) Axial CINE SSFP image in 
another patient with prior Fontan procedure depicts mas-
sive right atrial dilatation compressing the right pulmo-
nary vein ( arrow ).  IVC  inferior vena cava       
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with postoperative long-term sequelae which 
might reduce life expectancy and need re- 
intervention. Therefore, the advantages of MRI 
diagnostics for depiction and recognition of 
eventual cardiovascular problems make MRI 

 indispensable. Using additional 4D MR fl ow 
analysis, the complexity of vascular hemody-
namics and its infl uence on morphology and 
function may be investigated more precisely than 
is possible using any other imaging tool.     

a b

c d

  Fig. 20.22    ( a ) Axial balanced steady-state free preces-
sion (SSFP) image in a patient with hypoplastic left heart 
syndrome after Norwood step 2 depicts prominent right 
ventricle ( RV ) which acts as the systemic ventricle. ( b ) 
Coronal SSFP image of the Damus-Kaye-Stansel (DKS) 

anastomosis ( arrow ). ( c ) Maximum intensity projection 
and ( d ) three- dimensional volume-rendered reconstruc-
tion of MR angiography reveal DKS anastomosis and the 
hypoplastic aortic arch of the same patient       
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a b

  Fig. 20.23    Three-dimensional blood fl ow visualization 
of a patient after total cavopulmonary connection (TCPC) 
with  color - coded streamlines  based on streamline vessel 
origin reveals the blood fl ow distribution of blood from 
the superior and inferior caval veins (SVC, IVC) to the 

pulmonary arteries.  AAo  ascending aorta,  DAo  descend-
ing aorta,  RPA  right pulmonary artery,  LPA  left pulmonary 
artery,  IVC  inferior vena cava,  LV  left ventricle,  SVC  supe-
rior vena cava. ( a ) anterior view, ( b ) posterior view       

a b

  Fig. 20.24    ( a ) Coronal balanced steady-state free pre-
cession (SSFP) of a patient after total cavopulmonary 
connection (TCPC) with development of a dilated anasto-
mosis. ( b )  Color - coded streamline  visualization ( blue  

representing blood from the SVC,  yellow  blood from the 
IVC) shows a large vortex formation in the ectatic seg-
ment.  IVC  inferior vena cava,  RPA  right pulmonary artery, 
 SVC  superior vena cava       
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        Congenital heart disease resulting in single ven-
tricular physiology includes many diverse diag-
noses (Table  21.1 ). Optimal palliation for such 
patients requires that the ventricle act as the sys-
temic pump and that a secure source of pulmo-
nary blood fl ow is created. Unobstructed fl ow to 
the systemic and pulmonary circulations is the 
goal; optimally, widely patent aortic anatomy and 
branch pulmonary arteries are desirable.

   Due to complex anatomy and hemodynamics, 
any single ventricle patient with Fontan palliation 
requires continued meticulous medical surveil-
lance. A critical component of this care involves 
advanced cardiac imaging. A multimodality imag-
ing approach for the Fontan patient is best per-
formed at a center with expertise in adult congenital 
heart disease and in-depth knowledge regarding the 
advantages and disadvantages of each imaging 

technique. Cardiac magnetic resonance (CMR) 
imaging and multidetector cardiac computed 
tomography (MDCT) are the noninvasive, advanced 
cardiac imaging techniques presented here. 

   The Fontan Procedure 

 Genesis for single ventricle palliation came with 
animal studies conducted by Rodbard in 1948, who 
for the fi rst time successfully bypassed the canine 
right ventricle by anastomosing the right atrial 
appendage to the proximally ligated main pulmo-
nary artery [ 1 ]. An innovative technique, the cavo-
pulmonary shunt, was fi rst performed by William 
Glenn in North America on a dog (1954) and shortly 
thereafter in a patient (1957). It became the standard 
at several institutions, paving the way for the Fontan 
palliation for single ventricle patients [ 2 ]. 
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   Table 21.1    Common heart defects resulting in single 
ventricle physiology   

 RV morphology  LV morphology 
 RV or LV 
morphology 

 Hypoplastic left 
heart syndrome 
(HLHS) 

 Tricuspid atresia  Unbalanced AV 
canal defect 

 Complex 
double-outlet 
right ventricle 

 Pulmonary atresia  Straddling or 
crisscross AV 
valve connections 

 Double-inlet left 
ventricle 

 Heterotaxy 

 Severe Ebstein’s 
anomaly 

   AV  atrioventricular  
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 The Fontan operation was fi rst described in 
1971 as a physiologic corrective surgical proce-
dure for patients with tricuspid atresia [ 3 ]. In this 
original description of the Fontan operation, full 

oxygenation of blood before returning to the left 
heart was achieved by direction of systemic 
venous return to the pulmonary arteries and clos-
ing the atrial septal defect (Fig.  21.1a, b ).

  Fig. 21.1    ( a ,  b ) Original Fontan operation: the pulmo-
nary artery ( PA ) is ligated at its connection to the ventri-
cle. ( c ) The superior vena cava ( SVC ) is disconnected 
from the right atrium ( RA ) and anastomosed to the discon-
nected right pulmonary artery ( RPA ) (Glenn procedure). 
The RA appendage was attached to the left PA ( LPA ) to 
direct blood to the left lung directly ( a ) or via an aortic 
valve homograft ( b ). A pulmonary valve homograft is 

inserted into the inferior vena cava ( IVC ) and the atrial 
septal defect is closed (Reproduced with permission from 
Fontan and Baudet [ 3 ]). ( d ) Kreutzer modifi cation: 
Anterior connection of the RA appendage to the  PA  is per-
formed with the patient’s own pulmonary valve or a non-
valved Dacron tube. ( e ) Björk modifi cation:  RA  to right 
ventricle outfl ow tract anastomosis with a pericardial 
patch or valved conduit         

SVC LPA

RPA

RPARPA

RARA

IVCIVC

RPA

RA

IVCIVC

a

c
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RPA

LPA

Conduit
to LPA

b 
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   Since its original description, there have been 
several modifi cations to the Fontan procedure, 
which has been applied to many types of congen-
ital heart disease resulting in single ventricle 
physiology, regardless of whether cyanosis or 
pulmonary overcirculation existed initially [ 4 ,  5 ]. 
In 1973, Kreutzer described maintenance of 
branch pulmonary artery continuity by direct 
anterior connection of the right atrial appendage 
(RAA) to the main pulmonary artery with omis-
sion of the Glenn procedure and without a pul-
monary valve homograft at the inferior vena 
cava-right atrium (IVC-RA) junction (Fig.  21.1c ). 
A fenestration was also placed in the atrial sep-
tum [ 6 ]. Later, Kreutzer performed the posterior 
atriopulmonary anastomosis, a technique he 
believed was superior to the anterior anastomosis 
for reduced patient mortality [ 7 ]. The Björk mod-
ifi cation incorporated a right atrial to right ven-
tricular anastomosis in tricuspid atresia for 
potential use of the hypoplastic right ventricle 
(RV) as a pumping chamber [ 8 ] (see Fig.  21.1d ). 
The success of these early procedures has been 
recognized as one of the major historic advances 
in surgical treatment for patients with varying 
types of univentricular heart defects [ 5 ,  9 ]. 

As these fi rst reports included multiple varia-
tions, the term “classic Fontan” is not specifi c 
enough, and deviations will be seen in the litera-
ture. Thus, it is important to understand the vari-
ety of surgical procedures that can be found in 
adults with single ventricle physiology who have 
undergone surgical palliation as young children. 

 With the Fontan palliation performed in a 
manner incorporating the anastomosis of the 
right atrial appendage to the pulmonary artery, 
long-term complications in many have included 
signifi cant right atrial dilation along with atrial 
arrhythmias and/or atrial thrombus formation, 
often accompanied by ventricular dysfunction 
and worsening cyanosis, among other issues 
[ 10 ,  11 ] (Fig.  21.2 ). In an attempt to address 
complications encountered in the early Fontan 
techniques, more recent modifi cations have 
included the total cavopulmonary connection 
reported by de Leval in 1988 [ 12 ]. He anasto-
mosed the SVC to the right pulmonary artery 
(RPA) and created an intra-atrial tunnel formed 
from the posterior atrial wall and a prosthetic 
patch, with or without a fenestration, spanning 
the pathway from the inferior vena cava (IVC) 
to the SVC-RA junction (Fig.  21.3 ). As reported 

d e

Fig. 21.1 (continued)
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in 1990, Marcelletti promoted the extracardiac 
Fontan, which consisted of a caval conduit 
entirely outside the atrium from the IVC to the 
pulmonary artery [ 13 ]. The intra-atrial baffl e 
was fi rst described by the Mayo Clinic group 
and proved useful for patients with anomalous 
venous drainage [ 4 ] (Fig.  21.4 ). These caval 
connection modifi cations have decreased the 
incidence of complications related to the 
enlarged right atrium [ 10 ,  12 ,  14 ].

     Completion of the Fontan procedure has 
now became a two-stage endeavor; fi rst the 
 hemi- Fontan or bidirectional Glenn operation 
connects the SVC to the branch pulmonary 
arteries, followed by connection of the IVC via 
the caval conduit to the branch pulmonary 
arteries, usually within 2–3 years [ 15 ]. In het-
erotaxy patients with azygous continuation of 
the IVC to the SVC, the Kawashima procedure 
[ 16 ] is commonly performed to connect the 

a b

c d

  Fig. 21.2    ( a ,  b ) A 34-year-old female with tricuspid atresia 
and history of right Glenn and left Blalock-Taussig shunt as a 
young child; at age 24 years pulmonary artery ( PA ) continuity 
was reestablished along with connection of the right atrium 
( RA ) appendage to the  PA . Cardiac MR ( CMR ) steady-state 
free precession, bright., Rady Children’s, San Diego, CA. 
blood images in axial ( a ) and oblique coronal ( b ) orientations 
demonstrate a severely dilated  RA  and a dilated coronary 
sinus. ( c ,  d ) A 26-year-old male with tricuspid atresia, 

 atriopulmonary Fontan at age 8 years, severely dilated  RA , 
recurrent atrial arrhythmias at age 19 years, treated with amio-
darone and warfarin and required electrical cardioversion at 
age 24 and 25 years, presented for cardiac MR due to fatigue, 
shortness of breath, and oxygen saturation in the upper 80s 
and a large  RA  thrombus ( T ) was found. Steady-state free pre-
cession, bright-blood images in ( c ) coronal and ( d ) oblique 
sagittal orientations.  CS  coronary sinus,  LV  left ventricle,  Ao  
aorta,  SVC  superior vena cava (Courtesy of Beth Printz, M.D)       
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SVC to the pulmonary artery, and later the 
hepatic veins are joined to the pulmonary circu-
lation, preventing the development of pulmo-
nary arteriovenous malformations [ 17 ,  18 ] 
(Fig.  21.5 ).

   While over the years, there have been 
improved clinical outcomes immediately postop-
erative and improved patient prognosis and sur-
vival into adulthood [ 12 ,  19 ,  20 ], complications 
and hemodynamic problems continue to be seen 

a b

c d

  Fig. 21.3    Modified Fontan procedure with total cavo-
pulmonary connections. ( a ,  b ) fenestrated lateral 
caval/intra-atrial tunnel. Oblique coronal ( a ) and sagit-
tal ( b ) steady-state free precession, bright-blood CMR 
images of a 16-year-old female with double-inlet left 
ventricle ( LV ) with a fenestrated lateral caval tunnel 
constructed from prosthetic material and the lateral 
wall of the right atrium ( RA ). ( c ,  d ) Non-fenestrated 
extracardiac conduit connection. Oblique coronal ( c ) 

and sagittal ( d ) steady-state free precession, bright-
blood MR images of a 27-year-old female with pulmo-
nary atresia, hypoplastic right ventricle, after 
conversion from atriopulmonary Fontan connection to 
a non-fenestrated extracardiac Fontan conduit ( LCT  
lateral caval tunnel,  PA  pulmonary artery,  Ao  aorta, 
 ECC  extracardiac conduit,  SVC  superior vena cava, 
 IVC  inferior vena cava)       
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in the Fontan patient with single ventricle physi-
ology [ 21 ,  22 ]. These include pleural effusions, 
thromboembolism, atrial dilation and dysrhyth-
mias, conduit stenosis and dilation, exercise 
intolerance, ventricular failure, pulmonary arte-
riovenous malformations, aortopulmonary collat-
erals, venovenous collaterals, protein-losing 
enteropathy, and plastic bronchitis [ 11 ,  14 ]. 
Many older patients have experienced relief of 
symptoms with conversion of their original 
Fontan atriopulmonary connection to a lateral 
atrial tunnel or extracardiac conduit, often in con-
junction with atrial reduction and/or a Maze pro-
cedure to address atrial arrhythmias [ 10 ]. 

   Approach to MDCT for the Patient 
with Fontan Palliation 

 It is generally preferable to use echocardiography 
and/or CMR as a fi rst approach to obtain ade-
quate morphologic and functional information 
when imaging Fontan patients. As echocardiog-
raphy becomes more diffi cult in older and larger 
patients who have had multiple chest surgeries, 
CMR assumes an important role in noninvasive 

evaluation of Fontan patients for serial follow-
up to assess patency of the systemic venous to 
pulmonary artery pathways, ventricular func-
tion, and fl ow quantifi cation. MDCT is most 
often utilized if evaluation of the postoperative 
vascular morphology is limited on MRI because 
of susceptibility artifacts from indwelling fer-
romagnetic materials such as stents, coils, and 
occlusion devices. Major artifact from vascular 
occlusion coils obscuring the heart and vascula-
ture can be seen in up to 36 % of Fontan patients 
[ 23 ] (Fig.  21.6 ). MDCT can be used as an alter-
native imaging method in patients with indwell-
ing pacemakers and retained pacing wires, which 
remain as contraindications for CMR. MDCT 
angiography can provide accurate imaging of the 
extracardiac vasculature that is comparable to 
MRI with shorter procedure times and less need 
for sedation and general anesthesia [ 24 ]. MDCT 
acquisitions with ECG gating or triggering can 
assess intracardiac and coronary morphology 
and ventricular function. A signifi cant limitation 
of using MDCT to evaluate Fontan patients is 
its current inability to provide fl ow information 
to quantify valvular regurgitation, pulmonary 
and systemic blood fl ow, and aortopulmonary 

a b

  Fig. 21.4    Modifi ed Fontan procedure with total cavopul-
monary connections. Oblique axial ( a ) and sagittal ( b ) 
steady- state free precession, bright-blood cardiac MR 
images of a 29-year-old male with dextrocardia, 

 pulmonary atresia, unbalanced atrioventricular canal with 
bidirectional Glenn, and intra-atrial tunnel.  IAT  intra-
atrial tunnel,  IVC  inferior vena cava       
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 collaterals. Therefore, it is preferable to use CMR 
as opposed to MDCT if there are no contraindica-
tions or artifacts on CMR.

     Technical Considerations 
 Cardiovascular imaging using current MDCT 
technology applies fast tube rotation times to 
decrease cardiovascular motion artifacts and 
routinely produces images with sub-mm isotro-
pic spatial resolution. Increased emphasis on 

 radiation dose reduction with improved scanner 
design over the past 10 years has signifi cantly 
reduced patient doses with MDCT imaging 
[ 25 ]. Of the many factors that can affect radia-
tion dose, the most important for reducing radia-
tion exposure are to use techniques that adjust 
the tube current according to the weight of the 
patient [ 26 ], automatic tube current modulation 
to automatically adjust the tube current based on 
the size, shape and density of the body part being 

a b

c d

  Fig. 21.5    Images from a 3D steady-state free precession, 
bright-blood acquisition using ECG gating and respira-
tory (diaphragm) triggering. A 19-year-old male with 
double-inlet left ventricle ( LV ), l-transposition, azygous 
( Az ) continuation of inferior vena cava ( IVC ), aortic 
coarctation after coarctation repair at age 8 days, 
Kawashima procedure at age 20 months, and completion 

of Fontan procedure at age 3 years with intra-atrial patch 
tunnel of the hepatic veins ( HV ) to right pulmonary artery 
(PA). ( a ) Axial, ( b ) oblique sagittal, ( c ) anterior coronal, 
and ( d ) posterior coronal orientations demonstrating 
hepatic conduit ( HC ) to the right  PA , azygous continua-
tion of the  IVC  and the descending aorta.  LA  left atrium       
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scanned [ 27 ], and fast gantry rotation times [ 28 , 
 29 ]. In the past few years, iterative reconstruc-
tion of CT images has made a substantial impact 
on lowering patient doses, in addition to improv-
ing image quality by reducing image noise due 
to streak artifacts from calcifi cation and metallic 
artifacts [ 30 – 33 ]. 

 Higher patient doses are generally associated 
with ECG-gated acquisitions which are not needed 
for routine angiography of the thoracic vascula-
ture. ECG gating is necessary for evaluation of the 
aortic root and ascending aortic dimensions, coro-
nary arteries, and ventricular function, and there-
fore, cardiac MDCT angiography with ECG-gated 
acquisitions should be restricted to these applica-
tions. Retrospective ECG gating is used to obtain 
images throughout the entire cardiac cycle for 
quantifi cation of ventricular function, wall motion, 
and motion of valves [ 34 ], and the measurement of 
ventricular volumes, mass, and function has shown 
good correlation with measurements from CMR 
[ 35 ]. Retrospective ECG gating delivers a rela-
tively high radiation dose because the x-ray tube is 
on throughout the cardiac cycle to acquire imaging 
data, and reconstructing multiple phases requires 
oversampling of image data and results in longer 
scan times. When imaging the aorta and coronary 
arteries, radiation doses can be substantially 
reduced by using prospective ECG triggering 
instead of retrospective ECG gating. With pro-
spective ECG triggering, scanning is initiated at a 

predefi ned moment in the cardiac cycle from the 
QRS complex, usually in diastole. This technique 
delivers a low radiation dose because the x-ray 
tube is only turned on during a predefi ned portion 
of the cardiac cycle [ 36 ]. MDCT scanners with 
320 detector rows (volumetric scanners) or second- 
generation dual-source scanners have become 
available with faster scanning so that sedation and 
breath holding are no longer necessary [ 37 ], and 
gated acquisitions for assessment of the heart and 
coronary arteries have signifi cantly improved tem-
poral resolution and allowed substantial reduction 
in radiation doses [ 38 – 40 ]. 

 An important consideration when performing 
MDCT angiography of Fontan patients is the 
 timing of the contrast injection and initiation of 
scanning [ 41 ]. Because the fl ow through the 
Fontan circulation is passive from the systemic 
venous system to the pulmonary arteries, homo-
geneous enhancement of the Fontan pathway can-
not be obtained until the venous phase of contrast 
administration is reached. A common error is to 
commence scanning a Fontan patient with a stan-
dard protocol for routine pulmonary MDCT angi-
ography when the pulmonary arteries just begin to 
be opacifi ed. Scanning this early will result in 
inhomogeneous enhancement of the Fontan path-
way (Fig.  21.7 ). There are several options for tim-
ing the contrast administration and scanning 
depending on the information that is needed from 
the examination and the intravenous access that 

a b c

  Fig. 21.6    Fontan patient presenting with cyanosis. This 
patient has a history of prior occlusion of a PDA with a 
Clamshell device ( arrows  in  b ) which resulted in a large 
artifact obscuring most of the mediastinum on MRI ( a ) 
but caused very little artifact on subsequent CT ( b )  sagittal 

oblique image). A coronal reformatted CT ( c ) reveals the 
source of the cyanosis to be a large systemic to pulmonary 
venous collateral ( arrows ) from the left innominate vein 
to the left-sided pulmonary veins       
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can be established. Imaging to assess the Fontan 
pathway and pulmonary artery patency and pos-
sible thrombus requires homogeneous opacifi ca-
tion which can be obtained with administering 
contrast via an upper or lower extremity IV and 
scanning at 50–70 s. Bolus tracking of the IVC for 
an upper extremity injection and bolus tracking of 

the SVC for a lower extremity injection can be 
used, but care must be taken to delay the initiation 
of the bolus tracking during the contrast injection 
in order to keep the radiation dose low. Based on 
this author’s experience, a 60-s scan delay rou-
tinely provides adequate contrast opacifi cation of 
all of the  intrathoracic vasculature with only 

a

b

c

d

  Fig. 21.7    Example of inhomogeneous opacifi cation of 
the Fontan circulation on CT. Patient with congenitally 
corrected transposition of the great arteries (TGA) and 
straddling tricuspid valve status post lateral tunnel Fontan 
presented with chest pain and concern for pulmonary 
embolism. Scanning was initiated during bolus tracking 
when the contrast had just started to enhance the pulmo-
nary arteries, resulting in inhomogeneous opacifi cation of 
the central pulmonary arteries (oblique axial image  a ) and 

preferential enhancement of the right pulmonary artery 
( RPA ) from an upper extremity injection (oblique coronal 
image  b ). The lateral conduit tunnel ( LCT ) from the infe-
rior vena cava ( IVC ) to the  RPA  (coronal image,  c ) has 
unopacifi ed blood from the  IVC  simulating extensive fi ll-
ing defect from thrombus. ( d ) An oblique sagittal steady-
state free precession image from a subsequent MRI shows 
a patent  LCT  with no intraluminal thrombus.  LPA  left pul-
monary artery       
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minor inhomogeneity (Fig.  21.8 ). Others have 
found that waiting until 3 min after contrast 
administration provides the most homogeneous 
contrast opacifi cation [ 42 ], but this is at the 
expense of overall reduction of contrast density, 
which can make image interpretation diffi cult, 
especially if low radiation dose protocols are uti-
lized. Another option is to administer contrast 
with simultaneous injections of the upper and 
lower extremity, which allows denser opacifi ca-
tion of the entire Fontan circulation but can be dif-
fi cult if there is poor IV access. For detection of 

aortopulmonary collaterals, which can be a source 
of life- threatening hemoptysis, an earlier arterial 
phase scan for dense opacifi cation of the aorta is 
required (Fig.  21.9 ).

     Imaging of Fontan patients with MDCT as an 
alternative to CMR could be considered in the fol-
lowing situations: patients with acute decompen-
sation and suspected thrombus in the Fontan 
circulation and pulmonary embolism (Fig.  21.8 ) 
and suspected airway compromise in patients who 
have persistent respiratory symptoms, as with 
plastic bronchitis [ 43 ] (Fig.  21.10 ) or prolonged 

a cb

  Fig. 21.8    Status post Fontan with right atrial appendage 
to pulmonary artery anastomosis for double-inlet/double- 
outlet right ventricle and pacemaker insertion for com-
plete heart block. CT requested prior to catheter ablation 
of persistent atrial fl utter. Axial ( a ) and oblique coronal 
( b ,  c ) images acquired with delayed scanning approxi-

mately 1 min following contrast injection show a severely 
dilated right atrium ( RA ) with extensive intraluminal 
thrombus ( asterisks ). The central pulmonary arteries are 
homogeneously opacifi ed with no evidence of pulmonary 
embolism.  LPA  left pulmonary artery,  CS  coronary sinus, 
 RPA  right pulmonary artery       

  Fig. 21.9    Aortopulmonary collaterals in a patient pre-
senting with hemoptysis status post lateral tunnel Fontan 
for mitral atresia. Despite extensive prior efforts at coil 
occlusion of multiple aortopulmonary collaterals, arterial 

phase CT scanning (coronal maximum intensity projec-
tion images) shows recurrent or residual collaterals 
extending into pulmonary veins on both sides ( arrows )       
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requirement for mechanical ventilation in the early 
postoperative period [ 44 ] and for reliable visual-
ization of the vascular lumen inside stents to pro-
vide an accurate noninvasive assessment of stent 
patency [ 45 ]. MDCT can be used to detect sources 
of cyanosis such as systemic to pulmonary venous 
collaterals (Fig.  21.6 ) or pulmonary arteriovenous 
malformations (AVMs). Pulmonary AVMs can 
develop in patients who have a Glenn or Fontan 
circulation that results in a relative lack of hepatic 
venous blood being able to reach the pulmonary 
circulation. There is also increased incidence of 

pulmonary AVMs in heterotaxy patients with 
interrupted IVC and azygous continuation who 
have had the Kawashima operation (bidirectional 
cavopulmonary connections in the setting of azy-
gous continuation of an interrupted IVC to the 
SVC) if the hepatic venous blood is not incorpo-
rated into the pulmonary circulation. Pulmonary 
AVMs may also develop if the hepatic venous 
blood is asymmetrically distributed to the pulmo-
nary arteries (Fig.  21.11 ). Pulmonary AVMs tend 
to be very small and diffuse and are more readily 
visualized on MDCT if they are unilateral [ 46 ].

a b

  Fig. 21.10    Plastic bronchitis status post fenestrated 
Fontan for double-outlet right ventricle ( DORV ) and pace-
maker insertion for sick sinus syndrome. Axial CT images 
with mediastinal ( a ) and lung windows ( b ) show fi lling 

defects within the right upper lobe bronchus ( arrows  in  a ) 
consistent with bronchial casts associated with extensive 
areas of lobar consolidation within the lungs ( b )       

a b c

  Fig. 21.11    Pulmonary arteriovenous communications 
causing cyanosis developed in a patient with heterotaxy, 
double- outlet right ventricle and interrupted inferior vena 
cava with left azygous ( AZ ) continuation status post 
Kawashima with left superior vena cava ( SVC ) to left pul-
monary artery ( LPA ) anastomosis and an extracardiac 
conduit to baffl e the hepatic veins ( HV ) to the pulmonary 

arteries. ( a ,  b ) Narrowing of the intrapulmonary artery 
confl uence ( arrows ) results in preferential fl ow of the 
hepatic venous blood through the conduit to the right pul-
monary artery ( RPA ). ( c ) Diffuse increased peripheral 
vascularity is present throughout the left lung as com-
pared with the right consistent with multiple pulmonary 
arteriovenous communications       
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        Approach to Cardiac MRI 
for the Adult Fontan Patient 

 While echocardiography remains in the forefront 
for cardiac imaging due to its accessibility, in 
recent years, value has been seen with the addi-
tional information obtained from CMR [ 47 ]. 
Clinical assessment of the single ventricle patient 
requires working knowledge of the complex 
anatomy and is best undertaken after review of all 
pertinent clinical data (including operative report, 
clinical history, recent chest x-ray, recent cathe-
terization, and echocardiographic data) so that 
there is a clear understanding of the question(s) 
to be answered. While the CMR study should be 
complete, including not only anatomic defi nition 
and standard volumetric and fl ow data acquisi-
tion, features obtained with CMR can be tailored 
to answer pertinent clinical concerns (Table  21.2 ).

   MR views should include not only the Fontan 
circuit but also the Glenn anastomosis and branch 
pulmonary arteries, the atrial septal defect, the 
atrioventricular valve(s), aorta (or neo-aorta), 
aortic arch, pulmonary venous and systemic 
venous drainage, coronaries, and aortopulmonary 

collaterals. Interventional procedures with device 
placement, such as for fenestration  closure 
(Fig.  21.12 ) and stenting of arteries (Fig.  21.13 ), 
must be considered in choosing the optimal 

   Table 21.2    Key cardiac MR assessments in Fontan 
patients   

 Clinical issue  Focus of CMR assessment 

 Hepatomegaly  Baffl e patency 
 Ascites/protein-losing 
enteropathy 

 Atrioventricular valvular 
regurgitation/stenosis 

 Superior vena cava 
syndrome 

 Myocardial function/ischemia 

 Hypoxia  Fenestration patency/baffl e 
leak/Qp:Qs 
 Branch pulmonary arterial fl ow 
 Venovenous collaterals 

 Decreased cardiac 
output 

 Myocardial function/ischemia 
 Valvular regurgitation 
 (atrioventricular valve/aorta) 
 Residual arch obstruction 

 Stroke  Thrombus 
 Arrhythmia  Valvular regurgitation/stenosis 

 Atrial and ventricular size 
 Myocardial function/fi brosis 

   Qp  pulmonary fl ow,  Qs  systemic fl ow  

a b

  Fig. 21.12    A 20-year-old with double-outlet right ven-
tricle, d-transposition of the great arteries, pulmonary 
atresia status post right atrium to pulmonary artery 

Fontan, and fenestration device closure ( black arrows ). 
Cardiac MR steady- state free precession/bright-blood 
images in axial ( a ) and sagittal ( b ) projections       
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sequence of imaging to acquire data desired from 
the CMR exam. Artifacts may completely 
obscure the anatomy in question with some 
acquisitions and not others. Some metal creates 
large artifact, while others only result in a local 
artifact (Figs.  21.6  and  21.13 ). In addition, defi ni-
tion of the myocardial mass and the relationship 
of the single ventricle to the vasculature are of 
paramount importance. This can all be achieved 
with a standard protocol (Table  21.3 ), but for best 
results requires that the CMR clinician be present 

at the scanner during imaging to adjust imaging 
planes and method of image acquisition.

     Besides anatomic defi nition, CMR offers the 
ability to assess myocardial function in a quanti-
tative fashion, whether the patient has a morpho-
logic right or left ventricle as the dominant single 
ventricle. Quantifi cation techniques, using com-
mercially available post-processing software, 
have been described elsewhere [ 48 ,  49 ]. 
Qualitative regional wall motion assessment can 
be undertaken with emerging novel research to 

a b c

  Fig. 21.13    Patient with Fontan and left pulmonary artery 
(LPA) stenosis with placement of stent in LPA. ( a ,  b ) 
CMR steady-state free precession ( SSFP ) bright-blood 
images show artifact from stent ( arrows ). Also note ster-

nal wire artifact in SSFP images. ( c ) Dark blood image 
allows better visualization of  LPA  (B- white arrow ). Dark 
blood sequence is usually fast spin echo which makes it 
less sensitive to local fi eld inhomogeneity       

   Table 21.3    CMR single ventricle imaging protocol   

 Imaging sequence  Potential issues 

 True FISP/SSFP or fast spin echo:  3D acquisition is time-consuming; dark blood images 
may fail to fully suppress sluggish fl ow:    ?   3D or multiplanar 

 Cine SSFP: 2Ch, 4Ch, SA, select    planes including coronal 
and sagittal Fontan baffl e, branch PA fl ow as indicated 

 Artifact from turbulent fl ow may be addressed with use 
of gradient echo (GRE) 

 Cine GRE: as needed for less artifact  Time-consuming scan 
 First-pass perfusion: 3 slices SA, 1 slice 4Ch (optional)  Gadolinium injection, timing, limited slice acquisition 
 MRA  Gadolinium injection, timing 

 Spatial vs. time-resolved acquisition 
 VENC PC cine (during 10-min delay)  Estimate fl ow velocity from ECHO or knowledge of 

normal velocities 
   Cross sections: IVC, SVC, DA, RPA and LPA, Aorta, 

PV 
 Acquisition planes may be diffi cult for PV 

  Parallel Fontan, SVC, IVC 
 Delayed enhancement: same slices as fi rst pass, plus 2Ch, 
4Ch, SA 

 Timing and selection of correct time of inversion 
important 

   SSFP  steady-state free precession,  PA  pulmonary artery,  Ch  chamber,  SA  short axis,  IVC  inferior vena cava,  SVC  supe-
rior vena cava,  DA  descending aorta,  RPA  right pulmonary artery,  LPA  left pulmonary artery,  PV  pulmonary veins, 
 VENC PC  velocity-encoded phase contrast  
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quantify regional wall stress and strain by CMR 
which may allow a better understanding of 
 ventricular failure long term [ 50 ]. 

 CMR assessment of blood fl ow for the patient 
after Fontan palliation requires a systematic 
approach, so as to derive maximal benefi t from 
scanning (see Chap.   23     for details). In addition to 
determining the degree of atrioventricular valve 
and aortic (or neo-aortic) valve regurgitation with 
standard fl ow methods described elsewhere in 
this text, CMR allows quantifi cation of differen-
tial pulmonary fl ow (Figs.  21.14  and  21.15 ) and 
estimation of aortopulmonary collateral (APC) 
blood fl ow [ 51 ,  52 ]. The latter can be achieved in 
the Fontan circulation by one of the methods 
described by Grosse-Wortmann et al with fair 
agreement between the two methods ( r  = 0.73):

Method A: APC fl ow = Total pulmonary vein 
fl ow − right + left pulmonary artery fl ow

Method B: APC fl ow = Ascending aorta fl ow − 
Descending aorta at the diaphragm + superior 

venacava fl ow

APC fl ow volume fraction is the ratio of APC 
fl ow to the total pulmonary vein fl ow.

    Finally, gadolinium contrast can be used in sev-
eral ways to evaluate the patient presenting with 
Fontan physiology. It may be given as a single 
bolus to capture a magnetic resonance angiogram 

  Fig. 21.14    Flow versus time curves of the pulmonary 
arteries. Flows in the right pulmonary artery ( RPA ) and 
left pulmonary artery ( LPA ) are measured separately to 

determine differential pulmonary artery fl ow. In Fontan 
patients, velocity encoding settings are usually lower with 
expected venous fl ow patterns       

  Fig. 21.15    Posterior view of 3D volume rendering of 
extracardiac Fontan patient with narrow central pulmo-
nary artery region (between  arrows ).  Ao  aorta,  LPA  left 
pulmonary artery,  RPA  right pulmonary artery,  ECC  extra-
cardiac conduit,  LA  left atrium       
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(MRA) that allows a three- dimensional reconstruc-
tion of anatomy to be rendered. This often allows 
enhanced appreciation of anatomic issues, such as 
aortic root dilation, branch pulmonary artery com-
pression, location of systemic and pulmonary veins 
relative to the Fontan circuit    (see Fig.  21.14 ). 
Alternatively, some of the gadolinium contrast may 
be used for perfusion imaging at rest or after phar-
macologic stress. Techniques are described else-
where in this book. Understanding the presence, 
location, and extent of delayed enhancement may 
better allow the clinician to understand why ven-
tricular failure or rhythm abnormalities may have 
ensued. Myocardial fi brosis (Fig.  21.16 ), detected 
by CMR as late gadolinium enhancement, has been 
associated with adverse myocardial mechanics and 
ventricular tachycardia [ 53 ].

       Conclusion 

 Over the past four decades, the Fontan proce-
dure has undergone multiple adaptations and 
has been applied in numerous patients who 
have complex congenital cardiac defects with 
single ventricle physiology. Each modifi cation 

was developed and applied in an attempt to 
decrease complications related to the original 
Fontan procedure, with the hope of improving 
patient survival and quality of life. However, 
long-term clinical deterioration continues to 
occur due to high central venous pressure, 
chronic low cardiac output, and ventricular 
dysfunction. The advanced imaging tech-
niques of MDCT and CMR assist providers in 
making critical clinical decisions as they care 
for these complex patients into adulthood.     
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        Recent reports have suggested that the number of 
adults with congenital heart disease (CHD) has 
surpassed pediatric numbers and that approxi-
mately 1 in 150 adults has some form of CHD 
[ 1 ,  2 ]. Signifi cant rates of intervention and 
 re- intervention are required in this cohort of 
patients with one report demonstrating 20 % of 
young adults with CHD requiring cardiovascular 
surgery [ 3 ]. Increasingly, transcatheter alterna-
tives to surgery exist in this population particu-
larly in the fi eld of transcatheter pulmonary valve 
replacement (tPVR), and recommendations for 
catheter intervention in adults with CHD have 
been published in the context of overall care of 
these patients [ 2 ]. 

 Case complexity will vary according to the 
underlying diagnosis ranging from more 
straightforward interventions such as atrial sep-

tal defect closure to complex stenting interven-
tions for interatrial baffl e leak in patients 
following atrial switch surgery for transposition 
of the great arteries. Many of the more complex 
patients may have had multiple previous inter-
ventions, and detailed review of previous data as 
well as sensible use of pre-procedural imaging 
techniques including cardiac CT and MRI is 
essential. This chapter will outline some of the 
procedural techniques and the diagnostic imag-
ing tools used to optimize patient selection and 
procedural success. Outcome data where avail-
able will also be discussed in relation to the 
range of transcatheter interventions seen in this 
patient group. 

   Preparation 

 Preparation is key to a successful intervention. 
Patient records are often voluminous and may 
span over two to three decades. Data, particu-
larly regarding surgical interventions, may be 
sparse or confl icting. Comorbidities often sig-
nifi cantly complicate the procedure, and chal-
lenging vascular access if not appreciated prior 
to the intervention may signifi cantly disrupt the 
optimal approach. Review of prior imaging is 
vital. Collaboration with cardiovascular radiol-
ogy colleagues including review of pre-proce-
dural specialized imaging may determine 
success or failure of the procedure and may also 
highlight other previously undiagnosed lesions 
(Fig.  22.1 ).

        D.   Kenny ,  MD, MRCPCH      (*) 
  Rush Center for Congenital and Structural Heart 
Disease ,  Rush University Medical Center ,   1653 West 
Congress Parkway ,  Chicago ,  IL   60612 ,  USA   
 e-mail: damien_kenny@rush.edu   

    J.   Hibbeln ,  MD, FACR    
  Department of Radiology ,  Rush University Medical 
Center ,   1653 West Congress Parkway ,  Chicago ,  IL  
 60612 ,  USA     

    Z.  M.   Hijazi ,  MD, MPH, FSCAI      
  Rush Center for Congenital and Structural Heart 
Disease ,  Rush University Medical Center ,   1653 West 
Congress Parkway ,  Chicago ,  IL   60612 ,  USA    
 e-mail: zhijazi@rush.edu  

  22      Transcatheter Interventions 
in Adult Congenital Heart Disease 

              Damien     Kenny      ,        John     Hibbeln     , and     Ziyad     M.     Hijazi     



500

   Careful attention should be given to the type 
of anesthesia required and access to a high-risk 
preanesthesia clinic is helpful. Decision regard-
ing the type of anesthesia may refl ect the com-
plexity of the intervention or the need for and 
type of intraprocedural imaging (intracardiac vs 
transesophageal echocardiography). In simpler 
cases or those who are high-risk patients, general 
anesthesia may be avoided with the use of 
 intracardiac echocardiography (ICE). ICE pro-
vides detailed images of all intracardiac struc-
tures including the pulmonary valve following 
transcatheter pulmonary valve replacement when 
residual catheters across the valve required for 
angiography may exaggerate the degree of pul-
monary incompetence (Fig.  22.2 ).

   Collaboration between pediatric and coronary 
interventionalists should be encouraged as vary-
ing experiences bring fresh perspective particu-
larly in the setting of coronary artery work with 
coronary artery fi stulae, when the need for rapid 
intervention to the coronary artery may be 
required (Fig.  22.3 ). Honesty is required regard-
ing level of comfort with each specifi c procedure, 
and expectation and pride should never impact 
upon optimal patient care.

   Thus the adult congenital interventionalist 
is often required to be the coordinator for a 
number of subspecialists to focus detailed 
imaging review and collaborate with col-
leagues who provide specialist input so as to 
optimize outcomes from complex and varied 
interventions.  

   Defect and Vascular Occlusion 

   Transcatheter Atrial Septal Defect 
Closure 

 Atrial septal defect (ASD) accounts for 25–30 % 
of congenital heart defects that are diagnosed in 
adulthood. Clinical guidelines for closure in 
adults are published [ 2 ] and class one indications 
( level of evidence B ) support closure in the pres-
ence of right atrial and right ventricular enlarge-
ment with or without symptoms. The presence or 
absence of symptoms has clinical relevance to 

outcomes, although most long-term follow-up 
studies evaluate surgical closure. Historical data 
indicate that outcomes after ASD closure in 
symptomatic adults <25 years old are similar to 
age-matched controls; however, patients >40 
years old undergoing closure have lower sur-
vival than controls [ 4 ]. That said, closure in 

  Fig. 22.1    ( a ) CTA from a patient with a Mustard proce-
dure for transposition of the great arteries. There is a large 
left- sided SVC, which drains to the coronary sinus ( thick 
arrows ). The right-sided SVC ( thin arrow ) is baffl ed to 
the subpulmonic (morphological left) ventricle. The coro-
nary sinus ( CS ) has been incorporated into the pulmonary 
venous side of the baffl e (systemic atrium), giving rise to 
a right-to-left shunt ( b ) Series of transesophageal echocar-
diography images in the same patient. ( A ) Demonstrates a 
4-chamber view with systemic right superior vena cava 
fl ow baffl ed ( white arrow ) to the left (subpulmonic) ven-
tricle ( LV ). The pulmonary venous atrium is indicated by 
the  asterisk  (*). ( B ) Bubble    contrast injection in the left 
arm demonstrates preferential fi lling of the pulmonary 
venous atrium and right (subaortic) ventricle ( RV ) consis-
tent with right-to-left shunt. ( C ) Demonstrates the 
Amplatzer duct occluder in position in the left SVC 
( dashed arrow ). ( D ) Repeat bubble contrast injection in 
the left arm with no further fi lling of the pulmonary 
venous circuit/RV indicating abolition of the right-to-left 
shunt. ( c ) Series of angiographic images outlining the 
angiographic fi ndings. ( A ) Left SVC draining to the sys-
temic venous atrium. ( B ) Balloon occlusion of the left 
SVC with subsequent venous drainage to the right SVC. 
( C ) Final angiogram following release of the Amplatzer 
duct occluder           

a 

D. Kenny et al.



501

symptomatic adults >40 years still provides a sur-
vival advantage [ 4 ,  5 ]. In contrast closure in 
asymptomatic adults reduces morbidity but not 
mortality [ 6 ]. 

 Randomized comparisons of transcatheter 
and surgical closure of ASDs are lacking; how-

ever, a non-randomized comparison of 596 
patients undergoing ASD closure (442 surgical 
and 154 transcatheter) revealed a periprocedural 
complication rate of 7 % in the transcatheter 
group versus 24 % in the surgical group. This 
has been corroborated in older patients, most 
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recently in a report evaluating clinical outcomes 
after device (81 %) or surgical (19 %) ASD 
 closure in 67 patients with a mean age at closure 
of 68 years [ 7 ]. At follow-up of 3.3 years, right 

ventricular end-diastolic dimensions, right ven-
tricular function, and New York Heart 
Association functional class showed signifi cant 
improvement in both groups; however, major 

  Fig. 22.2    Series of intracardiac echocardiogram images 
following transcatheter pulmonary valve replacement. ( a ) 
Following valve deployment ( red arrow ), there is a wire 
( white arrow ) still across the valve. ( b ) Mild pulmonary 
valve regurgitation ( red arrow ) is seen as a consequence 

of the wire distorting the valve. This was also seen on 
angiography with the catheter across the valve. ( c ) Once 
the wire is removed, the ICE images clearly demonstrate 
no appreciable pulmonary regurgitation       

  Fig. 22.3    ( a ) Right coronary angiogram demonstrating 
large bilobed coronary artery fi stula ( white arrows ) originat-
ing from the proximal right coronary artery ( RCA ) ( red 
arrow ) and draining to the right atrium ( white arrow ). ( b ) 
Following    deployment of an Amplatzer muscular occluder 
( white arrow ), there is no residual distal fl ow to the fi stula 
and the RCA fi lls well ( red arrow ). ( c ) ST elevation was 

noted on a routine post-procedural ECG with repeat right 
coronary angiography demonstrating a discrete narrowing in 
the RCA (probable intimal fl ap –  white ,  arrow ) with severely 
attenuated distal fi lling ( red arrow ). ( d ) Final RCA angio-
gram following implantation of three coronary stents demon-
strates excellent rehabilitation of the RCA       
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complications were higher for the surgical group 
(23 % vs 7 %). Major procedural complications 
during/following transcatheter closure included 
device embolization and atrial erosion with a 
large contemporary multi-institutional report 
revealing a major adverse event rate of 1.1 % [ 8 ]. 
A large database analysis demonstrated a risk of 
device embolization of approximately 0.6 % [ 9 ]. 
Percutaneous retrieval is often possible; however 
if surgical retrieval is required, the mortality rate 
for the procedure increases to approximately 
2 % [ 10 ]. The exact mechanisms leading to atrial 
erosion are unclear; however, device oversizing 
and inadequate anterosuperior rims have been 
implicated with an overall reported incidence 
with the Amplatzer septal occluder (St Jude 
Medical, St Paul, MN) between 0.1 and 0.2 % 
[ 11 ]. CT imaging has been used in this setting to 
evaluate particularly larger device position in 
relation to the surrounding cardiac structures 
[ 12 ] and has been useful in less clear-cut cases to 
determine if one of the discs of the ASD device 
has migrated from within the atrium (Fig.  22.4 ). 
Erosion has not been reported with the only 
other FDA-approved device for ASD closure, 
the Gore septal occluder (Gore and Associates, 
Flagstaff, AZ); however, device fracture rates of 
up to 7 % have been seen especially with the 
largest (35 mm) occluder. Future endeavors are 
likely to concentrate on biodegradable implants; 
however, although initial clinical experience 
with a predominantly bioabsorbable device was 
promising [ 13 ], this has not reached widespread 
acceptance as yet.

      Transcatheter Ventricular Septal 
Defect Closure 

 Most clinically relevant VSDs are closed in 
childhood; however, hemodynamically, signifi -
cant shunts [defi ned as a Qp/Qs >1.5:1 in adults 
[ 2 ]] may be only become clinically relevant in 
early adulthood. Reports outlining transcathe-
ter closure exclusively in adults have been pub-
lished [ 14 ,  15 ]. Indications for closure 
(Table  22.1 ) in these studies included symp-
toms and/or ventricular dilatation in 40–60 % 

of patients. Other common indications included 
pulmonary hypertension and endocarditis. 
Aortic valve prolapse leading to aortic regurgi-
tation may be seen with small subaortic VSDs 
secondary to the Venturi effect in essence 
“sucking,” most commonly, the right coronary 
cusp inferiorly towards the VSD, and surgery is 
usually preferred in these instances as device 
placement may impinge upon the aortic leafl ets 
worsening the aortic regurgitation. Transcatheter 
closure of perimembranous defects has been 
halted in the USA due to signifi cant concerns 
regarding complete heart block [approximately 
5 % in the European registry series [ 16 ] and 
3 % in the US trial [ 17 ]] following device place-
ment. Recovery of atrioventricular block has 
been reported with early treatment with steroid 
[ 18 ] or early surgical removal of the membra-
nous occluder [ 19 ]; comparable rates of com-
plete heart block following surgical closure in 
younger patients have been reported at less than 
1 % [ 20 ]. Newer devices are being evaluated 
with design modifi cations to reduce radial force 
on the conduction tissue and potential for heart 
block. Overall, reported complication rates 
have varied ranging from 6.5 % in the European 
registry [ 16 ] to 10.7 % in the US perimembra-
nous registry including device embolization, 
cardiac perforation, stroke, and two deaths [ 17 ]. 
Exclusion criteria have also been cited and 
include inadequate distance for device place-
ment (usually 4 mm) between the VSDs and 
either the atrioventricular or semilunar valves, 
active sepsis, or pulmonary vascular resistance 
>7 indexed Wood units.

      Persistent Ductus Arteriosus 

 There are closure-related issues in regard to the 
persistent arterial duct specifi c to the adult popu-
lation including calcifi cation of ductal tissue and 
an increased likelihood of pulmonary hyperten-
sion [ 21 ]. Change in the orientation of the arterial 
duct with age may lead to a more horizontal entry 
into the pulmonary artery, and this may also have 
implications for transcatheter approach and 
device choice. The most widely reported device 
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is the Amplatzer duct occluder (St Jude Medical); 
however, the symmetrical design of the Amplatzer 
muscular occluder may be more appropriate par-
ticularly when there is concern regarding pulmo-
nary hypertension [ 21 ]. Closure rates are well 
over 90 % with low procedural morbidity [ 22 ].  

   Coronary Artery Fistulae 

 Congenital coronary artery fi stulae are rare with a 
reported incidence of approximately 0.5 %. Most 
are small, have no clinical implication, and may 

regress spontaneously; however, larger fi stulae 
may lead to signifi cant left-to-right shunting and 
symptoms in adult life. Pre-procedural advanced 
imaging may be benefi cial in determining the 
degree and extent of coronary dilation assisting 
with procedural planning and supporting decision 
making (Fig.  22.5 ). Both surgical and transcath-
eter closure have been described. Concerns 
regarding propagation of clot and acute myocar-
dial infarction exist following device closure. A 
recent follow-up report of 76 patients over 50 
years of age, assessing both transcatheter ( n  = 44) 
and surgical management, demonstrated major 

  Fig. 22.4    Series of CT images in an older patient who 
underwent transcatheter ASD closure with an Amplatzer 
septal occluder. There was a small pericardial effusion by 
echocardiography the day following defect closure, and 
CT was performed to evaluate the position of the device in 
relation to the other cardiac structures. ( a ) Axial CT maxi-
mal intensity projection (MIP) image demonstrates the 
occluder device in place approaching the aorta posterolat-

erally; with no evidence, it has moved beyond the borders 
of the atrial wall. ( b ) Four-chamber view demonstrating 
the relationship of the device to the right upper pulmonary 
vein ( white arrow ). ( c ) Demonstrates en face view of the 
right atrial disc and its relationship to the aorta. There is 
contrast in the superior vena cava ( SVC ) superiorly. ( d ) 
Same projection demonstrates the relationship of the left 
atrial disc to the roof of the atrium ( arrows )       
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complications in 15 % of patients, the majority of 
these being myocardial infarction [ 23 ]. This 
series did not carry out adequate serial imaging of 
the coronary arteries and it may be that more sub-
tle abnormalities remain undetected. Predictors 
of adverse outcomes included drainage to the 
coronary sinus, older age at diagnosis, systemic 
hypertension, and hyperlipidemia. Collaboration 
with coronary interventionalists may be advised 
as acute coronary complications may occur 
(Fig.  22.3 ). We advocate CT imaging as a tool to 
follow these patients. Attention to the coronary 
arteries is extremely important since many of 

these patients post closure of the fi stulae may 
have abnormal coronary arteries.

      Ruptured Sinus of Valsalva Aneurysms 

    Sinuses of Valsalva aneurysms (SoVA) are rare 
however are prone to rupture usually in adult life 
and lead to signifi cant mortality within 2–4 years. 
Congenital SoVAs arise due to a defi ciency of 
elastic fi bers in the aortic media leading to pro-
gressive dilatation over time. The right sinus of 
Valsalva is affected in up to 85 % of cases with 

      Table 22.1    Indications for interventional procedures   

 Intervention  Indication 

 Transcatheter VSD 
closure 

 Qp/Qs ≥2.0 and clinical evidence of LV volume overload (class I) 
 Qp/Qs >1.5 with pulmonary artery pressure less than two thirds of systemic pressure and PVR 
less than two thirds of systemic vascular resistance (class IIa) 
 Device closure is a class IIb recommendation [ 2 ] 

 Balloon pulmonary 
valvuloplasty 

 Symptoms or asymptomatic with peak Doppler gradient >60 mmHg/mean Doppler gradient 
>40 mmHg 

 Balloon aortic 
valvuloplasty 

 Symptoms and peak-to- peak gradient catheter gradient >50 mmHg. Asymptomatic patient: 
peak-to-peak gradient catheter gradient >60 mmHg 

 Balloon 
angioplasty/stenting 
for CoA 

 Transcatheter systolic coarctation gradient of >20 mmHg or <20 mmHg in the presence of 
signifi cant collateral vessels and suitable angiographic anatomy, irrespective of patient age, as 
well as in patients with univentricular heart or with signifi cant ventricular dysfunction 

 Pulmonary artery 
stenting 

 Gradient >20 mmHg across the stenosis area, elevation of the RV or proximal main pulmonary 
artery pressure to greater than one half to two thirds of systemic pressure, or relative fl ow 
discrepancy between the two lungs of 35 %/65 % or worse 

  Fig. 22.5    ( a ) Volume-rendered CT coronary angiogram 
from a 66-year-old with high output congestive heart fail-
ure. There is a large dilated, calcifi ed, and tortuous RCA. 
( b ) RCA angiography confi rmed the large dilated RCA 
( white arrows ), and due to concomitant left coronary 

artery disease, he underwent surgical bypass grafting 
along with tricuspid valve repair. The CT images were 
extremely useful in guiding the decision making regard-
ing optimal therapy in this patient       
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the left sinus almost never affected. Usually the 
rupture occurs into the right atrium or ventricle 
leading to signifi cant left-to-right shunt and 
 congestive cardiac failure. Although historically 
surgery was the mainstay of treatment, transcath-
eter closure has established itself as a less-inva-
sive alternative. Most reported cases to date have 
described use of the Amplatzer duct occluder (St 
Jude Medical) [ 24 ,  25 ]. Although most reports 
are limited to small numbers, successful occlu-
sion with clinical improvement has been achieved 
in over 90 % of cases [ 24 ,  25 ]. Longer-term out-
comes are as yet unknown.  

   Other Lesions 

 In patients with inadequate pulmonary blood 
fl ow (i.e., tetralogy of Fallot), aortopulmonary 
collaterals may develop, leading to left-to-right 
shunting and/or hemoptysis. Coil occlusion has 
been reported successfully for many years with 
good occlusion and low complication rates. In 
patients with chronic hypoxemia however, these 
lesions may be complex and progressive and 
coiling may in fact limit distal access to further 
developing lesions. More recently deployment of 
microspheres and copolymers of ethylene vinyl 
alcohol have been reported [ 26 ], providing a 
more complete distal occlusion of all branching 
vessels. 

 Intrapulmonary arteriovenous malformations 
(AVMs) leading to hypoxemia or risk of systemic 
embolization may occur as an isolated congenital 
malformation or as part of a systemic syndrome 
(Osler-Weber-Rendu syndrome). Successful 
transcatheter occlusion has been reported [ 27 ]. 
More diffuse micro-AVMs may be seen in patients 
with complex congenital palliative  surgeries 
where hepatic blood fl ow is excluded from the 
pulmonary microvasculature, thought to occur 
secondary to an as yet unidentifi ed “hepatic fac-
tor.” These AVMs are usually not amenable to 
transcatheter treatment but may regress with res-
toration of hepatic venous blood fl ow to the pul-
monary circuit. 

 Other collateral vessels encountered in 
patients with congenital heart disease include 

large venovenous collaterals in the setting of a 
single-ventricle circulation, particularly recanali-
zation of a left superior vena cava in patients with 
a superior cavo-pulmonary anastomosis or total 
cavo-pulmonary connection. Device occlusion 
has also been described for fenestrated inferior 
cavo-pulmonary connections, surgically created 
to decompress the pulmonary vascular bed in 
patients with marginal pulmonary vascular resis-
tance in the setting of single-ventricle palliation, 
with good success. Test occlusion is usually car-
ried out prior to defi nitive device closure to 
ensure cardiac output is not signifi cantly compro-
mised [ 28 ].   

   Angioplasty and Valvuloplasty 

   Balloon Pulmonary Valvuloplasty 

 Pulmonary valvuloplasty for congenital pulmo-
nary valve stenosis has demonstrated excellent 
outcomes with low complication rates over the 
past 30 years. Indications in the adult population 
include a peak instantaneous Doppler gradient 
>60 mmHg (mean >40 mmHg); however, inter-
vention at lower gradients may be acceptable in 
the presence of symptoms [ 2 ]. Balloon-to- annulus 
ratios of up to 1.4:1 have been recommended in 
the past; however, due to development of moder-
ate to severe pulmonary insuffi ciency in younger 
patients, a more conservative approach has been 
advocated [balloon/annulus ratio of 1.2:1]. With 
larger annulus diameters in adults, a double-bal-
loon technique may be required to achieve effec-
tive dilation of the valve. Long-term follow-up 
data is available in adults [ 29 ]. Signifi cant 
decreases in peak pulmonary gradients were 
achieved in 90 adults with congenital pulmonary 
valvular stenosis undergoing balloon dilation, 
with regression in pulmonary infundibular steno-
sis and tricuspid regurgitation over time, follow-
ing decompression of the right ventricle. Thirty 
percent of the cohort developed mild pulmonary 
regurgitation; however, this was nonprogressive 
in all but two cases which is less than the majority 
of reported cases following surgical valvotomy. 
Balloon dilation has also been employed in 
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younger patients for both subvalvular and supra-
valvular stenoses; however, responses to treat-
ment in this setting have been less encouraging.  

   Balloon Aortic Valvuloplasty 

 Congenital valvular aortic stenosis accounts for 
approximately 5 % of congenital heart defects 
and may be associated with genetic defects such 
as Turner’s syndrome. In milder cases progres-
sion of stenosis may occur through childhood 
with one study demonstrating 17 % of children 
requiring intervention at a median age of 10.5 
years, following initial diagnosis at a median age 
of 2 years [ 30 ]. Indications for intervention are 
outlined in Table  22.1 . The standard approach in 
older patients has been retrograde via a transfem-
oral approach. However reports in adults have 
suggested that crossing the aortic valve in the 
same direction as blood fl ow (via a transeptal 
venous approach) may reduce the risk of valve 
leafl et perforation and leafl et avulsion during 
infl ation, thus limiting some of the major precipi-
tants for signifi cant aortic valve damage during 
valvuloplasty [ 31 ]. Rapid ventricular pacing has 
been introduced to maximize balloon stability 
during infl ation. Balloon/annulus ratios of 0.9–
1.0:1 are recommended with larger ratios associ-
ated with increased post-procedural aortic 
regurgitation [ 32 ]; however, some reports suggest 
that progression of aortic regurgitation may occur 
over time irrespective of the initial balloon size 
used and may be related to valve morphology 
[ 33 ]. The above reports underlie the fact that, 
despite advances in balloon design and operator 
experience, it is diffi cult to predict the response 
of each individual valve to valvuloplasty even 
within recommended balloon/annulus ratios. 
Major complications in both children and adults 
include acute arterial complications with retro-
grade approach and the development of aortic 
regurgitation. In the largest follow-up study in the 
USA evaluating 509 patients with congenital aor-
tic stenosis over a median follow-up of 9.3 years, 
mean survival free from any aortic valve re-inter-
vention at 5 years was 72 %, at 10 years 54 %, 
and at 20 years 27 % [ 34 ]. Just less than 50 % of 

patients required an aortic valve replacement at 
20 years follow-up. Using multivariate analysis, 
lower post-dilatation gradient and lower grade of 
aortic regurgitation were associated with longer 
freedom from aortic valve replacement. However 
even mild post-procedural rates of aortic regurgi-
tation were associated with the need for aortic 
valve replacement, suggesting that aortic regurgi-
tation as discussed above may worsen with time. 

 Balloon dilation has also been used for con-
genital supravalvular aortic stenosis often seen in 
association with William’s syndrome; however, 
this approach has failed to become a mainstream 
therapy. More positive outcomes have been 
described recently with balloon dilatation of con-
genital subaortic stenosis [ 35 ]. In 76 patients 
with an isolated thin discrete subaortic membrane 
and mean age of treatment of 19 years, the mean 
subvalvular gradient reduced from 70 to 
18 mmHg with 77 % of patients, demonstrating 
sustained relief at mean follow-up of 16 years.  

   Mitral Valvuloplasty 

 Balloon mitral valvuloplasty has been described 
for congenital mitral stenosis but there are lim-
ited reports in adults. The general perception is 
that this will respond less well to balloon therapy 
than rheumatic mitral stenosis. The Boston group 
described their experience with balloon mitral 
valvuloplasty in 64 of 108 children undergoing 
intervention for severe congenital mitral valve 
stenosis [ 36 ]. Valvuloplasty decreased the mean 
mitral gradient by 38 % and however was com-
plicated by signifi cant mitral regurgitation in 
28 %. Survival free from failure of biventricular 
repair or mitral valve replacement was 55 % at 5 
years. Patients with a supramitral ring were less 
likely to respond to valvuloplasty.   

   Stenting 

   Coarctation of the Aorta 

 Balloon angioplasty for coarctation was fi rst 
reported in 1982, and although medium-term 
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 outcome studies showed good initial relief of 
 stenosis, high rates of re-coarctation and aneurysm 
formation (35 %) were reported [ 37 ]. Hence stent 
implantation is now the preferred intervention for 
coarctation in adults with persistent relief of steno-
sis and lower incidence of aneurysm formation 
compared to balloon angioplasty or surgery [ 38 ]. 
Guidelines have been published for transcatheter 
treatment of both native and recurrent coarctation 
[ 2 ] (Table  22.1 ). Both ballooning and stenting are 
indicated when there is a transcoarctation gradient 
of >20 mmHg at the time of catheterization 
although intervention may be warranted with less-
severe gradients if there is systemic hypertension 
with anatomical narrowing or presence of collat-
eral vessels or elevated LVEDP [ 2 ]. 

 Covered stents (both balloon expandable and 
self-expanding) offer the advantage of excluding 
any stretch-induced wall trauma from the endolu-
minal aspect of the aorta particularly in the cata-
strophic event of aortic rupture, which is a signifi cant 
concern in older patients [ 39 ]. These stents are not 
currently approved for use in patients with CoA in 
the USA, and therefore novel approaches of apply-
ing a Gore-Tex covering to a bare metal stent have 

been reported to counter this [ 40 ]. Both pre- and 
post-procedural imaging may be useful in predict-
ing anatomical subtypes and evaluating the aortic 
response to stenting (Fig.  22.6 ).

   Post-stenting, patients have demonstrated 
midterm left ventricular mass regression and 
long-axis function improvement and ameliora-
tion in central aortic function with associated 
reduction of daytime ambulatory systolic blood 
pressure. Follow-up with CT examination sug-
gests that overall aneurysm rate is low (1–2 %) 
[ 41 ]; however, other reports have variable 
results.  

   Pulmonary Artery Stenting 

 Peripheral pulmonary artery stenosis has been 
reported in patients with tetralogy of Fallot repair, 
following arterial switch operation for transposi-
tion of the great arteries, and as a consequence of 
surgery involving the pulmonary arteries in patients 
with univentricular circulation. Pulmonary artery 
narrowing in this setting may lead to increased 
afterload on the subpulmonary ventricle and may 

  Fig. 22.6    ( a ) ( A ,  B ) Volume   -rendered 3-D CTA of the 
aortic arch in a right posterior oblique projection demon-
strating acquired atresia of the aortic arch ( Yellow arrows ). 
( C ,  D ) Reconstructed 3-D CTA imaging of the aorta in a 
similar projection following deployment of a self-fabri-
cated covered stent across the atretic aorta ( b ) Series of 
angiographic images outlining the procedural approach. 
( A – D ) Initial angiograms demonstrate the atretic portion 
as indicated by the  white arrow . ( E – G ) Crossing the 
atretic aorta with a needle ( E ), wire ( F ), and catheter ( G ) 

(indicated by the  white arrows ) to establish continuity 
with the arch from below. ( H – M ) Delivery and deploy-
ment of the balloon-expandable covered stent ( white 
arrows ) across the punctured aorta from below. ( N ) Final 
angiogram demonstrating a confl uent descending thoracic 
aorta with no aneurysm formation. The stent was inten-
tionally not infl ated to a maximum size due to concerns 
regarding aortic damage, and the patient was scheduled 
for an elective redilation of the stent, which was well 
tolerated           
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exacerbate preexisting lesions such as pulmonary 
incompetence particularly in the setting of  tetralogy 
of Fallot, and thus aggressive management is indi-
cated. Stent implantation is generally preferable to 

balloon dilation in older patients. Indications for 
intervention are outlined in Table  22.1 . In many 
cases multiple unilateral or bilateral stenting may 
be required. Stent embolization may be a concern 

Fig. 22.6 (continued)
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in older patients particularly those with pulmonary 
regurgitation [ 42 ]. Intimal stent ingrowth may 
occur more frequently with larger stent/pulmonary 
artery  narrowing ratios.  

   Intracardiac Baffl e Stenting 
and Other Stenting Procedures 

 The incidence of baffl e leak with or without ste-
nosis following atrial redirection surgery for 
transposition of the great arteries has been 
reported as high as 35 % [ 43 ,  44 ]. Both device 
occlusion and covered stenting (Fig.  22.7 ) have 
been described to treat baffl e leak with covered 
stent preferred if baffl e stenosis is present [ 44 ]. 
The procedure is effective, leading to signifi cant 
improvements in oxygen saturations and reduc-
tion in hemoglobin concentrations [ 44 ].

   Stenting has also been described in the setting 
of congenital pulmonary vein stenosis although 
intimal ingrowth/restenosis rates are high. Left 

ventricular outfl ow tract stenting in patients with 
congenital heart disease has also been reported, 
but high stent fracture rates (>40 %) leading to 
recurrent obstruction have prevented mainstream 
acceptance [ 45 ].   

   Transcatheter Valve Replacement 

   Transcatheter Pulmonary Valve 
Replacement 

 Transcatheter pulmonary valve replacement 
(tPVR) has evolved into a viable, less-invasive 
alternative to surgical conduit replacement. 
 Pre- procedural imaging with cardiac MR has 
redefi ned indications for re-intervention with 
most centers accepting right ventricular end-dia-
stolic volumes >150 ml/m 2 , pulmonary regurgi-
tant fractions of >40 %, and right ventricular 
ejection fractions of <40 % as markers for inter-
vention in the setting of dominant regurgitant 

  Fig. 22.7    Series of angiographic images of a superior 
and inferior systemic venous baffle stenosis along 
with a superior baffle leak in a patient with a Mustard 
procedure for transposition of the great vessels. ( a ,  b ) 
Biplane angiographic images demonstrating the baffle 
stenosis ( thin arrows ) and baffle leak ( dashed arrows ) 
in the superior baffle. ( c ,  d ) Biplane angiographic 

images demonstrating multiple levels of baffle 
obstruction ( white arrows ) in the inferior baffle. ( e ) 
Angiographic image of the superior venous baffle fol-
lowing implantation of a covered stent with no resid-
ual stenosis or baffle leak. ( f ) Angiographic image of 
the inferior baffle with resolution of the previously 
seen inferior baffle stenosis       
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lesions. Direct comparisons with surgical implants 
evaluating functionality and durability are lack-
ing; however, short- to medium-term outcomes 
for tPVR are excellent with low morbidity and 
low valve failure rates. Initial stent fracture rates 
of 30 % with the Melody valve (Medtronic Inc, 
Minneapolis, MN) [ 46 ] have been reduced to as 
low as 5 % with aggressive pre-stenting of the 
right ventricular outfl ow tract (RVOT) [ 47 ]. 
Indications for the procedure are evolving and 
have mostly been guided by two clinical trials in 
the USA [ 48 ,  49 ] but include signifi cant conduit 
stenosis, regurgitation, or both (Table  22.2 ). Two 
valve systems are currently available: the 
Medtronic Melody valve as mentioned above and 
the Edwards SAPIEN valve (Edwards 
Lifesciences, Irvine, CA). In the US clinical trial 
evaluating 1-year follow-up with the Melody 
valve, the median peak RVOT gradient was 
reduced from 37 to 12 mmHg [ 48 ]. Pulmonary 
regurgitant fraction was reduced from mean of 
24.8–2.8 % post valve implantation. Although 
stent fracture rates were 21 %, freedom from 
valve dysfunction or need for re-intervention was 
93.5 % with higher RVOT gradient and younger 
age at implantation associated with shorter free-
dom from re-intervention. Similar gradient reduc-
tions and valvular competency have been reported 
for the Edwards SAPIEN valve at 6-month fol-
low-up with no stent fractures noted [ 49 ]. Stent 
migration was seen in three patients (8.8 %) with 
two of them requiring surgery. Other reported 
complications encountered during tPVR include 
conduit rupture, coronary artery compression, and 

 pulmonary hemorrhage. Follow-up CT imaging 
through evaluation of the expansion ratio of the 
stented valve may predict need for re-intervention 
(data presented in abstract format) (Fig.  22.8 ).

    Efforts are ongoing to widen the applicability 
of this technology, particularly to the signifi cant 
number of patients with dilated native RVOTs, and 
early experience with a self-expanding valve 
model has been reported [ 50 ]. Challenges exist 
with this endeavor, customizing a single valve to 
the wide variability of RVOT morphology seen 
throughout the cardiac cycle. Other concerns relat-
ing to cost-effectiveness of tPVR in comparison to 
surgical valve replacement have been raised, and it 
is likely that this issue will need to be addressed 
before this approach achieves widespread accep-
tance particularly in developing economies.  

   Transcatheter Tricuspid Valve 
Replacement 

 With the evolution of tPVR, stented valves have 
been deployed across dysfunctional tricuspid 
valve tissue prostheses. This approach was 
reported in 15 patients using the Medtronic 
Melody valve with reduction in mean tricuspid 
gradient from 12.9 to 3.9 mmHg with all patients 
having mild tricuspid regurgitation or less [ 51 ]. 
One patient required a pacemaker due to complete 
heart block. Reports using the Edwards SAPIEN 
valve for this indication have also been published. 
Concerns have since been raised regarding early 
valve failure with this approach [ 52 ]. 

   Table 22.2    Published inclusion criteria for clinical trials with both the Melody and SAPIEN valves :   

 Inclusion criteria (Melody) [ 48 ]  Inclusion criteria (Edwards) [ 49 ] 

 Age ≥5 years  Weight >35 kg 
 Weight ≥30 kg  In situ conduit ≥16 mm and ≤24 mm 
 Original conduit diameter ≥16 mm   Dysfunctional RV-PA conduit  

≥3+  PR ( TTE )  or PRF  ≥
40 %( MRI ) ±  stenosis  

 Echocardiographic RVOT conduit dysfunction:    
  Patients classifi ed as NYHA class II ,  III ,  or IV     
   Doppler mean gradient  ≥ 35 mmHg or  ≥  moderate PR  
  Patients classifi ed as NYHA class I  
    Doppler mean gradient  ≥ 40 mmHg or severe PR associated with TV 

annulus z - score  ≥ 2 or RVFS  < 40  % 

22 Transcatheter Interventions in Adult Congenital Heart Disease



512

   Summary 

 In conclusion there are more adults than children 
now living with congenital heart disease. These 
patients often have complex anatomical lesions that 
give rise to hemodynamic and clinical challenges 
and these are increasing investigated and treated 
with transcatheter therapies. This chapter outlined 
the lesions and transcatheter treatments available.       
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        Teaching, diagnosing, and planning of therapy in 
patients with complex structural cardiovascular 
heart disease require profound understanding of 
the three-dimensional (3D) nature of cardiovas-
cular structures in these patients. To obtain such 
understanding, modern imaging modalities pro-
vide high-resolution two-dimensional (2D), 
three-dimensional (3D), and sometimes even 
time-resolved 3D imaging of the cardiovascular 
anatomy of the chest. When 3D structures need to 
be understood based on 2D images, a 3D model 
is a very helpful tool to visualize and to under-
stand the often complex 3D structures [ 1 ]. 

 In combination with the availability of virtual 
models of congenital heart disease (CHD), tech-
niques for computer-based simulation of cardiac 
interventions have enabled early clinical explora-
tion of the emerging concept of virtual surgery 
[ 2 ,  3 ]. This chapter serves as an introduction to 
virtual surgery for patient-specifi c preoperative 
planning and teaching of cardiovascular anatomy 
and interventions for clinicians. The chapter is 
mainly based on the discussion of a few exam-
ples. An overview of the underlying imaging and 
data-processing techniques is provided. 

 Figure  23.1  depicts the generic setup. Using 
computer-simulation techniques the user can rotate 
and investigate the cardiac anatomy. Two haptic 
devices provide both positional and rotational free-
dom during interaction as well as force feedback. 
The heart of the virtual patient is a reconstruction 
based on a 3D scan, in this case from magnetic 
resonance imaging. In Figure  23.2  the ventricular 
portion of the heart is zoomed. A ventricular septal 
defect (VSD) is visualized from a surgeon’s view. 
In the following paragraphs the simulation of struc-
tural cardiovascular disease for preoperative plan-
ning and surgical training is discussed.

    Planning of interventions in patients with 
CHD, in particular surgical procedures, can be 
very diffi cult. Often surgical decisions are based 
on previous experience and therefore the result is 
very often operator dependent. Patient-specifi c 
virtual surgery simulation could improve the sur-
geon’s or interventionalist’s preoperative plan-
ning and training opportunities, therefore 
reducing the risk of cardiothoracic interventions 
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and improve outcome. Using simulation, the 
optimal interventional strategy can be planned in 
advance and different approaches can be dis-
cussed with colleagues from other institutions 
with different grades of experience. The 3D 
model is a useful communication tool that enables 
the pediatric cardiac surgeon or interventionalist 
to discuss interventional strategies. Instead of 
discussing treatment options purely based on 2D 
imaging and 3D renderings of the extracardiac 
anatomy, patient-specifi c virtual surgery provides 
the surgeon with a useful tool to communicate 

the surgical view of the intra- and extracardiac 
morphology and allows testing of different strate-
gies to repair a cardiovascular defect. 

 So far heart specimens were essential to under-
stand the various complex pathologies in patients 
with congenital heart disease. Studies in the 
pathology laboratory are only possible in a few 
institutions worldwide, and the number of these 
rare specimens is very limited. A combination of 
virtual and physical reproduction of anatomical 
specimens in conjunction with demonstration of 
modern imaging techniques could be ideal for 

  Fig. 23.1    Haptic devices for interactive manipulation of 
anatomical structures reconstructed from three-dimen-
sional (3D) datasets. The operator can interactively rotate 
and dissect a virtual specimen to study the anatomy in 

detail. The corresponding forces are felt through the hap-
tic devices ( a ). A virtual patient in the operating theatre, 
with a heart reconstructed from a 3D MRI dataset ( b )       

  Fig. 23.2    Magnifi ed view of the virtual patient from 
Fig.  23.1  in a full rendering of the surgical setting ( a ). 
Only the heart is visualized in ( b ) depicting a ventricular 
septal defect (VSD,  circle ). The heart was reconstructed 
from a 3D MRI dataset. It can be manipulated by lifting, 
rotation, dissection, insertion of a virtual patch, etc. using 
the devices displayed in Fig.  23.1 . The corresponding 

forces to the virtual manipulations, such as performing a 
myocardial incision and traction of myocardial tissue 
using a forceps, are transmitted to the user via the haptic 
devices (Fig.  23.1a ).  AO  aorta,  IVC  inferior vena cava, 
 MPA  main pulmonary artery,  RA  right atrium,  RV  right 
ventricle,  SVC  superior vena cava       
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training in the clinical environment. As outlined 
in Fig.  23.3 , virtual reconstruction and physical 
reproduction using rapid prototyping is a very 
interesting concept in this respect. Virtual cardi-
otomy could be a cost- effective supplementary 
technique to rapid  prototyping. Different types of 
incisions and interventional procedures can be 
tested and demonstrated independently of the 
level of experience of the operator and without 
any risk for the patient. As the models are patient 
specifi c, personalized treatment strategies can be 
developed using this technology.

     From Imaging to 3D Modeling 

 As a prerequisite of virtual surgery, three steps 
are required:
    1.    Image acquisition   
   2.    Image segmentation   
   3.    Three-dimensional modeling     

 A visual illustration of these three steps is pro-
vided in Fig.  23.3  and a dedicated section for 
each step is provided below. The description is 

intended as an overview of one possible approach 
to obtain a model suitable for virtual surgery. 

 It is important to understand that each of these 
steps is some kind of interpretation of the image 
data and therefore some errors may be introduced 
in comparison to the original anatomical struc-
ture. These errors can be minimized by improved 
image quality, e.g., by raising image resolution 
and improving contrast. In case of virtual surgery, 
which is performed to predict exact results of a 
surgical procedure, these errors must be consid-
ered when evaluating surgical outcome. Because 
of this surgeons and interventionalists should be 
critical of simulation results and be prepared for 
variations during the actual procedure. 

   Image Acquisition 

 The initial step towards obtaining an accurate 
model for simulation of virtual surgery is acquisi-
tion of an image dataset with high resolution and 
contrast for optimal 3D modeling of the mor-
phology of the congenital heart defect. Frequently 

  Fig. 23.3    A schematic overview of the production pro-
cess from a specimen ( a ) via imaging ( b ) to virtual recon-
struction ( d ) and physical reproduction using rapid 
prototyping ( e ,  f ) after creation of a STL fi le ( c ). Computed 

tomography was used as the imaging modality in this 
example, but other 3D imaging techniques can be used in 
the production process as well       
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an end-diastolic scan is preferred from a sur-
geon’s point of view, as it is closest to the state of 
the heart on the heart-lung machine [ 4 ]. However, 
the dynamic component of a beating heart is not 
displayed with this approach. Novel 3D tech-
niques allow acquisition of at least two cardiac 
phases within one cardiac cycle (end systole and 
mid diastole) [ 5 ]. A complete time-resolved data-
set of the cardiac cycle would be ideal [ 6 ]. Each 
individual phase could then be segmented and 
the results of an intervention could be modeled 
on a beating heart model. 

 The present chapter focuses on the concept of 
virtual interventions in open-heart surgery. 
Therefore it is assumed that a single-phase three- 
dimensional (3D) scan in end diastole should be 
suffi cient. Currently multidetector computed 
tomography (MDCT) or magnetic resonance 
imaging (MRI) is used for a 3D virtual surgery 
dataset. MRI as a radiation-free and noninvasive 
method is most commonly used in patients with 
CHD in clinical routine. Therefore our examples 
in this book chapter are based on MRI datasets. 

   3D MRI 
 A range of publications is dedicated to 3D MRI. 
Early research focused on delineating the vascu-
lature structures using contrast-enhanced imag-
ing [ 7 ,  8 ]. As data are usually acquired within one 
breath hold, ECG triggering is not used to shorten 
data acquisition time. Therefore intracardiac 
structures are not imaged adequately. Respiratory- 
gated and ECG-triggered sequences allow the 
acquisition of whole-heart MRI datasets suitable 

for segmental morphological analysis [ 5 ,  9 ]. It 
was initially evaluated in adolescents and adults 
with congenital heart disease [ 4 ]. After further 
technical developments, now intracardiac struc-
tures in infants and children can be imaged and 
used for 3D modeling [ 5 ,  10 ]. Recently new 
intravascular contrast agents have enabled 
contrast- enhanced imaging triggered to the car-
diac cycle. These improvements enable 3D MRI 
to be acquired in all age groups in clinically 
acceptable time frames [ 11 ,  12 ]. Figure  23.4a  
illustrates the current standard image quality 
obtainable for the dataset underlying the 3D 
reconstruction demonstrated in Figs.  23.1  and 
 23.2 .

       Image Segmentation 

 Tissue and blood pool need to be segmented to 
create suitable models for virtual surgery. With 
the current sequences used, the vessel walls are 
indistinguishable from the blood lumen and sur-
rounding tissue. Therefore the myocardium and 
blood pool are segmented. Vessel walls are cre-
ated by software unless the blood pool is already 
bordered by the myocardium. 

 It is out of the scope of this chapter to discuss 
various segmentation algorithms. For the present 
work a marker-based segmentation algorithm 
was applied [ 1 ]. The user inserts a number of col-
ored markers in the blood pool, myocardium, and 
background, respectively. One color is dedicated 
for each category. From this input the software 

a b c

  Fig. 23.4    A three-step process to create a model for virtual surgery is shown: 3D imaging ( a ), semiautomatic segmen-
tation ( b ), and 3D reconstruction of a virtual model for visualization and simulation ( c )       

 

T.S. Sørensen et al.



519

computes and visualizes a corresponding seg-
mentation in real time. This procedure can be car-
ried out in just a few minutes, assuming a 
reasonable image quality has been obtained. 
Unfortunately it is usually more time consuming 
to subsequently verify and manually correct 
residual segmentation errors. A previous study 
showed that about 1 h for segmentation was 
required for a suitable model for surgical simula-
tion [ 3 ]. Improvements of segmentation software, 
image contrast, and resolution will reduce the 
time for creating models for virtual surgery. 
Figure  23.4b  shows a segmented slice corre-
sponding to the non-segmented slice seen on the 
left (Fig.  23.4a ). With this software the segmen-
tation is done in 3D and  not  slice by slice to 
reduce the time for preparation of the virtual sur-
gery model. The blood pool is colored in red and 
the myocardium in green (Fig.  23.4b ).  

   3D Modeling 

 Proceeding to the 3D modeling step, two scenar-
ios should be distinguished:
•    Patient-specifi c preoperative planning  
•   Generic modeling for training and teaching    

 A brief section is dedicated to each scenario 
outlined below. The simulation of realistic tissue 
deformation behavior in response to surgical 
tools is required for both scenarios. This needs to 
be interactive and in real time. Haptic feedback 
from freely movable tools in 3D is preferred 
(Fig.  23.1a ). A fundamental requirement of vir-
tual surgery is the possibility of making arbitrary 
tissue incisions. The underlying technical foun-
dation to the system discussed below has been 
published [ 13 ]. 

   Patient-Specifi c Modeling 
 Once the segmentation of the morphological scan 
has been completed, it can be exported into the 
simulator, which automatically sets up a simula-
tion environment such as the one depicted in 
Figs.  23.1  and  23.2 . In the next section the appli-
cability of the system will be discussed. 

 It might be necessary to preprocess the data 
structure of a 3D model, i.e., the mesh, to achieve 

reliable results from the simulation or to speed up 
the simulation itself for real-time purposes. 
Preprocessing ranges from reducing overly sam-
pled parts of a 3D model to completely resam-
pling a raw, initially highly sampled model. Even 
during a simulation 3D models have to adapt to 
their meshes, e.g., to allow for arbitrary incisions, 
in which case, the data structure has to be aligned 
along these incisions. This technical aspect is 
particularly important since automatic modifi ca-
tions of the data structure are the third source for 
errors referred to the original anatomical struc-
ture after image acquisition and segmentation.  

   Generic Modeling 
 To defi ne a convincing new training or teaching 
environment, further processing is advisable. As 
a demonstration model we scanned a volunteer 
and constructed a 3D model of his heart and 
major vessels [ 2 ]. Some desired morphological 
defects were manually introduced, specifi cally 
two atrial septal defects (ASDs) and two ventric-
ular septal defects (VSDs). An option of dynami-
cally confi guring whether these defects should all 
be present for a given simulation session was 
implemented. A graphical artist was employed to 
colorize the models and enhance their visual 
appearance. An example of such visual model 
enhancement is provided in Fig.  23.4c . The sig-
nifi cant effort to create these realistic models is 
justifi ed by their unlimited and universal use.    

   Virtual Surgery Examples 

   Preoperative Planning 

 Congenital heart disease often has complex intra- 
and extracardiac malformations, which need to 
be addressed individually by a specifi c surgical 
or interventional approach. The surgeon needs to 
be able to view all cardiovascular structures of 
interest to plan the incision and the operative 
strategy to achieve optimal results. There is fur-
ther a need for the surgeon to interact with the 
dataset to try out different types of surgical tech-
niques including the design of patches to produce 
optimal surgical results. 
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 Figures  23.5  and  23.6  provide two examples 
of virtual cardiotomy to illustrate what can be 
achieved using this tool. Figure  23.5  shows a 
patient with double-outlet right ventricle (DORV) 
after an intracardiac baffl e repair connecting the 
left ventricle to the aorta and the right ventricle to 
the pulmonary artery. This is a challenging oper-
ation even for an experienced surgeon [ 14 ]. The 
3D visualization and simulation tools were used 
to evaluate the post-surgical outcome. An oblique 
reformatting of the 3D MRI reveals a residual 
sub-pulmonary baffl e leakage (Fig.  23.5a ). The 

precise position of this baffl e leakage is visual-
ized with a virtual incision in the right ventricle 
(Fig.  23.5c ). The passage of blood through the 
baffl e is visualized in Fig.  23.5b, d . The red arrow 
(Fig.  23.5b ) indicates the path through the baffl e 
from the left ventricle to the aorta. The virtual 
incision (Fig.  23.5d ) in the sub-aortic region 
demonstrates the narrow intraventricular path-
way from the left ventricle to the aorta.

    Figure  23.6  compares the operative situs of a 
patient with a VSD with the virtual model to prove 
the suitability but also the limitations of this tool.  

a b

c d

  Fig. 23.5    Post-surgical 3D visualization and simulation 
from a MRI data set of a 10-year-old girl after an intraven-
tricular repair of a double-outlet-right ventricle ( DORV ) is 
shown. The aorta was to the right of the pulmonary artery 
in a side-by-side position. Two baffl e leakages and a 
 narrow baffl e pathway from the left ventricle to the aorta 
were imaged postoperatively. ( a ) Oblique slice from the 
3D MRI data set depicting the larger sub-pulmonary 

 baffl e leakage ( circle ). ( b ) 3D visualization of the baffl e 
pathway from the left ventricle to the aorta ( red arrow ). 
(   c ) An incision in the sub-pulmonary region reveals the 
exact 3D position of the larger residual baffl e leakage 
( circle ). ( d ) An incision in the sub-aortic region shows the 
narrow baffl e pathway ( circle ) from the left ventricle to 
the aorta.  AO  aorta,  LV  left ventricle,  PUL  pulmonary 
artery,  RA  right atrium,  RV  right ventricle       
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   Predictive Simulation 

 In the context of cardiovascular surgery, predic-
tive simulation is a recently emerging fi eld. First 
examples regarding the extracardiac vasculature 
can be found in the literature [ 15 ,  16 ]. The chal-
lenge of predictive simulation systems is to 
behave as physically correct as possible to pro-
vide reliable previews of outcomes for different 
surgical approaches. This slight shift of focus 
entails several requirements and opportunities for 
such simulation systems. Rather than simulating 
surgical tools controlled in real time through hap-
tic input devices for virtual operations, such a 
simulation system can be considered to be the 
tool itself. 

 A surgeon, already experienced in incising 
and suturing, is supposed to interact on a higher 
level with the software, e.g., by just indicating 
incisions or choosing incisions, which should be 
sutured automatically. Solely the result is of 
interest to be able to evaluate different approaches 
for an intervention. While the simple interaction 
is done in real time, e.g., by clicking on a static 
3D model, the resulting deformations are simu-
lated directly afterwards without strong real-time 
requirements. This allows the simulation to uti-
lize very sophisticated mathematical models for 
accurately predicting the outcome or proposing 
optimal patch shapes for most promising results 
regarding blood fl ow for example. 

 Figure  23.7  shows an early prototype of a pre-
dictive simulation system for interventions in 
patients with malformed extracardiac vascula-
ture [ 16 ]. Different approaches to correct a 
patient with coarctation of the aorta are simu-
lated. In the future this may lead to better results 
in these patients as different surgical approaches 
can  virtually be tested and the best result can be 
predicted. In this case the surgeon would then 
choose the technique providing the best result 
based on the recommendations of the modeling 
tool. It is very important that the physician who 
is actually performing the procedure makes the 
fi nal decision.

      Training and Teaching 

 How virtual surgery can support training, teach-
ing, and clinical medicine and therefore improve 
patient outcome is outlined below. The approach 
for training and teaching has a different focus 
than the clinical setup, but many of the technical 
considerations are similar. Data can be acquired 
from heart specimens using high-resolution com-
puted tomography to obtain optimal imaging 
results [ 17 ,  18 ]. Models can be post-processed by 
an artist to obtain most realistic results of the car-
diac morphology, which needs to be demon-
strated. Time for reconstructing these models is 
not as crucial as in the clinical setup, and many of 

  Fig. 23.6    Surgical image ( left ) and virtual cardiotomy 
( right ) in a 1-year-old child with a ventricular septal 
defect. An incision in the right atrium gives access to the 

defect, which is located just below the aortic outfl ow tract. 
 IVC  inferior vena cava,  RA  right atrium,  RV  right ventri-
cle,  SVC  superior vena cava,  VSD  ventricular septal defect       
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the specimens used are more a template for a 
typical form of congenital heart disease rather 
than a very specifi c patient model. 

 For clinical purposes the heart of the patient 
needs to be imaged as precisely as possible prior 
to surgery. The time required for segmentation 
and preparing the model should be within reason-
able time limits to make it applicable in a clinical 
setup in a cost-effective way. The models pro-
duced need to be evaluated regarding their reli-
ability to depict the relevant structures of the 
intracardiac anatomy to enable optimal surgical 
results. 

 Because of further developments in imaging 
technology and computer hardware and software, 
it can be expected that this technology will be an 
essential part in teaching and training, research, 
and clinical medicine with the fi nal goal to 
improve patient outcome.      
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        Congenital anomalies of the aortic arch represent 
a diverse set of malformations with a common 
embryologic origin and a wide array of clini-
cal manifestations. Arch anomalies are noted in 
1–10/1,000 live births and account for approxi-
mately 15–20 % of all congenital heart disease 
[ 1 ]. Presentation of aortic arch anomalies is 
highly variable with many patients remaining 
asymptomatic throughout life. When present, 
symptoms generally result from compression of 

surrounding mediastinal structures or associated 
intracardiac defects. Successful management of 
symptomatic arch anomalies often relies on surgi-
cal or endovascular intervention aimed at reliev-
ing compression or improving  hemodynamics. 
In this review, we present several common aortic 
anomalies in correlation with their embryologic 
development and clinical features. 

   Embryology of the Normal 
Aortic Arch 

 The majority of development of the adult aortic 
arch occurs between intrauterine weeks 4 and 7. 
Arch development proceeds through the branchial 
apparatus, which consists of paired dorsal and 
ventral aorta connected by six branchial segments 
or arches, numbered 1–6 from cephalad to caudad 
(Fig.  24.1a ). Typically, arches one, two, and fi ve 
involute completely. The third arches develop to 
form the common carotid arteries and proximal 
portion of the internal carotid arteries. The left 
fourth arch forms the portion of the aortic arch 
between the left common carotid and left subcla-
vian arteries. A portion of the right fourth arch 
involutes between the right subclavian artery and 
descending aorta, with the remaining segment ulti-
mately giving rise to the proximal portion of the 
right subclavian artery. The proximal portions of 
the right and left sixth arch form the proximal right 
and left pulmonary arteries, respectively. Typically, 
the distal sixth arch forms the ductus arteriosus on 
the left side and regresses completely on the right.
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   In order to conceptualize how specifi c pertur-
bations in arch development affect aortic anat-
omy, it is helpful to rely on the Edwards 
hypothetical double arch concept (Fig.  24.1b ). In 
this model the developing aorta is represented by 
dual right- and left-sided arches with ductus arte-
riosus on each side. Although development of the 
aortic arch proceeds such that this structure does 
not exist in its entirety at any one time, it has 
nonetheless proven helpful in showcasing the 
effect of interruptions to the developing aorta at 
specifi c locations.  

   Imaging of the Aortic Arch 
and Associated Structures 

   Chest Radiography 
and Echocardiography 

 Although limited in its ability to provide detailed 
anatomic information regarding the aorta and its 
associated vessels, there are several direct and 
indirect fi ndings on chest radiography (CXR) 

that may raise the suspicion for an aortic arch 
anomaly. Evaluation of the position of the aortic 
knob and para-aortic stripe provides information 
as to whether the arch is left or right sided, as 
does the position of the descending aorta. 
Similarly, in infants and small children, a devi-
ated trachea may serve an indirect sign of com-
pression by an aortic arch opposite the side of 
deviation. Lateral CXR may suggest a vascular 
anomaly when there is obscuration of the ret-
rotracheal lucency (an area commonly known as 
Raider’s triangle) [ 2 ]. Along with CXR, echocar-
diography has been used as a fi rst-line imaging 
modality to examine pediatric patients for sus-
pected aortic arch anomalies. Echocardiography 
has the benefi t of not utilizing ionizing radiation 
and the relative ease at which it can be performed 
at the bedside. However, it is challenging to visu-
alize the entirety of the thoracic aorta, and patient 
habitus, operator skill, and available sonographic 
windows may limit the fi nal images. Although at 
experienced centers echocardiography can be uti-
lized to accurately diagnose vascular rings, local 
expertise may limit its role to the diagnosis of 

a b
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  Fig. 24.1    ( a ) Diagram representing six paired branchial 
arches (numbers 1–6) and an intersegmental artery ( IA ). 
The arches connect paired dorsal and ventral aortae dur-
ing development. ( b ) Schematic representation of the 
Edwards hypothetical double arch. Dual right- and left-
sided aortic arches give rise to bilateral common carotid 
arteries and subclavian arteries as independent structures. 
The selective involution of arch segments gives rise to the 
fi nal adult aortic arch and serves as a mechanism to 

explain several common arch anomalies.  LCCA  left com-
mon carotid artery,  LECA  left external carotid artery, 
 LICA  left internal carotid artery,  RCCA  right common 
carotid artery,  RECA  right external carotid artery,  RICA  
right internal carotid artery,  LSA  left subclavian artery, 
 RSA  right subclavian artery,  LDA  left ductus arteriosus, 
 RDA  right ductus arteriosus,  LPA  left pulmonary artery, 
 RPA  right pulmonary artery,  MPA  main pulmonary artery       
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associated cardiac abnormalities. Rarely, aortic 
arch anomalies may also be diagnosed in utero 
through fetal echocardiography [ 3 ,  4 ].  

   Computed Tomography 
and Magnetic Resonance Imaging 

 The advent of ECG gating, multiple detectors and 
spiral imaging, and radiation dose reduction meth-
ods has recently revolutionized computed tomogra-
phy (CT) imaging. Using these techniques, CT is 
capable of generating detailed anatomic images in 
a matter of seconds with isotropic submillimeter 
resolution that can be used to reconstruct images in 
any two-dimensional plane. Improvements in 
advanced post-processing methods utilizing maxi-
mum and minimum intensity projections, as well as 
three-dimensional models with surface and volume 
rendering methods, allow CT to play an important 
role in imaging aortic arch pathology. The speed, 
ease, access, and lack of sedation requirements 
make CT a reasonable imaging choice in both the 
adult and pediatric populations. However, CT 
imaging utilizes potentially carcinogenic ionizing 
radiation and often requires iodinated contrast 
agents that on occasion evoke anaphylactoid reac-
tions (about 0.6–0.7/100 adult patients). Iodinated 
contrast agents are also known nephrotoxic agents, 
and it should be noted that unlike other imaging 
modalities such as MRI or echocardiography, CT 
cannot assess or quantify normal or abnormal blood 
fl ow and pattern. Overall, the risk of adverse events 
from CT scan is likely much lower than the 
expected benefi t for the great majority of patients. 
The precise technique and scan parameters may 
depend on the specifi c CT machine and the type of 
study. Contrast- enhanced CT angiogram (CTA) is 
usually performed with thin collimation (0.5–1 mm) 
and multiplanar images are reconstructed as thin 
slices of around 1–2 mm. Typically, injection rates 
of 3–5 ml per second of intravenous iodinated con-
trast containing are used, through a peripheral intra-
venous cannula placed in the right upper extremity 
to minimize streak artifact from dense contrast 
material in the innominate veins. In most cases, the 
scan can be triggered by automated bolus tracking 
by placing the region of interest (ROI) in the aortic 
lumen, at an attenuation threshold of 150–180 

Hounsfi eld units to achieve reliable aortic enhance-
ment. Cardiac pulsation artifact mainly affects the 
aortic root in non-gated examinations. 
Electrocardiogram (ECG)-gated CT may be pre-
ferred for the assessment of the aortic root with 
minimal or no motion-related artifacts. Slowing the 
heart rate with β-blockers may also be helpful in 
improving image quality. The penalty of using 
ECG gating, especially in retrospective gating 
mode, is an increase in radiation dose. 

 In addition to morphological assessment, blood 
fl ow velocity mapping, directional fl ow assess-
ment, and pressure gradient calculation are 
routinely performed in MRI. These examinations 
can be performed either with or without intrave-
nous gadolinium-containing contrast material. 
Multiphasic postcontrast evaluation is also possi-
ble in MRI. However, drawbacks to MRI examina-
tions include claustrophobia, incompatibility with 
metallic devices, renal impairment restricting the 
use of gadolinium (due to the potential for devel-
opment of nephrogenic systemic fi brosis), and 
prolonged examination times requiring sedation 
or, particularly in children, general anesthesia. 
Relatively limited access, affordability, and exper-
tise may also prohibit the routine use of MRI. 

 The decision to utilize CT vs. MRI or another 
imaging modality is made based on individual 
patient factors as well as institutional preference 
and expertise.   

   The Normal Aortic Arch 

 Typically the aorta originates just left of midline 
and ascends obliquely and slightly to the right 
before turning posteriorly and leftward to form 
the aortic arch. The aorta completes its course 
by then descending just left of midline adjacent 
to the anterior thoracic vertebral bodies, exiting 
the diaphragm through the aortic hiatus. After the 
coronary arteries, the fi rst major vessel arising 
from the aortic arch is the brachiocephalic 
(innominate) artery, which bifurcates quickly to 
form the right subclavian and right common 
carotid arteries, followed by the origins of the left 
common carotid artery and left subclavian artery 
(Fig.  24.2a ). On the right side the primitive duc-
tus arteriosus involutes completely, while on the 
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left it persists to serve as a fetal bypass of the 
pulmonary vasculature. This typical branching 
pattern is eventually accomplished through inter-
ruption of the Edwards hypothetical double arch 
distal to the right subclavian artery (Fig.  24.2b ).

     Normal Variants in Aortic Arch Vessel 
Branching 

 Large case studies have demonstrated that this 
“normal” arch confi guration exists in only 
approximately 65–75 % of the population [ 5 – 7 ]. 
The most common variant arch vessel branching 
pattern is the so-called “bovine” aortic arch. 

   Bovine Aortic Arch 
 The bovine aortic arch branching confi guration 
occurs when the left common carotid artery is 
shifted leftward to share a common origin with 
the brachiocephalic trunk as opposed to arising 
directly from the aortic arch. Slightly less com-
mon is a variant of bovine aortic arch in which 
the left common carotid artery arises as a branch 
off the brachiocephalic trunk as opposed to shar-
ing a common ostium [ 8 ]. The incidence of 
bovine aortic arch has been reported in the litera-
ture at approximately 15–27 %, with most large 
studies placing that estimate between 15 and 
20 % [ 5 – 7 ]. Both bovine arch variants are gener-
ally asymptomatic.  

a b

  Fig. 24.2    ( a ) Normal aortic arch morphology. There are 
three normal great vessels emanating from the arch in the 
typical fashion: right brachiocephalic artery ( arrow ), left 
common carotid artery ( curved arrow ), and left subcla-
vian artery ( arrow head ). ( b ) Schematic representation of 
the normal aortic arch via the Edwards hypothetical dou-
ble arch concept. The area shaded in black undergoes 
involution resulting in the formation of the normal left-
sided aortic arch. The right arch segment proximal to the 

area of involution forms the brachiocephalic trunk, and 
the persistent left arch segment forms the aortic arch and 
proximal descending aorta. Typically, the right ductus 
arteriosus undergoes involution leaving only the left aortic 
arch with left ductus arteriosus.  LCCA  left common 
carotid artery,  LSA  left subclavian artery,  RCCA  right 
common carotid artery,  RSA  right subclavian artery,  LDA  
left ductus arteriosus,  RDA  right ductus arteriosus,  LPA  
left pulmonary artery,  RPA  right pulmonary artery       
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   Aberrant Origin of Vertebral Artery 
 The left vertebral artery will occasionally arise 
not from the left subclavian artery, but instead 
will originate directly from the aortic arch. This 
arch variant is generally asymptomatic, with sev-
eral studies observing this branching pattern in 
approximately 1–8 % of the study population [ 5 , 
 9 ,  10 ]. With less frequency, the right vertebral 
artery may directly arise from the aortic arch. 

Aberrant origin of the right vertebral artery from 
the aorta distal to the origin of the left subclavian 
artery is very rare (Fig.  24.3 ). It courses behind 
the esophagus and may have a diverticulum at its 
origin (vertebral lusoria) [ 9 ].

      Anomalous Brachiocephalic Trunk 
 In this condition the origin of the brachioce-
phalic artery is displaced just left of midline on 

  Fig. 24.3    Vertebral arteria lusoria ( arrows ). Aberrant ori-
gin of the left vertebral artery from distal aortic arch ( Ao ) 
shown in CT images. Note diverticular outpouching at its 

origin. The vessel travels obliquely behind the esophagus 
( E ) and may be compressed between the esophagus and 
vertebra (Courtesy of Farhood Saremi MD, USC)       
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the aortic arch. Historically, this condition has 
been thought to be a cause of respiratory symp-
toms in infants and young children; however, 
more recent studies have demonstrated that the 
brachiocephalic trunk arises left of the trachea 
in >95 % of newborns and that most infants and 
young children display some degree of asymp-
tomatic tracheal indentation. Only when tra-
cheal compression exceeds 50 % of the AP 
diameter is this condition considered potentially 
pathologic, although some patients may remain 
asymptomatic even at this degree of compres-
sion due to its dynamic nature. While tracheal 
deformity was believed to be primarily due to 
the variant brachiocephalic trunk origin, it is 
now thought to represent a functional anomaly 
primarily related to immature tracheal cartilage 
[ 11 ]. Most infants and children display few, if 
any, symptoms related to tracheal compression, 
although some may develop signifi cant respira-
tory compromise. When symptoms are clini-
cally signifi cant, the condition is known as 
innominate artery compression syndrome. 

 Currently both CT and MRI are able to delin-
eate the aortic arch anatomy as well as quantify 
the degree of tracheal compression. Unlike bron-
choscopy, however, neither can easily visualize 
tracheal changes throughout the respiratory 
cycle. In contrast to cross-sectional imaging, 
bronchoscopy offers no additional relevant infor-
mation, such as surrounding vascular anatomy or 
associated cardiac defects. 

 Symptomatic patients may be treated with sur-
gical suspension of the brachiocephalic trunk to 
the posterior sternum via a procedure known as 
retrosternal innominate arteriopexy in order to 
provide symptomatic relief or reimplantation of 
the artery in an anatomically correct position on 
the aortic arch.    

   Anomalies of the Aortic Arch 

   Classifi cation of Aortic Arch 
Anomalies 

 Aortic arch anomalies may be classifi ed with the 
Edwards hypothetical double arch, with stratifi -

cation based upon the point at which the 
 hypothetical arch has been interrupted. Clinically, 
classifi cation is most likely to proceed on 
the basis of anatomy and morphology, where the 
course of the aorta and arch vessels form the 
basis for classifi cation. In this system, arch 
anomalies may be characterized as right or left 
sided, interrupted, double, or cervical, with addi-
tional classifi cation based on the pattern of arch 
vessel branching. Further, anomalies may be 
characterized as symptomatic or asymptomatic. 
The majority of aortic arch malformations remain 
asymptomatic; however, certain anomalies may 
be symptomatic, commonly due to tracheobron-
chial or esophageal compression from a vascular 
ring and rarely due to a cerebral “steal” phenom-
enon where blood is shunted away from the cere-
bral vasculature to provide reconstituted fl ow to 
an isolated vessel. 

   Left Aortic Arch 
 The left aortic arch morphology is described ear-
lier under “The Normal Aortic Arch.” 

 When classifi ed based on arch vessel branch-
ing, there are three confi gurations of major ves-
sels that are seen with a left-sided aortic arch: 
normal, aberrant right subclavian artery, and iso-
lated subclavian artery. 

   Aberrant Right Subclavian Artery 
   Pathology and Embryology 
 Aberrant right subclavian artery (ARSA) is the 
most common form of thoracic arterial anomaly 
with a prevalence of 0.4–2 % [ 12 ]. An ARSA is 
believed to be the result of complete involution of 
the right fourth pharyngeal arch and proximal 
right dorsal aorta, with the right seventh interseg-
mental artery giving rise to the right subclavian 
artery from a segment of persistent dorsal aorta. 
The aortic remnant often persists as a saccular 
diverticulum known as a Kommerell diverticu-
lum, which in approximately 8 % of patients may 
become aneurysmal requiring surgical resection 
[ 13 ]. According to the Edwards hypothetical 
double arch model, the site of interruption occurs 
between the right common carotid and right sub-
clavian arteries (Fig.  24.4 ). In order to reach the 
right upper extremity, the artery takes a right 
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superior oblique course  passing behind the 
esophagus in the majority of cases; however, in 
rare cases it may pass between the esophagus and 
trachea or anterior to the trachea [ 14 ].

      Associations 
 An ARSA occasionally occurs in conjunction 
with several intracardiac anomalies, the most 
common of which is tetralogy of Fallot. Among 

patients with tetralogy of Fallot, the incidence of 
ARSA is approximately 5–16 %, with rates 
slightly higher in patients with both tetralogy of 
Fallot and pulmonary atresia [ 15 – 17 ]. Other 
associated cardiac defects include left-sided 
obstructive lesions, atrioventricular canal defects, 
interrupted aortic arch, and coarctation of the 
aorta; however, these remain less commonly 
associated.  

a

c

b

d

  Fig. 24.4    ( a ,  b ) Schematic representation of the left aor-
tic arch with aberrant right subclavian artery (ARSA). ( a ) 
The  black - shaded  area represents the break point in the 
Edwards hypothetical double arch. ( c ) Axial CT and ( d ) 
superior volume-rendered view of the aortic arch demon-

strate ARSC coursing behind the esophagus.  LCCA  left 
common carotid artery,  LSA  left subclavian Artery,  RCCA  
right common carotid artery,  RSA  right subclavian artery, 
 LDA  left ductus arteriosus,  RDA  right ductus arteriosus, 
 LPA  left pulmonary artery,  RPA  right pulmonary artery       
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   Clinical Symptoms 
 An ARSA is most commonly asymptomatic. 
Very rarely, infants and young children may 
develop dysphagia or respiratory symptoms 
resulting from tracheoesophageal compression. 
The presence of severe symptoms in a child sug-
gests the presence of an additional lesion forming 
a complete vascular ring. Causes of this condi-
tion include a persistent double aortic arch, com-
mon origin of both carotid arteries, or right-sided 
ductus arteriosus. 

 Patients in their seventh and eighth decades 
may develop late dysphagia as the ARSA 
becomes stiffened and ectatic by atherosclerotic 
changes and compresses the posterior esophagus. 
Symptoms of tracheoesophageal compression 
due to an ARSA have been termed  dysphagia 
lusoria  (“prank of nature”) [ 18 ].  

   Imaging 
 On frontal CXR the fi ndings of an oblique edge or 
opacity extending to the right from the aortic knob, 
demonstration of the vessel through the lucency of 
the tracheal air column, or a mass effect at the 
medial right clavicular area suggest the presence 
of ARSA. On lateral CXR, obscuration of the ret-
rotracheal opacity (Raider’s triangle), aortic arch 
obscuration, and posterior tracheal imprint pro-
vide evidence for this condition but remain a poor 
means of defi nitive  diagnosis [ 19 ]. 

 In general most patients will be diagnosed 
with ARSA incidentally on cross-sectional imag-
ing. Both CT and MRI will demonstrate a vessel 
emerging from the aortic arch distal to the left 
subclavian artery that course obliquely, right, and 
superiorly towards the right axilla (Fig.  24.4 ). 
Often slight tracheal or esophageal indentation, 
and rarely signifi cant tracheoesophageal com-
pression, may be appreciable on imaging.  

   Treatment 
 In cases of severe dysphagia, respiratory com-
promise, or aneurysmal dilation, surgery may 
be employed to reimplant the anomalous sub-
clavian artery at a more favorable location. 
Often this is accomplished through a modifi ed 
right carotid- subclavian artery bypass or reim-
plantation of the vessel at a more proximal arch 

position. Commonly, this is now accomplished 
via a two- stage hybrid procedure involving 
transcatheter occlusion of the origin of the 
ARSA followed by open carotid-subclavian 
bypass [ 20 ,  21 ].    

   Right Aortic Arch 
 Right aortic arch occurs when the aortic arch both 
originates and descends to the right of the verte-
bral bodies. The incidence of right aortic arch is 
approximately 0.1 % or less of the population; 
however, with the advent of MDCT and MRI, 
some clinicians now believe the true incidence to 
be higher [ 22 ]. Right aortic arch results when the 
developmental pattern of the fourth branchial arch 
is reversed. Normally, the left fourth arch forms a 
portion of the aortic arch, while the right fourth 
arch forms the right subclavian artery; however, 
reversal of this pattern results in development of a 
right aortic arch. Development of right aortic arch 
may occur in isolation or in association with intra-
cardiac abnormalities, esophageal atresia, or tra-
cheoesophageal fi stula. Although frequently 
asymptomatic, patients may present with a num-
ber of symptoms such as dysphagia, dyspnea, 
hypertension, and heart failure. The molecular 
etiology of right aortic arch remains poorly under-
stood; however, alterations in embryonic blood 
fl ow have been hypothesized to contribute to the 
condition. 

 Classifi cation of right aortic arch anomalies has 
historically been accomplished based on the arrange-
ment of the arch vessels as well as the position of the 
ligamentum arteriosum [ 23 ]. Under this system 
there are three subgroups of right aortic arch:
    1.    Right aortic arch with mirror image branching 

(type I)   
   2.    Right aortic arch with aberrant left subclavian 

artery (ALSA) (type II)   
   3.    Right aortic arch with isolation of the left sub-

clavian artery (type III)    
  Within these subgroups, the ligamentum arte-

riosum is most frequently left sided but may be 
situated on the right or both sides. If the ligamen-
tum arteriosum is situated on the left opposite the 
aorta, a complete vascular ring may result in tra-
cheoesophageal compression, a condition known 
as a “Neuhauser” anomaly. 
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   Right Aortic Arch with Mirror Image 
Branching (Type I) 
   Pathology and Embryology 
 Embryologically, this condition results from disrup-
tion of the Edwards hypothetical double arch 

between the descending aorta and the left subclavian 
artery (Fig.  24.5 ). Typically, the aorta both originates 
and descends on the right side of the thorax, eventu-
ally crossing over the anterior thoracic vertebrae 
inferiorly before exiting through the aortic hiatus.
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  Fig. 24.5    ( a, b ) Schematic illustration of right aortic arch 
( RAA ) with mirror image branching pattern. ( a ) The  black- 
shaded   area represents the break point in the Edwards hypo-
thetical double arch model. ( b ) Schematic of the evolved 
RAA with mirror image branching. ( c ) Axial reformatted 
MR angiography and ( d ) 3D volume-rendered image (pos-
terior oblique view) demonstrate RAA with mirror image 

branching pattern in an 18-year-old young man with history 
of tetralogy of Fallot status post repair.  LCCA  left common 
carotid artery,  LSA  left subclavian artery,  LBCA  left brachio-
cephalic artery,  RCC  and  RCCA  right common carotid 
artery,  RSA  right subclavian artery,  LDA  left ductus arterio-
sus,  RDA  right ductus arteriosus,  LPA  left pulmonary artery, 
 RPA  right pulmonary artery,  BA  brachiocephalic artery       
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   In most cases the ductus arteriosus is left 
sided, and it is the origin of the ductus that deter-
mines whether or not a complete vascular ring is 
formed [ 24 ]. Often a left-sided ductus connects 
the left pulmonary artery to the left subclavian 
artery or descending aorta, and there is no com-
plete vascular ring. However, in the rare event 
that the ductus originates from the posterior 
aspect of the aorta, a complete vascular ring is 
formed and may present with tracheoesophageal 
compression [ 24 ]. Occasionally, a patient may 
present with bilateral ductus arteriosus, in which 
case a constrictive vascular ring may also be 
present. Finally, in several instances, a right- 
sided ductus has been described, in which case 
there is no vascular ring.  

   Associations 
 Based on case reports and case series studies, 
right aortic arch with mirror image branching is 
associated with intracardiac malformations in 
many cases [ 25 ,  26 ]. Most commonly this con-
dition is seen in association with pulmonary 
atresia with ventricular septal defect (VSD) 
(46 %), tetralogy of Fallot (32 %), and double-
outlet right ventricle with right atrial isomerism 
(14 %) [ 27 ].  

   Clinical Symptoms 
 Right aortic arch with mirror image branching is 
generally asymptomatic, even in cases of left- 
sided ductus arteriosus and complete vascular 
ring. In rare cases, infants or young children may 
present with symptoms of tracheoesophageal 
compression. Occasionally, patients may become 
symptomatic late in life due to atherosclerotic 
hardening of the aortic arch or subsequent com-
pression of mediastinal structures by aneurysmal 
dilation [ 28 ].  

   Imaging 
 As most patients with this condition remain 
asymptomatic, it is often identifi ed incidentally 
on imaging obtained for unrelated reasons. CXR 
may demonstrate a right-sided aortic knob with 
right-sided para-aortic stripe. Occasionally a 
right-sided aortic arch may mimic a right supe-
rior mediastinal mass. 

 Cross-sectional imaging demonstrates a right- 
sided aortic arch with a left brachiocephalic trunk 
emerging as the fi rst arch branch, followed by the 
right common carotid artery and the right subcla-
vian artery (Fig.  24.5 ). The brachiocephalic trunk 
courses anterior to the left pulmonary artery 
before dividing into the left subclavian and left 
common carotid arteries. The ductus arteriosus 
arises from either the posterior aspect of the aor-
tic arch opposite the right subclavian artery or 
from the origin of the left brachiocephalic artery.  

   Treatment 
 In the rare instance that an isolated complete vas-
cular ring is present, treatment may be needed to 
divide the ligamentum arteriosum. More com-
monly, treatment of this condition centers on cor-
recting the associated intracardiac defects. 
Importantly, the surgeon should be made aware 
of the presence of a right-sided aortic arch prior 
to intervention requiring a modifi ed Blalock- 
Taussig shunt as it will be placed on the contralat-
eral side of the arch.   

   Right Aortic Arch with Aberrant Left 
Subclavian Artery (Type II) 
   Pathology and Embryology 
 Right aortic arch with aberrant left subclavian 
artery (ALSA) is the most common of the right 
aortic arch subtypes, and it is the second most 
common cause of constrictive vascular ring, the 
fi rst being double aortic arch. In approximately 
5–10 % of cases, it may occur in conjunction 
with intracardiac disease; however, most 
cases are an isolated phenomenon [ 26 ,  29 ]. 
Embryologically, interruption of the Edwards 
hypothetical double arch occurs between the left 
subclavian and left common carotid arteries 
(Fig.  24.6 ). The fi rst major arch vessel to emerge 
is the left common carotid artery followed by 
the right common carotid artery, right subcla-
vian artery, and aberrant left subclavian artery. 
The aberrant left subclavian artery arises at the 
junction of the right arch and the descending 
aorta, often from a remnant of the distal left 
fourth arch.

   Most often the ductus arteriosus is left sided and 
runs from the aortic remnant to the left  pulmonary 
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artery, thus forming a complete vascular ring [ 29 ]. 
In many instances the ring remains relatively loose 
and is asymptomatic; however, in some patients 
the ring may be suffi ciently tight so as to result 
in tracheoesophageal compression. This is a much 

more frequent occurrence in children and young 
adults, with most adults remaining symptom-free. 
In rare circumstances, the ductus arteriosus may 
be right sided, in which case there is no vascular 
ring and patients remain asymptomatic.  
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  Fig. 24.6    ( a ,  b ) Schematic representation of right aortic 
arch ( RAA ) with aberrant left subclavian artery ( ALSA ). ( a ) 
The  black-shaded  area represents the break point in the 
Edwards hypothetical double arch model. ( b ) Schematic of 
the evolved  RAA  with  ALSA . Note the persistent left ductus 
arteriosus forming a complete vascular ring. ( c ) Axial and 
( d ) coronal black-blood MR images demonstrate RAA 

( straight arrows ) with ALSA ( curved arrows ). A large 
diverticulum of Kommerell is seen posterior to the esopha-
gus. The trachea is mildly narrowed.  LCCA  left common 
carotid artery,  LSA  left subclavian artery,  RCCA  right com-
mon carotid artery,  RSA  right subclavian artery,  LDA  left 
ductus arteriosus,  RDA  right ductus arteriosus,  LPA  left 
pulmonary artery,  RPA  right pulmonary artery       
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   Associations 
 As stated previously, only approximately 5–10 % 
of cases of right aortic arch with aberrant left 
subclavian artery are associated with intracardiac 
disease. Most often this type of arch branching 
pattern occurs in isolation and may be detected 
only incidentally on cross-sectional imaging.  

   Clinical Symptoms 
 In general, most patients with this condition are 
asymptomatic. In the setting of a tight vascular 
ring formed by the left-sided ductus arteriosus, 
some patients may experience symptoms of tra-
cheoesophageal compression. This is seen more 
commonly in infants and young adults, with only 
rare patients presenting in adulthood due to ves-
sel atherosclerosis (most commonly of the carotid 
arteries) and/or aneurysmal dilation of Kommerell 
diverticulum [ 30 ]. Some of the more severe 
symptoms in pediatric patients may include poor 
feeding tolerance, recurrent aspiration, and fail-
ure to thrive.  

   Imaging 
 Diagnosis of this condition is best accomplished 
with cross-sectional imaging via MDCT or MRI. 
On CXR, a right-sided aortic knob and para- aortic 
stripe with widening of the right superior medias-
tinum provides evidence for right aortic arch. 
When present, an aortic diverticulum (Kommerell 
diverticulum) may present as a soft- tissue density 
to the left of the spine and may be mistaken for 
other mediastinal lesions such as tumors [ 23 ]. 
Occasionally on lateral CXR an area of increased 
opacity in the retrotracheal space may be present 
due to the aberrant left subclavian artery [ 22 ]. 

 As the last of the major arch vessels to emerge 
from the aortic arch, the aberrant left subclavian 
artery is seen originating at the juncture of the 
aortic arch and descending aorta, possibly from a 
Kommerell diverticulum. After emerging from 
the aorta, the vessel courses obliquely upward 
behind the trachea and esophagus, often visibly 
indenting the esophagus, before assuming its nor-
mal trajectory to supply blood to the left upper 
extremity (Fig.  24.6 ). Kommerell diverticulum 
may contribute to esophageal compression and 
may make it diffi cult to distinguish between right 

aortic arch with aberrant left subclavian and dou-
ble aortic arch with atresia of the left arch [ 31 ]. 
Importantly, double aortic arch is a more com-
mon cause of vascular ring, and any uncertainty 
about the diagnosis should be communicated pre-
operatively to the surgeon for appropriate surgi-
cal planning. 

 When performing imaging for this condition, 
it is important to remember that the ligamentum 
arteriosum may be poorly visible or not at all vis-
ible on cross-sectional imaging [ 32 ]. Indentation 
of the left lateral trachea and/or esophagus in the 
setting of right aortic arch with aberrant left sub-
clavian artery may suggest the presence of a con-
strictive ligamentum arteriosum; however, it is 
frequently diffi cult to identify this structure with 
any certainty prior to direct visualization in the 
operating room.  

   Treatment 
 Patients with symptoms of tracheoesophageal 
compression due to vascular ring are candidates 
for surgical transection of the ligamentum arteri-
osum. The Kommerell diverticulum is tacked 
posteriorly to the prevertebral fascia to prevent 
impingement on the esophagus. If the diverticu-
lum appears enlarged or frankly aneurysmal, it 
can be resected. This is generally accomplished 
through a limited left-sided thoracotomy or mini-
mally invasive approach. 

 Asymptomatic patients with an aneurysmal 
Kommerell diverticulum are candidates for surgi-
cal resection of the diverticulum with reimplanta-
tion of the aberrant left subclavian artery to the 
aorta as the risk of rupture is relatively high. One 
study of 32 patients reported a rupture rate of 
53 % among those with right aortic arch and 
aberrant left subclavian artery; however, identifi -
cation of asymptomatic patients with this condi-
tion remains challenging and the true denominator 
is unknown [ 33 ]. However, if identifi ed, surgical 
resection of the aneurysm is recommended when 
the maximum diameter reaches 3–5 cm in diam-
eter [ 33 ,  34 ]. All symptomatic patients are candi-
dates for surgical resection. Surgical treatment 
options include both traditional open approaches 
and a hybrid approach including both an open 
component and endovascular component. Often, 
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treatment involves left common carotid to left 
subclavian bypass with transcatheter occlusion of 
the origin of the ALSA. An associated Kommerell 
diverticulum may be treated via open aneurys-
morrhaphy, graft interposition, or endovascular 
stent graft placement in candidates with favor-
able anatomy [ 30 ]. 

 Postoperative imaging may demonstrate 
occlusion of the ALSA at its origin via an occlu-
sion plug with reconstitution of fl ow via carotid- 
subclavian bypass. Alternatively, in patients who 
underwent an open repair, there may be evidence 
of graft interposition at the site of the resected 
Kommerell diverticulum with reimplantation of 
the ALSA directly to the aortic arch or proximal 
left common carotid artery [ 30 ].   

   Right Aortic Arch with Isolated Left 
Subclavian Artery (Type III) 
   Pathology and Embryology 
 Isolation of a subclavian artery is a rare malfor-
mation, with reports in the literature generally 
being limited to case studies. This condition 
results from disruption of the Edwards hypo-
thetical double arch both proximal and distal to 
the origin of the affected artery, with the iso-
lated artery originating from the ipsilateral 

 pulmonary artery via the ductus arteriosus 
(Fig.  24.7 ). Depending on the patency of the 
ipsilateral ductus arteriosus as well as pulmo-
nary arterial pressure, the affected subclavian 
artery may perfuse via several different 
mechanisms.

      Associations 
 Isolation of left subclavian artery is a rare defect 
and occurs much more commonly with right 
aortic arch than left. Given that the isolated 
artery is generally opposite the side of the aortic 
arch, the lesion is typically found on the left 
side. In over half of cases, it is associated with 
intracardiac defects, the most common of which 
is tetralogy of Fallot [ 35 ,  36 ]. There is also a 
high incidence of bilateral ductus arteriosus, 
which may have implications for any surgical 
correction requiring placement of a modifi ed 
Blalock-Taussig shunt. 

 Genetically, this condition is associated with a 
22q11 monoallelic microdeletion (DiGeorge syn-
drome, velocardiofacial syndrome, Catch 22), 
and the diagnosis of isolated subclavian artery 
with associated intracardiac defects should 
prompt a genetic study for 22q11 monoallelic 
microdeletion [ 37 ].  
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  Fig. 24.7    ( a ,  b ) Schematic of right aortic arch ( RAA ) with 
isolated left subclavian artery ( ILSA ). ( a ) The areas in  black  
represent the break points in the Edwards hypothetical dou-
ble arch model. ( b ) Schematic of the evolved  RAA  with iso-
lation of the left subclavian artery ( LSA ). Note the origin of 
the  ILSA  from the left pulmonary artery ( LPA ). ( c ) 1-month- 
old ex-28-week premature boy with double-outlet right ven-

tricle, side-by-side great arteries (aorta to the right), 
subaortic ventricular septal defect, and  ILSA . Coronal black-
blood image shows the ILSA ( straight arrow ) arising anom-
alously from the LPA ( curved arrow ).  LCCA  left common 
carotid artery,  RCCA  right common carotid artery,  RSA  right 
subclavian artery,  LDA  left ductus arteriosus,  RDA  right 
ductus arteriosus,  RPA  right pulmonary artery       
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   Clinical Symptoms 
 Patients with isolation of the subclavian artery 
may present with a range of symptoms depending 
on the nature of the connection of the isolated 
artery to the circulatory system. The great major-
ity of patients with isolated subclavian artery are 
asymptomatic. In certain circumstances where the 
artery is completely isolated, it must fi ll via retro-
grade fl ow from the vertebrobasilar system. This 
can result in a so-called “subclavian steal” syn-
drome, in which cerebral symptoms occur due to 
signifi cant shunting of blood away from the brain 
to supply the subclavian artery. This condition is 
rare in children since this vascular arrangement is 
relatively well tolerated in the young. It is more 
commonly symptomatic in the adult population 
when it occurs as an acquired condition. 

 The isolated subclavian artery may also origi-
nate from a branch pulmonary artery. When pul-
monary vascular resistance is low, blood is 
shunted away from the subclavian artery into the 
pulmonary circulation resulting in a “pulmonary 
steal syndrome.” Over time this may result in 
heart failure due to volume overload from left-to- 
right shunting. If, due to other associated cardiac 
malformations, pulmonary vascular resistance 
remains suprasystemic, the isolated subclavian 
artery fi lls via perfusion from the ipsilateral pul-
monary artery. Oxygen saturation in the affected 
limb decreases proportionately with the degree of 
deoxygenated pulmonary blood “stolen” from 
the pulmonary circulation, and the patient may 
have diffi culty maintaining oxygen saturation 
due to decreased pulmonary circulation [ 38 ].  

   Imaging 
 In general the diagnosis of isolated subclavian 
artery is accomplished through cross-sectional 
imaging [ 39 ]. Due to the rarity of this condition, it 
may not be suspected prior to imaging, which is 
often performed for coexisting congenital heart 
disease. Imaging will demonstrate a right-sided 
aortic arch giving rise to the left and right common 
carotid arteries, followed by the right subclavian 
artery with the left subclavian artery arising from 
the proximal pulmonary artery via a ligamentum 
arteriosus (Fig.  24.7 ). 3D volume- rendered images 
may also demonstrate complete isolation of the 

artery, in which case phase- contrast MRI imaging 
may be able to demonstrate the direction of blood 
fl ow in the isolated vessel [ 40 ].  

   Treatment 
 Asymptomatic isolated subclavian artery with 
signifi cant supply from other systemic arteries 
(e.g., from the vertebrobasilar system without 
symptoms of “subclavian steal”) does not require 
intervention. For symptomatic patients, or in the 
case of an origin form the pulmonary artery, 
treatment for this condition generally involves 
proximal transcatheter or surgical occlusion of 
the subclavian artery and reimplantation or 
bypass grafting (e.g., carotid-subclavian artery) 
of the isolated artery. Postoperative imaging will 
demonstrate the reimplanted artery emerging 
from either the aortic arch or the ipsilateral com-
mon carotid artery with preserved fl ow 
dynamics.   

   Circumfl ex Retroesophageal Aorta 
 Another uncommon variant of right aortic arch is 
circumfl ex retroesophageal aorta. In this condition 
the aorta may compress the trachea and/or esopha-
gus as the aorta crosses the midline posterior to the 
esophagus before descending on the contralateral 
side (left) (Fig.  24.8 ). This results in the ascending 
and descending aorta on opposite sides of the tho-
racic vertebrae, which, in the setting of a left liga-
mentum arteriosum, may form a complete vascular 
ring [ 41 ]. Treatment of this condition consists of 
interruption of the vascular ring through surgical 
division of the ligamentum arteriosum or, in rare 
cases, total arch replacement.

      Double Aortic Arch 
   Pathology and Embryology 
 Double aortic arch results from the abnormal per-
sistence of the right and left segments of the 
Edwards hypothetical double arch (Fig.  24.9a ). It is 
an uncommon vascular anomaly occurring in an 
estimated 0.05–0.3 % of the population; however, 
it remains the most frequent cause of symptomatic 
vascular ring, occurring in 40–50 % of cases 
[ 42 ,  43 ]. In this condition the ascending aorta arises 
anterior to the trachea and rapidly bifurcates to 
form both a left and right arch, both of which 
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course laterally and superior to the two main bron-
chi before rejoining posterior to the esophagus to 
form a single descending aorta. The two arches 
thus form a complete vascular ring encircling the 
trachea and esophagus, although the caliber of both 
arches may vary such that they may be equal in size 
or one may be hypoplastic [ 44 ]. In approximately 
75 % of cases, the right arch is larger and more 
cephalad than the left, which, in a minority of 
cases, may be completely atretic (forming a fi brous 
band). This condition, known as incomplete double 
aortic arch, may be subclassifi ed based on the posi-
tion and degree of involution of the arch segment, 
with the most severe cases resembling complete 
right aortic arch with mirror image branching.

   In general, the major arch vessels each arise 
independently from the ipsilateral arch such that 
the common carotid arteries originate anterior to 
the subclavian arteries. The ductus arteriosus, 
when present, is generally left sided and may 
contribute to the formation of a complete vascu-
lar ring.  

   Clinical Symptoms 
 Many patients with double aortic arch begin to 
display symptoms within the fi rst 3 months of life 
due to signifi cant tracheoesophageal compres-
sion; however, those patients with a relatively 
loose vascular ring may remain clinically asymp-
tomatic for life. Patients may occasionally develop 

  Fig. 24.8    1-year-old boy with right aortic arch and respi-
ratory distress shows anomalous origin of the left subcla-
vian artery ( arrows ). ( a ) Coronal black-blood MR image 
shows retroesophageal course of the posterior aortic arch 
and a large diverticulum of Kommerell ( arrow ). ( b ) Axial 
subvolume maximum intensity projection MR angiogra-
phy demonstrates a right aortic arch, transverse retro-

esophageal segment, and left descending thoracic aorta. 
( c ) 3D volume- rendered MRA image confi rms the diag-
nosis of a circumfl ex aortic arch, with the ascending aorta 
( AA ) on the right and the descending thoracic aorta ( DA ) 
on the left. The left subclavian artery has an anomalous 
origin, arising from the diverticulum of Kommerell 
( arrow ). Findings are compatible with a vascular ring       

 

24 Aortic Arch Anomalies



540

symptoms in adulthood due to aortic noncompli-
ance or dilation of an existing diverticulum; how-
ever, the frequency of this occurrence remains 
unknown. Typical symptoms in infancy usually 
include respiratory distress, stridor, and/or chronic 
lower respiratory tract infections. Older children 
may also present with dysphagia as their diet tran-
sitions to solid food. Delay in diagnosis of a 
symptomatic vascular ring is common as signs 
and symptoms can mimic other more common 
diagnoses, such as asthma, refl ux with aspiration, 
or upper respiratory tract infection. Those patients 
who present later in life often report subtle symp-
toms of dysphagia and give a history of respira-
tory symptoms when closely questioned [ 22 ,  25 ].  

   Associations 
 Double aortic arch generally occurs in isolation of 
cardiac anomalies; however, occasional cases 
have been reported in association with congenital 
heart disease such as VSD, tetralogy of Fallot, and 
truncus arteriosus, among others. Approximately 
20 % of cases of double aortic arch are, however, 
associated with chromosomal abnormalities [ 24 ].  

   Imaging 
 On CXR the trachea is generally midline with 
slight bilateral indentations visible from the dual 
aortic arches. Depending on the degree of tracheal 
compression, there may be evidence of bilateral 
pulmonary hyperinfl ation with  constriction of the 

  Fig. 24.9    ( a ) Schematic demonstration of the embryol-
ogy of double aortic arch via the Edwards hypothetical 
double arch model. Note the absence of a break point in 
the primitive double arch, thus resulting in the persistence 
of both left- and right-sided aortae. ( b ) 3D volume-ren-
dered CT angiography and ( c ) axial CT images in an 
11-week-old boy with stridor show double aortic arch 

( arrows ) with bilateral arches of nearly equal size. The 
trachea is located in the vascular ring and narrowed. 
 LCCA  left common carotid artery,  LSA  left subclavian 
artery,  RCCA  right common carotid artery,  RSA  right sub-
clavian artery,  LDA  left ductus arteriosus,  RDA  right duc-
tus arteriosus,  LPA  left pulmonary artery,  RPA  right 
pulmonary artery       
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tracheal lucency and loss of the left- sided aor-
tic knob and para-aortic stripe. The presence of 
any of these fi ndings should be followed up with 
cross-sectional imaging to better defi ne the medi-
astinal vascular anatomy. 

 MDCT or MRI demonstrates a double aortic 
arch with four separate vessels emerging indepen-
dently from their respective ipsilateral arches just 
above the expected aortic level (Figs.  24.9  and 
 24.10 ). On axial imaging the four vessels appear 
as the points of a square or trapezoid, a fi nding 
known as the “four-vessel sign.” MDCT or MRI 
images also allow visualization of the tracheo-
bronchial tree and estimation of the degree of tra-
cheal compression caused by the dual arch 
segments. Cine-sequence MRI may demonstrate 
the pulsatile nature of the tracheal compression, 
and phase-contrast imaging provides information 
regarding blood fl ow through both arch segments. 
This information may also prove useful in preop-
erative planning as the surgeon may opt for a more 
invasive approach if there is signifi cant blood fl ow 
through the nondominant arch segment. In the 
event that surgical correction is required, such 
information will assist in planning the operative 
approach as well as selecting the appropriate seg-
ment of the vascular ring for division.

   Differentiation between double aortic arch 
with atresia of the left segment and right aortic 
arch with mirror image branching may be diffi -
cult as detection of the atretic segment is often 
challenging. In such cases there are several 
reported fi ndings that may assist in  distinguishing 
these two conditions. Radiographic fi ndings 
unique to double aortic arch include symmetric 
appearance of the subclavian and common 
carotid arteries originating from the right arch as 
well as the atretic left side, a more posterior posi-
tion of the proximal left arch when compared 
with a more anterior position in right aortic arch 
with mirror image branching, and the presence of 
a diverticulum on the descending aorta [ 45 ,  46 ].  

   Treatment 
 The treatment for symptomatic double aortic arch 
involves surgical division of the smaller segment 
(ideally through an atretric portion) to disrupt the 
vascular ring and relieve compression on the tra-
chea and/or esophagus. As most cases of double 
aortic arch are right dominant, the left arch is fre-
quently divided between the left subclavian artery 
and the descending aorta in order to preserve fl ow 
to the major arch vessels. In general, repair is 
accomplished through a limited left posterolateral 

  Fig. 24.10    3-dimensional 
volume-rendered CT 
angiography images in an 
asymptomatic 58-year-old 
male show double aortic arch 
with bilateral arches of nearly 
equal size. Not that part of the 
aortic arch is calcifi ed.  AA  
ascending aorta,  LCCA  left 
common carotid artery,  LSA  
left subclavian artery,  RCCA  
right common carotid artery, 
 RSA  right subclavian artery       

 

24 Aortic Arch Anomalies



542

thoracotomy, although a right thoracotomy may 
rarely be needed, particularly if imaging localizes 
the optimal point of division to the proximal right 
arch. Median sternotomy is generally reserved for 
repair of associated cardiac defects.   

   Cervical Aortic Arch 
   Pathology 
 Cervical aortic arch or “Gothic aortic arch” refers 
to the displacement of the arch from its typical 
mediastinal position to a level above the clavicle. 
In general, the condition is not considered patho-
logic, and most reported cases appear to have 
been identifi ed incidentally. The condition is 
thought to result from a disturbance in the normal 
pattern of growth, regression, and migration in the 
third and/or fourth pharyngeal arches such that 
the arch forms abnormally high in the chest or 
fails to migrate to its typical mediastinal location. 
Persistence of the third pharyngeal arch, failure of 
the normal caudal migration of the fourth arch, 
and/or the abnormal confl uence of the third and 
fourth arches have all been  postulated as possible 
explanations for cervical aortic arch [ 47 ].  

   Associations 
 Cervical aortic arch is rarely associated with 
intracardiac malformations such as tetralogy of 
Fallot, pulmonary atresia with VSD, double- 
outlet right ventricle, VSD, and a patent ductus 
arteriosus (PDA) [ 47 – 51 ]. Coarctation of the 
aorta has also been observed in this condition. 
Occasionally 22q11 microdeletion has been 
observed in patients with this condition [ 52 ].  

   Clinical Presentation 
 In general cervical aortic arch is asymptomatic 
and identifi ed only incidentally; however a 
minority of patients may present with symptoms 
of dysphagia, wheezing, coughing, stridor, or 
recurrent pneumonia secondary to tracheoesoph-
ageal compression [ 47 ]. Occasionally, a pulsatile 
mass may be felt in the left or right neck, corre-
sponding to the position of the cervical arch.  

   Imaging 
 Cervical aortic arch may be suggested by the 
absence of an aortic knob at the typical site, 

descending aorta on the wrong side, posterior 
indentation of the trachea, and a large posterior 
indentation on the mid-third of the back of the 
esophagus (Fig.  24.11 ). Defi nitive diagnosis may 
be obtained via MDCT or MRI imaging, which 
will clearly demonstrate the aortic arch ascending 
above the level of the clavicle. Variations include 
separate origins of the carotid arteries contralat-
eral to the side of the arch, anomalous origin of 
the contralateral subclavian artery from the aortic 
isthmus via a diverticulum, separate internal and 
external carotid arteries, variations in the position 
of the ductus/ligamentum arteriosum attachments, 
the presence of an aortic diverticulum (often at the 
site of the origin of the contralateral subclavian 
artery), and a variable relationship between the 
descending aorta and spine [ 47 ].

      Treatment 
 Most patients with an incidentally diagnosed cer-
vical aortic arch require no treatment; however, 
late in life a small minority of patients may 
develop aneurysms. These may present as an 
increasing pulsatile neck mass or symptoms of 
tracheoesophageal compression [ 53 ]. Given the 
inherent fragility of the aneurysmal tissue, open 
or endovascular repair is recommended. Repair is 
most often accomplished via total open arch 
replacement, rarely, in patients who are poor 
operative candidates, a two-staged endovascular 
repair with graft placement, and subsequent 
axillary- axillary bypass [ 53 ]. However, the bra-
chiocephalic vessels and the acute angle of the 
arch may preclude safe endovascular repair. 

 As there is signifi cant variability to the branch-
ing pattern of major arch vessels, corrective sur-
gery varies considerably for this condition [ 54 ]. 
Depending on the symptomatic vascular anom-
aly, several different treatment options may be 
employed on a case-by-case basis. In instances 
where repair is necessary, treatment generally 
focuses on correcting major arch vessel anoma-
lies as opposed to altering the arch itself.   

   Coarctation of the Aorta 
   Pathology and Embryology 
 Coarctation of the aorta is defi ned as a discrete 
obstructive narrowing in the proximal  descending 
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aorta involving or adjacent to the aortic isthmus 
(between the left subclavian artery and liga-
mentum arteriosum) (Figs.  24.12  and  24.13 ). 
Coarctation can occur in a more tubular fashion 
in the mid-aortic arch. The condition accounts 
for approximately one in 3,000–4,000 live births 
and 5–7 % of all live births with congenital heart 
disease [ 55 – 58 ]. A slightly higher incidence has 
been noted in males [ 59 ,  60 ]. Although the cause 
of aortic coarctation remains unknown, there 
is considerable evidence that both genetics and 
alterations in fetal hemodynamics play a role in 
the development of this condition [ 61 – 63 ]. An 
abnormal persistence of fetal ductal tissue at 
the aortic isthmus and decreased fetal antegrade 
fl ow through the proximal aorta have both been 
proposed as possible mechanisms of coarctation. 
The majority of cases of aortic coarctation are 
sporadic; however, several studies have identi-
fi ed clear genetic associations between aortic 
coarctation and other types of congenital heart 
disease [ 63 – 65 ].

       Associations 
 Aortic coarctation is associated with 
additional congenital cardiovascular anomalies 
in 44–84 % of cases, with up to 75 % of 
patients with aortic coarctation also having a 
bicuspid aortic valve [ 60 ,  66 – 68 ] (Fig.  24.13 ). 
Conversely, among patients with bicuspid aor-
tic valve, the incidence of aortic coarctation is 
approximately 25 % [ 67 ]. Additional malfor-
mations associated with aortic coarctation 
include PDA, atrial septal defect, VSD, left-
sided obstructive lesions, and transposition of 
the great arteries. 

 Aortic coarctation is also commonly associ-
ated with several genetic syndromes. Several 
studies have placed the incidence of aortic coarc-
tation at 15–17 % of Turner’s syndrome (45XO) 
patients [ 69 ,  70 ]. Additional genetic syndromes 
associated with aortic coarctation include Shone 
complex, PHACE syndrome, Williams syn-
drome, Noonan syndrome, trisomy 13, and tri-
somy 18.  

  Fig. 24.11    24-year-old asymptomatic man with inciden-
tally detected right cervical aortic arch. ( a ) Axial black-
blood MR image shows that the aortic arch ( arrow ) is 
located near the level of the thoracic inlet, just to the right 
of the trachea. ( b ) 3D volume-rendered MR angiography 

image confi rms the diagnosis of a right cervical aortic 
arch. The left subclavian artery ( curved arrow ) is anoma-
lous, arising from a diverticulum of Kommerell. Findings 
are compatible with a vascular ring       

 

24 Aortic Arch Anomalies



544

   Clinical Presentation 
 Aortic coarctation most frequently presents in 
infancy shortly after birth; however, milder cases 
may not be diagnosed until adolescence or later 
in life. The time of presentation depends on the 
severity of the stenosis as well as the presence or 
absence of suffi cient collateral circulation. 
Infants with severe aortic coarctation may be 
dependent on a PDA to maintain systemic perfu-
sion, and closure of the ductus shortly after birth 
may precipitate severe left ventricular pressure 
overload and failure. In untreated aortic coarcta-
tion, lower body systemic perfusion will be 
decreased, resulting in diminished peripheral 
pulses in the lower body as well as activation of 
the renin-angiotensin-aldosterone system and 
upper body hypertension. Severe cases of infan-
tile aortic coarctation may present with kidney 
failure and metabolic acidosis due to splanchnic 

organ hypoperfusion if not recognized and treated 
appropriately. 

 Common collateral pathways include inter-
costal, internal thoracic (mammary), cervical, 
scapular, and thoracodorsal arteries (Fig.  24.12 ). 
Rarely such collaterals are unable to provide suf-
fi cient fl ow during periods of exertion, and 
patients may experience symptoms of lower 
extremity claudication relieved by rest resulting 
in varying degrees of lower limb hypoplasia due 
to chronic hypoperfusion.  

   Imaging 
 Findings on CXR may be nonspecifi c, espe-
cially in very young patients who have not 
developed associated compensatory changes 
such as cardiomegaly or enlarged collateral ves-
sels. Individuals presenting later in life will 

  Fig. 24.12    12-year-old boy presented to ED with abdom-
inal pain. Hypertension noted on exam. Renal ultrasound 
demonstrated evidence of renovascular hypertension with 
abnormal suprarenal abdominal aortic spectral Doppler 
waveforms. ( a ) Sagittal-oblique bright-blood (balanced 
steady-state free precession) MR image shows severe 
focal narrowing ( arrow ) of the thoracic aorta in the region 
of the ligamentum arteriosum. A low signal dephasing jet 

( curved arrow ) is present within the aorta just distal to the 
site of coarctation. The ascending aorta is mildly dilated. 
( b ) 3D volume-rendered MR angiography image confi rms 
the presence of severe juxtaductal aortic coarctation. 
Large paraspinal, intercostal, and internal mammary 
artery collateral vessels ( arrow heads ) are present indicat-
ing hemodynamically signifi cant stenosis       
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 frequently demonstrate a prominent aortic arch 
with distal indentation (the “3 sign”), inferior 
rib sclerosis or “notching,” and cardiomegaly 
[ 71 ]. In neonates aortic coarctation is most fre-

quently detected via transthoracic echocardio-
gram, which has a sensitivity of 94–98 % [ 72 ]. 
Older children and adolescents are better suited 
by evaluation via MRA to more defi ne both 

  Fig. 24.13    Coarctation of aorta shown by MRI.  Upper 
row  images are diastolic and systolic frames of cine MR. 
Signal void from high-velocity fl ow is seen in systole dis-
tal to stenosis. The stenosis size was 1.1 × 0.8 cm at the 
narrowest point. In plane phase contrast ( PC ) also shows 

jet of fl ow with a maximum velocity measured at 200 cm/s 
with through plane  PC . A bicuspid aortic valve is seen 
with evidence of moderate-to-severe stenosis. The peak 
aortic valve area was 0.9 cm 2  by planimetry. Note dilated 
ascending aorta (Courtesy of Farhood Saremi MD, USC)       
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 anatomical and functional changes in thoracic 
vasculature (Fig.  24.12 ). A combination of 
“black-blood” inversion recovery fast spin echo 
and balanced steady-state free precession still 
images in axial and sagittal-oblique planes usu-
ally demonstrates the anatomical narrowing. 
Cine images are very useful to show the jet of 
blood fl ow through the stenosis and allow sub-
sequent planning for phase-contrast analysis 
(Fig.  24.13 ). Phase-contrast MR may serve as 
an appropriate complementary study due its 
ability to measure the pressure gradient across 
the area of stenosis and quantify the collateral 
fl ow. It is important that the phase-contrast 
image plane is correctly aligned perpendicular 
to a perceived dephasing “jet” distal to the ste-
nosis so that the maximum velocity and an esti-
mated gradient (using the modifi ed Bernoulli 
equation) can be accurately determined 
(Fig.  24.13 ). A systolic pressure gradient of 
20 mmHg or more is an important benchmark 
for hemodynamically signifi cant aortic stenosis. 
Presence of collateral fl ow also indicates hemo-
dynamically signifi cant stenosis. Collateral fl ow 
can be directly shown by MRA. Alternatively, a 
second phase-contrast study in the distal aorta 
(above the diaphragm) can assess fl ow recruit-
ment from collateral vessels draining into the 
descending aorta. The percentage of fl ow 
increase in the distal compared with proximal 
descending aorta helps determine the severity of 
the stenosis and is proportional to the collateral 
fl ow. MRI can predict the need for surgical or 
transcatheter intervention in patients with coarc-
tation of aorta. Indexed minimum aortic cross-
sectional area is shown the strongest predictor 
of subsequent intervention [ 73 ]. It is important 
to know that fl ow measurements just distal to 
stenosis are limited by fl ow turbulence, aliasing, 
and stent-related artifacts, and it can be diffi cult 
to measure the exact stenosis in severe cases. 
MRI also allows the evaluation of left ventricu-
lar size, function and mass in order to assess the 
impact of the increased afterload on the heart. 
Recently three-directional velocity-sensitive, 
phase-contrast magnetic resonance imaging 
(four-dimensional phase-contrast MRI) has 
been use to assess the hemodynamic alterations 

in coarctation of aorta. It is shown in coarctation 
patients that aortic wall shear stress is increased 
and because of systemic nature of the disease 
alterations in aortic hemodynamics can be found 
in the entire aorta causing aneurysm formation 
in the ascending aorta [ 74 ]. Four-dimensional 
fl ow is also a quick way of evaluating collateral 
blood fl ow to establish hemodynamic signifi -
cance [ 75 ]. 

 CT has a special place in diagnosis of the aor-
tic coarctation. Higher spatial resolution and 
large area of anatomic coverage can accurately 
show the stenotic segment and the extent of col-
lateral vessels (Fig.  24.14 ).

      Treatment 
 Diagnosis of a signifi cant aortic coarctation is 
indication for operation. Historically, severe 
disease is associated with a high mortality rate 
in neonates and infants (50 % mortality) [ 76 ]. 
Ideally, repair is accomplished as early as pos-
sible after diagnosis, as later treatment is associ-
ated with long-term sequelae, such as persistent 
hypertension [ 68 ,  77 ]. Treatment focuses on 
relieving the area of stenosis and improving 
fl ow dynamics. Currently, optimal management 
in children consists of open surgical resection of 
the diseased aortic segment with direct primary 
anastomosis. Other treatment options, such as 
subclavian fl ap angioplasty, synthetic patch 
repair, or graft interposition, may be considered 
in select cases as needed. These techniques have 
led to long-term survival, but late complications 
are not unusual so these patients require moni-
toring with imaging. Subclavian fl ap repair 
involves dividing the subclavian artery a short 
distance from its origin and using the proximal-
most artery to reconstruct the aorta at the site of 
coarctation. This provides acceptable long-term 
outcomes but can affect ipsilateral limb devel-
opment . Patients undergoing synthetic patch 
repair have a greater tendency to develop aneu-
rysms than other repair types. Recent advances 
in endovascular therapy have allowed older 
patients to be treated effectively with balloon 
angioplasty and/or stent placement. However, 
younger children treated with angioplasty alone 
have a high recurrence rate, and stenting results 
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in the need for multiple reinterventions for redi-
lation of the stent [ 76 ,  78 ]. A recent Cochrane 
review determined that there is insuffi cient evi-
dence to determine the best treatment (open vs. 
endovascular) for coarctation of the thoracic 
aorta [ 78 – 80 ].  

   Differential Diagnosis 
   Pseudocoarctation 
 (kinking, buckling) of the aorta is an uncommon 
congenital malformation of the aortic arch char-
acterized by elongation of the aortic arch and 
acute anterior angulation of the aortic arch at the 

  Fig. 24.14    Sagittal two- and three-dimensional volume-
rendered CT images in a patient with coarctation of the 
aorta ( upper row ) and a type A interrupted aortic arch 
( lower row ) are presented. Complete luminal discontinu-
ity ( blue arrows ) between the aortic arch and the descend-
ing aorta is shown in interrupted aortic arch. The aortic 

lumen ( yellow arrows ) is not interrupted in coarctation of 
aorta. Mild poststenotic dilatation, normal caliber of the 
ascending aorta, and extensive collateral arteries are 
shown in both cases making differentiation diffi cult. The 
left subclavian artery ( LSA ) appears larger in interrupted 
aortic arch (Courtesy of Farhood Saremi MD, USC)       
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level of the ligamentum arteriosum with little or 
no obstruction and absence of increased collateral 
circulation. Reduction of the isthmic segment 
cross-sectional diameter may exist, but it is usu-
ally less the 50 % of that of the transverse arch. In 
most cases, pseudocoarctation is an isolated 
anomaly. Associated abnormalities such as aortic 
aneurysm, bicuspid aortic valve, and  intracardiac 
shunts are described [ 81 ] (Fig.  24.15 ).

      Interrupted Aortic Arch 
 (IAA) is defi ned as complete luminal and ana-
tomic discontinuity between the ascending and 
descending aorta [ 82 ]. Three types are described 
depending on location of the arch interruption 
and mostly are symptomatic early in infancy. In 
simple form of IAA, which is more common, 
bicuspid aortic valve, ventricular septal defect, 
and persistent ductus arteriosus are common. In 
complex form, which is less common, other car-
diovascular anomalies exist including truncus 
arteriosus, transposition of the great arteries, 
double-outlet right ventricle, aortopulmonary 
window, and functional single ventricle [ 83 ]. 

 Simple isolated type A IAA may rarely be dis-
covered late in adulthood (Fig.  24.14 ). Type A 
aortic interruption and aortic coarctation or focal 
atresia have similar anatomic location, at isthmus 
just distal to the left subclavian artery. In the 
three situations, hemodynamic effects and clini-
cal manifestations of the aortic arch obstructions 
are almost identical. The hallmark feature of IAA 
that is useful to differentiate it from aortic coarc-
tation is the “complete absence” of continuity 
between both parts of the interrupted segment. In 
atresia of the isthmus, the lumen is interrupted, 
but anatomically the aortic wall exists and a 
fi brous strand extends between the ascending and 
descending aorta. However with CT or MR it 
would be diffi cult to trace the intact aortic wall in 
a case of atresia. The fact that luminal patency 
may be lost in severe coarctation of the aorta 
makes the differential diagnosis more diffi cult, 
and the imaging fi ndings are almost identical to 
those in isolated type A IAA. In IAA, the arch is 
typically of smaller in caliber than normal, and 
the branches have a straighter course. Pronounced 
poststenotic aortic dilatation is more seen in 

  Fig. 24.15    50-year-old female with pseudocoarctation of 
the aorta. Less than 50 % stenosis is shown at the isthmus 
( arrows ). The aortic arch appears elongated and elevates 
to the thoracic inlet. The left subclavian artery ( SCA ) orig-

inates proximal to the stenosis. The ascending aorta ( AA ) 
appears dilated. A bicuspid aortic valve was seen.  DA  
descending aorta (Courtesy of Farhood Saremi, MD, 
USC)       
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coarctation of the aorta. These distinguishing fea-
tures may alter or disappear over time especially 
after development of massive collateral vessels 
bypassing the interrupted segment (Fig.  24.14 ). 
Because of such diagnostic dilemmas, surgical 
fi ndings may be necessary for the fi nal 
diagnosis.       

   Conclusion 

 Aortic arch anomalies represent a diverse set 
of malformations with a wide range of clinical 
symptoms. Successful imaging of arch anom-
alies relies heavily on the use of cross-sec-
tional imaging such as MRI and/or MDCT in 
order to delineate the full extent of the vascu-
lar anatomy and surrounding mediastinal 
structures. The most appropriate imaging 
technique must be decided on a case-by-case 
basis with particular attention paid to the limi-
tations of each imaging modality. Interpreting 
the imaging appearance of aortic arch anoma-
lies is best accomplished in the context of an 
appropriate understanding of the embryologi-
cal development. Accurate interpretation is 
particularly important for operative planning 
when corrective surgery is mandated by symp-
toms or pathological anatomy.     

   References 

    1.    Hoffman JI, Kaplan S. The incidence of congenital 
heart disease. J Am Coll Cardiol. 2002;39(12): 
1890–900.  

    2.    Raider L, Landry BA, Brogdon BG. The retrotracheal 
triangle. Radiographics. 1990;10(6):1055–79.  

    3.    Silva F, Godinho C, Carrico A. Prenatal diagnosis of 
right aortic arch by fetal echocardiography. Rev Port 
Cardiol. 2011;30(10):803.  

    4.    Hsu KC, Tsung-Che Hsieh C, Chen M, Tsai HD. 
Right aortic arch with aberrant left subclavian artery–
prenatal diagnosis and evaluation of postnatal out-
comes: report of three cases. Taiwan J Obstet Gynecol. 
2011;50(3):353–8.  

      5.    Natsis KI, Tsitouridis IA, Didagelos MV, Fillipidis 
AA, Vlasis KG, Tsikaras PD. Anatomical variations 
in the branches of the human aortic arch in 633 angi-
ographies: clinical signifi cance and literature review. 
Surg Radiol Anat. 2009;31(5):319–23.  

   6.    Jakanani GC, Adair W. Frequency of variations in 
aortic arch anatomy depicted on multidetector CT. 
Clin Radiol. 2010;65(6):481–7.  

     7.    Berko NS, Jain VR, Godelman A, Stein EG, Ghosh S, 
Haramati LB. Variants and anomalies of thoracic vas-
culature on computed tomographic angiography in 
adults. J Comput Assist Tomogr. 2009;33(4):523–8.  

    8.    Layton KF, Kallmes DF, Cloft HJ, Lindell EP, Cox 
VS. Bovine aortic arch variant in humans: clarifi ca-
tion of a common misnomer. AJNR Am J Neuroradiol. 
2006;27(7):1541–2.  

     9.    Lacout A, Khalil A, Figl A, Liloku R, Marcy PY. 
Vertebral arteria lusoria: a life-threatening condition 
for oesophageal surgery. Surg Radiol Anat. 
2012;34(4):381–3.  

    10.    Nelson ML, Sparks CD. Unusual aortic arch varia-
tion: distal origin of common carotid arteries. Clin 
Anat. 2001;14(1):62–5.  

    11.    Fawcett SL, Gomez AC, Hughes JA, Set P. Anatomical 
variation in the position of the brachiocephalic trunk 
(innominate artery) with respect to the trachea: a com-
puted tomography-based study and literature review 
of Innominate Artery Compression Syndrome. Clin 
Anat. 2010;23(1):61–9.  

    12.    Freed K, Low VH. The aberrant subclavian artery. 
AJR Am J Roentgenol. 1997;168(2):481–4.  

    13.    Branscom JJ, Austin JH. Aberrant right subclavian 
artery. Findings seen on plain chest roentgenograms. 
Am J Roentgenol Radium Ther Nucl Med. 
1973;119(3):539–42.  

    14.    Kastler B. MRI of cardiovascular malformations. 1st 
ed. Berlin/Heidelberg: Springer; 2011.  

    15.    Ramaswamy P, Lytrivi ID, Thanjan MT, et al. Frequency 
of aberrant subclavian artery, arch laterality, and associ-
ated intracardiac anomalies detected by echocardiogra-
phy. Am J Cardiol. 2008;101(5):677–82.  

   16.    Zapata H, Edwards JE, Titus JL. Aberrant right sub-
clavian artery with left aortic arch: associated cardiac 
anomalies. Pediatr Cardiol. 1993;14(3):159–61.  

    17.    Nakajima Y, Nishibatake M, Ikeda K, Momma K, 
Takao A, Terai M. Abnormal development of fourth 
aortic arch derivatives in the pathogenesis of tetralogy 
of Fallot. Pediatr Cardiol. 1990;11(2):69–71.  

    18.    Bayford D. An account of a singular case of obstructed 
deglutination. Memoirs Med Soc Lond. 1794;2:11.  

    19.    Proto AV, Cuthbert NW, Raider L. Aberrant right sub-
clavian artery: further observations. AJR Am J 
Roentgenol. 1987;148(2):253–7.  

    20.    Daniels L, Coveliers HM, Hoksbergen AW, 
Nederhoed JH, Wisselink W. Hybrid treatment of 
aberrant right subclavian artery and its aneurysms. 
Acta Chir Belg. 2010;110(3):346–9.  

    21.    Shennib H, Diethrich EB. Novel approaches for the 
treatment of the aberrant right subclavian artery and 
its aneurysms. J Vasc Surg. 2008;47(5):1066–70.  

      22.    Stojanovska J, Cascade PN, Chong S, Quint LE, 
Sundaram B. Embryology and imaging review of aortic 
arch anomalies. J Thorac Imaging. 2012;27(2):73–84.  

     23.    Shuford WH, Sybers RG, Edwards FK. The three 
types of right aortic arch. Am J Roentgenol Radium 
Ther Nucl Med. 1970;109(1):67–74.  

      24.    McElhinney DB, Hoydu AK, Gaynor JW, Spray TL, 
Goldmuntz E, Weinberg PM. Patterns of right aortic 

24 Aortic Arch Anomalies



550

arch and mirror-image branching of the brachioce-
phalic vessels without associated anomalies. Pediatr 
Cardiol. 2001;22(4):285–91.  

     25.    Kanne JP, Godwin JD. Right aortic arch and its vari-
ants. J Cardiovasc Comput Tomogr. 2010;4(5): 
293–300.  

     26.    Cina CS, Arena GO, Bruin G, Clase CM. Kommerell’s 
diverticulum and aneurysmal right-sided aortic arch: 
a case report and review of the literature. J Vasc Surg. 
2000;32(6):1208–14.  

    27.    Cantinotti M, Hegde S, Bell A, Razavi R. Diagnostic 
role of magnetic resonance imaging in identifying aortic 
arch anomalies. Congenit Heart Dis. 2008;3(2):117–23.  

    28.    Higashikuni Y, Nagashima T, Ishizaka N, Kinugawa 
K, Hirata Y, Nagai R. Right aortic arch with mirror 
image branching and vascular ring. Int J Cardiol. 
2008;130(1):e53–5.  

     29.    Stewart JR, Kincaid OW, Dewards JE. An atlas of vas-
cular rings and related malformations of the aortic 
arch system. Springfi eld: Charles C Thomas; 1964.  

      30.    Panduranga P, Al-Delamie T, Ratnam L, Al-Mukhaini 
M, Zachariah S. Repair of Kommerell’s diverticulum 
with aberrant left subclavian artery in an elderly 
patient with right aortic arch and dysphagia lusoria. 
J Card Surg. 2011;26(6):637–40.  

    31.    Kleinman PK, Spevak MR, Nimkin K. Left-sided 
esophageal indentation in right aortic arch with aberrant 
left subclavian artery. Radiology. 1994;191(2):565–7.  

    32.    Fries P, Schneider G, Lindinger A, Abdul-Khaliq H, 
Schafers HJ, Bucker A. MRI and contrast enhanced 
MR angiography in a patient with right aortic arch and 
aberrant left subclavian artery. Clin Res Cardiol. 
2009;98(9):573–7.  

     33.    Cina CS, Althani H, Pasenau J, Abouzahr L. 
Kommerell’s diverticulum and right-sided aortic arch: 
a cohort study and review of the literature. J Vasc 
Surg. 2004;39(1):131–9.  

    34.    Ota T, Okada K, Takanashi S, Yamamoto S, Okita Y. 
Surgical treatment for Kommerell’s diverticulum. 
J Thorac Cardiovasc Surg. 2006;131(3):574–8.  

    35.    Luetmer PH, Miller GM. Right aortic arch with isola-
tion of the left subclavian artery: case report and review 
of the literature. Mayo Clin Proc. 1990;65(3):407–13.  

    36.    Nath PH, Castaneda-Zuniga W, Zollikofer C, et al. 
Isolation of a subclavian artery. AJR Am J Roentgenol. 
1981;137(4):683–8.  

    37.    McElhinney DB, Clark 3rd BJ, Weinberg PM, et al. 
Association of chromosome 22q11 deletion with iso-
lated anomalies of aortic arch laterality and branch-
ing. J Am Coll Cardiol. 2001;37(8):2114–9.  

    38.    Carano N, Piazza P, Agnetti A, Squarcia U. Congenital 
pulmonary steal phenomenon associated with tetral-
ogy of Fallot, right aortic arch, and isolation of the left 
subclavian artery. Pediatr Cardiol. 1997;18(1):57–60.  

    39.    Sun AM, Alhabshan F, Branson H, Freedom RM, Yoo 
SJ. MRI diagnosis of isolated origin of the left subcla-
vian artery from the left pulmonary artery. Pediatr 
Radiol. 2005;35(12):1259–62.  

    40.    Van Grimberge F, Dymarkowski S, Budts W, Bogaert 
J. Role of magnetic resonance in the diagnosis of 

 subclavian steal syndrome. J Magn Reson Imaging. 
2000;12(2):339–42.  

    41.    Philip S, Chen SY, Wu MH, Wang JK, Lue HC. 
Retroesophageal aortic arch: diagnostic and therapeu-
tic implications of a rare vascular ring. Int J Cardiol. 
2001;79(2–3):133–41.  

    42.    Knight L, Edwards JE. Right aortic arch. Types and 
associated cardiac anomalies. Circulation. 1974;50(5): 
1047–51.  

    43.    Schlesinger AE, Krishnamurthy R, Sena LM, et al. 
Incomplete double aortic arch with atresia of the dis-
tal left arch: distinctive imaging appearance. AJR Am 
J Roentgenol. 2005;184(5):1634–9.  

    44.    Lowe GM, Donaldson JS, Backer CL. Vascular rings: 
10-year review of imaging. Radiographics. 
1991;11(4):637–46.  

    45.    Newman B. MR of right aortic arch. Pediatr Radiol. 
1996;26(5):367–9.  

    46.    Dillman JR, Attili AK, Agarwal PP, Dorfman AL, 
Hernandez RJ, Strouse PJ. Common and uncommon 
vascular rings and slings: a multi-modality review. 
Pediatr Radiol. 2011;41(11):1440–54; quiz 1489–90.  

       47.    Felson B, Strife JL. Cervical aortic arch: a commen-
tary. Semin Roentgenol. 1989;24(2):114–20.  

   48.    Haughton VM, Fellows KE, Rosenbaum AE. The cer-
vical aortic arches. Radiology. 1975;114(3):675–81.  

   49.    Cornali M, Reginato E, Azzolina G. Cervical aortic 
arch and a new type of double aortic arch. Report of a 
case. Br Heart J. 1976;38(9):993–6.  

   50.    Khoury NJ, Hourani R, Birjawi GA, Hourani MH. 
Left-sided cervical aortic arch associated with pseudo-
coarctation, aneurysm formation, and anomalous left 
brachiocephalic vein: appearance on MDCT and MR 
angiography. J Thorac Imaging. 2008;23(3):206–9.  

    51.    Moncada R, Shannon M, Miller R, White H, Friedman J, 
Shuford WH. The cervical aortic arch. Am J Roentgenol 
Radium Ther Nucl Med. 1975;125(3):591–601.  

    52.    Nagashima M, Shikata F, Higaki T, Kawachi K. Cervical 
aortic arch and Kommerell’s diverticulum associated 
with the anomalous subaortic left brachiocephalic vein 
in a patient with chromosome 22q11.2 deletion. Interact 
Cardiovasc Thorac Surg. 2010;11(2):202–3.  

     53.    Takahashi Y, Tsutsumi Y, Monta O, Ohashi H. Severe 
tracheal compression due to cervical aortic arch aneu-
rysm. J Card Surg. 2011;26(4):400–2.  

    54.    McElhinney DB, Thompson LD, Weinberg PM, Jue 
KL, Hanley FL. Surgical approach to complicated cer-
vical aortic arch: anatomic, developmental, and surgi-
cal considerations. Cardiol Young. 2000;10(3):212–9.  

    55.    Samanek M, Slavik Z, Zborilova B, Hrobonova V, 
Voriskova M, Skovranek J. Prevalence, treatment, and 
outcome of heart disease in live-born children: a pro-
spective analysis of 91,823 live-born children. Pediatr 
Cardiol. Fall 1989;10(4):205–11.  

   56.    Fixler DE, Pastor P, Chamberlin M, Sigman E, Eifl er 
CW. Trends in congenital heart disease in Dallas County 
births. 1971–1984. Circulation. 1990;81(1):137–42.  

   57.    Grech V. Diagnostic and surgical trends, and epidemi-
ology of coarctation of the aorta in a population-based 
study. Int J Cardiol. 1999;68(2):197–202.  

S. DeRoo et al.



551

    58.    Mitchell SC, Korones SB, Berendes HW. Congenital 
heart disease in 56,109 births. Incidence and natural 
history. Circulation. 1971;43(3):323–32.  

    59.    Miettinen OS, Reiner ML, Nadas AS. Seasonal inci-
dence of coarctation of the aorta. Br Heart J. 
1970;32(1):103–7.  

     60.    Tawes Jr RL, Aberdeen E, Waterston DJ, Carter RE. 
Coarctation of the aorta in infants and children. A 
review of 333 operative cases, including 179 infants. 
Circulation. 1969;39(5 Suppl 1):I173–84.  

    61.    Krediet P. An hypothesis of the development of coarc-
tation in man. Acta Morphol Neerl Scand. 
1965;6:207–12.  

   62.    Hutchins GM. Coarctation of the aorta explained as a 
branch-point of the ductus arteriosus. Am J Pathol. 
1971;63(2):203–14.  

     63.    Bruneau BG. The developmental genetics of congeni-
tal heart disease. Nature. 2008;451(7181):943–8.  

   64.    Beauchesne LM, Connolly HM, Ammash NM, 
Warnes CA. Coarctation of the aorta: outcome of 
pregnancy. J Am Coll Cardiol. 2001;38(6):1728–33.  

    65.    Vriend JW, Drenthen W, Pieper PG, et al. Outcome of 
pregnancy in patients after repair of aortic coarctation. 
Eur Heart J. 2005;26(20):2173–8.  

    66.    Becker AE, Becker MJ, Edwards JE. Anomalies asso-
ciated with coarctation of aorta: particular reference 
to infancy. Circulation. 1970;41(6):1067–75.  

    67.    Smith DE, Matthews MB. Aortic valvular stenosis 
with coarctation of the aorta, with special reference to 
the development of aortic stenosis upon congenital 
bicuspid valves. Br Heart J. 1955;17(2):198–206.  

     68.    Cheatham Jr JE, Williams GR, Thompson WM, 
Luckstead EF, Razook JD, Elkins RC. Coarctation: a 
review of 80 children and adolescents. Am J Surg. 
1979;138(6):889–93.  

    69.    Ho VB, Bakalov VK, Cooley M, et al. Major vascular 
anomalies in Turner syndrome: prevalence and mag-
netic resonance angiographic features. Circulation. 
2004;110(12):1694–700.  

    70.    Lopez L, Arheart KL, Colan SD, et al. Turner syn-
drome is an independent risk factor for aortic dilation 
in the young. Pediatrics. 2008;121(6):e1622–7.  

    71.    Bjork L, Friedman R. Routine roentgenographic diagno-
sis of coarctation of the aorta in the child. Am J Roentgenol 
Radium Ther Nucl Med. 1965;95(3):636–41.  

    72.    Dodge-Khatami A, Ott S, Di Bernardo S, Berger F. 
Carotid-subclavian artery index: new echocardio-
graphic index to detect coarctation in neonates and 
infants. Ann Thorac Surg. 2005;80(5):1652–7.  

    73.    Muzzarelli S, Meadows AK, Ordovas KG, Higgins 
CB, Meadows JJ. Usefulness of cardiovascular mag-
netic resonance imaging to predict the need for inter-
vention in patients with coarctation of the aorta. Am J 
Cardiol. 2012;109(6):861–5.  

    74.    Frydrychowicz A, Markl M, Hirtler D, et al. Aortic 
hemodynamics in patients with and without repair of 
aortic coarctation: in vivo analysis by 4D fl ow- 
sensitive magnetic resonance imaging. Invest Radiol. 
2011;46(5):317–25.  

    75.    Hope MD, Meadows AK, Hope TA, et al. Clinical 
evaluation of aortic coarctation with 4D fl ow MR 
imaging. J Magn Reson Imaging. 2010;31(3):711–8.  

     76.    Glass IH, Mustard WT, Keith JD. Coarctation of the 
aorta in infants. A review of twelve years’ experience. 
Pediatrics. 1960;26:109–21.  

    77.    Liberthson RR, Pennington DG, Jacobs ML, Daggett 
WM. Coarctation of the aorta: review of 234 patients 
and clarifi cation of management problems. Am 
J Cardiol. 1979;43(4):835–40.  

     78.   Padua LM, Garcia LC, Rubira CJ, de Oliveira 
Carvalho PE. Stent placement versus surgery for 
coarctation of the thoracic aorta. Cochrane Database 
Syst Rev. 2012;5:CD008204.  

   79.    Carr JA. The results of catheter-based therapy com-
pared with surgical repair of adult aortic coarctation. 
J Am Coll Cardiol. 2006;47(6):1101–7.  

    80.    Rodes-Cabau J, Miro J, Dancea A, et al. Comparison 
of surgical and transcatheter treatment for native 
coarctation of the aorta in patients > or = 1 year old. 
The Quebec Native Coarctation of the Aorta study. 
Am Heart J. 2007;154(1):186–92.  

    81.    Atalay MK, Kochilas LK. Familial pseudocoarctation 
of the aorta. Pediatr Cardiol. 2011;32(5):692–5.  

    82.    Varghese A, Gatzoulis M, Mohiaddin RH. Images in 
cardiovascular medicine: magnetic resonance angiog-
raphy of a congenitally interrupted aortic arch. 
Circulation. 2002;106(3):E9–10.  

    83.    Yang DH, Goo HW, Seo DM, et al. Multislice CT 
angiography of interrupted aortic arch. Pediatr Radiol. 
2008;38(1):89–100.      

24 Aortic Arch Anomalies



553F. Saremi (ed.), Cardiac CT and MR for Adult Congenital Heart Disease, 
DOI 10.1007/978-1-4614-8875-0_25, © Springer Science+Business Media New York 2014

        The occurrence of pulmonary hypertension (PH) 
in patients with congenital heart disease (CHD) 
is not uncommon and represents an important 
complication. The chapter sets out the scale of 
the problem before describing where cross- 
sectional imaging is used in diagnosis. 
Prognostication and assessment of therapeutic 
effect using these techniques is then explored 
before examining Eisenmenger’s syndrome in 
detail. A discussion on related abnormalities of 
the pulmonary arteries is included. 

   Defi nition 

 The meaning of the term pulmonary hypertension 
(PH) depends on the context in which it is used. PH 
is defi ned when certain haemodynamic criteria are 
met during right heart catheterisation (RHC, mean 
pulmonary artery pressure (mPAP) >25 mmHg) 
and is also the name given to the collection of 

 conditions which are known to be associated with 
this haemodynamic state. According to the most 
recent reclassifi cation (2008) arising from the fourth 
WHO conference in Dana Point, California, these 
diseases are divided into six groups (Table  25.1 ).

      Classifi cation of PH in CHD 

 The majority of PH in congenital heart disease 
(CHD) comes under the umbrella of pulmonary 
arterial hypertension (PAH, Group 1 in the WHO 
Classifi cation) when it is referred to as  PAH associ-
ated with CHD  (APAH-CHD) (Table  25.1 ). Being 
‘pre-capillary’ PH, the pulmonary wedge pressure 
is ≤15 mmHg with pulmonary vascular resistance 
>3 Wood units, and the cardiac output is normal or 
reduced in the absence of an alternative explana-
tion, i.e. lung disease (Group 3), chronic thrombo-
embolic PH (Group 4), or PH associated with 
unclear/multifactorial mechanisms (Group 5) [ 1 ]. 

 Shunts are the commonest CHD abnormality 
associated with PAH, making up approximately 
38 % of patients with CHD and PH in one cohort 
[ 2 ]. This group includes Eisenmenger’s syn-
drome, where the development of PH leads to 
reversal of blood fl ow through the shunt and cya-
nosis, but primarily involves patients with 
systemic- to-pulmonary shunts and to a lesser 
extent those with small defects and PAH post- 
corrective surgery (Table  25.2 ). A helpful fi ve- 
point framework by which these individual 
lesions can be characterised has been provided by 
the most recent guidelines [ 1 ] (Table  25.3 ).
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    The likelihood of developing PAH depends on 
the shunt itself – in patients with pre-tricuspid 
defects, it can be rare (i.e. ASD) or up to 15–20 % 
for sinus venosus defect. For post-tricuspid 
defects, it is more common (50–70 % for large 
VSD/PDA) and almost universal in patients with 
truncus arteriosus [ 3 ]. It is important to recognise 
that not all PH in CHD is due to PAH. Other 
causes include left heart disease (Group 2) and 
lung disease (Group 4), including obstructive 
sleep apnoea.  

   Pathophysiology and Presentation 

 In CHD, the pulmonary vasculature is exposed to 
higher than normal blood fl ow (i.e. pre-tricuspid 
shunts) and pressures (in post-tricuspid shunts). 
This leads to damage of the vascular endothelium 
which sets into motion a series of deleterious 

    Table 25.1    The Dana Point classifi cation for pulmonary 
hypertension   

 1. Pulmonary arterial hypertension (PAH) 
  1.1. Idiopathic 
  1.2. Heritable 
   1.2.1. BMPR2 
    1.2.2. ALK1, endoglin (with or without hereditary 

haemorrhagic telangiectasia) 
   1.2.3. Unknown 
  1.3. Drugs and toxins induced 
  1.4. Associated with (APAH) 
   1.4.1. Connective tissue diseases 
   1.4.2. HIV infection 
   1.4.3. Portal hypertension 
   1.4.4. Congenital heart disease 
   1.4.5. Schistosomiasis 
   1.4.6. Chronic haemolytic anaemia 
   1.5. Persistent pulmonary hypertension of the 

newborn 
 1′. Pulmonary veno-occlusive disease and/or 
pulmonary capillary haemangiomatosis 
 2. Pulmonary hypertension due to left heart disease 
  2.1. Systolic dysfunction 
  2.2. Diastolic dysfunction 
  2.3. Valvular disease 
 3.  Pulmonary hypertension due to lung diseases and/or 

hypoxia 
  3.1. Chronic obstructive pulmonary disease 
  3.2. Interstitial lung disease 
  3.3.  Other pulmonary diseases with mixed restrictive 

and obstructive pattern 
  3.4. Sleep-disordered breathing 
  3.5. Alveolar hypoventilation disorders 
  3.6. Chronic exposure to high altitude 
  3.7. Developmental abnormalities 
 4. Chronic thromboembolic pulmonary hypertension 
 5. PH with unclear and/or multifactorial mechanisms 
  5.1.  Haematological disorders: myeloproliferative 

disorders, splenectomy 
  5.2.  Systemic disorders: sarcoidosis, pulmonary 

Langerhans cell histiocytosis, 
lymphangioleiomyomatosis, neurofi bromatosis, 
vasculitis 

  5.3.  Metabolic disorders: glycogen storage disease, 
Gaucher disease, thyroid disorders 

  5.4.  Others: tumoural obstruction, fi brosing 
mediastinitis, chronic renal failure on dialysis 

  From Galie et al. [ 1 ], with permission 
  ALK - 1  activin receptor-like kinase 1 gene,  APAH  associ-
ated pulmonary arterial hypertension,  BMPR2  bone mor-
phogenetic protein receptor, type 2,  HIV  human 
immunodefi ciency virus,  PAH  pulmonary arterial 
hypertension  

   Table 25.2    Classifi cation of shunts in APAH-CHD   

 (a)  Eisenmenger ’ s syndrome  
 Eisenmenger’s syndrome includes all systemic-to- 
pulmonary shunts due to large defects leading to a 
severe increase in PVR and resulting in a reversed 
(pulmonary to systemic) or bidirectional shunt. 
Cyanosis, erythrocytosis and multiple organ 
involvement are present 
 (b)  Pulmonary arterial hypertension associated with 
systemic - to - pulmonary shunts  
 In these patients with moderate to large defects, the 
increase in PVR is mild to moderate, systemic-to- 
pulmonary shunt is still largely present, and no 
cyanosis is present at rest 
 (c)  Pulmonary arterial hypertension with small  a   defects  
 In cases with small defects (usually ventricular septal 
defects <1 cm and atrial septal defects <2 cm of 
effective diameter assessed by echocardiography), the 
clinical picture is very similar to idiopathic PAH 
 (d)  Pulmonary arterial hypertension after corrective 
cardiac surgery  
 In these cases, congenital heart disease has been 
corrected, but PAH is either still present immediately 
after surgery or has recurred several months or years 
after surgery in the absence of signifi cant post- 
operative residual congenital lesions or defects that 
originate as a sequela to previous surgery 

  Reproduced with permission [ 1 ] 
  PAH  pulmonary arterial hypertension,  PVR  pulmonary 
vascular resistance 
  a The size applies to adult patients  
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pathways. These culminate in a pulmonary vas-
culopathy characterised by medial hypertrophy 
and plexiform lesions. The end effect is elevated 

pulmonary vascular resistance corresponding to 
an attenuation of pulmonary vasculature. 

 Symptoms of PH tend to be non-specifi c and 
include breathlessness, effort intolerance, chest 
pain and syncope. Presentation is infl uenced by a 
number of factors including the severity of PH, 
the nature of the underlying defect and prior sur-
gery. PH associated with post-tricuspid shunts 
tends to manifest with symptoms in infancy 
whilst pre-tricuspid shunts may take a number of 
decades to become apparent. 

 Clinical features are dominated by those of 
PH (i.e. elevated venous pressure, right ventricu-
lar heave, loud second heart sound, ascites, 
peripheral oedema) with diminishment of mur-
murs associated with post-tricuspid shunts with 
the onset of the Eisenmenger’s syndrome [ 4 ].  

   Epidemiology and Outcomes 

 Consistent data has emerged from contemporary 
registries defi ning the frequency with which PH 
affects patients with CHD. In the Dutch National 
Registry, PH (defi ned as an echocardiographic- 
derived systolic PA pressure >40 mmHg) affected 
5 % of adults with CHD [ 5 ] compared to data 
from Quebec, Canada, where 5.8 % had received 
a diagnosis of PH [ 2 ]. 

 When considered in terms of etiologies under-
ling PAH, CHD is an important contributor 
(Fig.  25.1 ). In the REVEAL    Registry of consecu-
tively screened PAH patients, the most common 
individual subset was idiopathic PAH (46.2 %), 
followed by collagen vascular disease/connective 
tissue diseases (25.2 %) and then CHD (9.8 %) [ 6 ].

   It is not felt likely that these fi gures will 
remain static in the future [ 4 ]. Advances in surgi-
cal and medical treatments continue to expand 
the numbers of patients with CHD surviving to 
adulthood. This population is likely to comprise 
increasingly complex disease with higher rates of 
associated PAH. 

 As well as defi ning its prevalence, registry data 
has proven what was long suspected that PH in 
CHD confers a worse prognosis. In the Dutch 
group, patients with PH had a HR of 3.8 (95 % CI 
2.7–5.4,  p  < 0.001) for all-cause mortality, 

    Table 25.3    5-point framework with which to classify 
shunts in APAH-CHD   

 1. Type 
  1.1. Simple pre-tricuspid shunts 
   1.1.1. Atrial septal defect (ASD) 
    1.1.1.1. Ostium secundum 
    1.1.1.2. Sinus venosus 
    1.1.1.3. Ostium primum 
   1.1.2.  Total or partial unobstructed anomalous 

pulmonary venous return 
  1.2. Simple post-tricuspid shunts 
   1.2.1. Ventricular septal defect (VSD) 
   1.2.2. Patent ductus arteriosus 
  1.3. Combined shunts 
    Describe combination and defi ne predominant 

defect 
  1.4. Complex congenital heart disease 
   1.4.1. Complete atrioventricular septal defect 
   1.4.2. Truncus arteriosus 
   1.4.3.  Single ventricle physiology with 

unobstructed pulmonary blood fl ow 
   1.4.4.  Transposition of the great arteries with VSD 

(without pulmonary stenosis) and/or patent 
ductus arteriosus 

   1.4.5. Other 
 2.  Dimension (specify for each defect if more than one 

congenital heart defect exists) 
  2.1. Haemodynamic (specify Qp:Qs) a  
   2.1.1.  Restrictive (pressure gradient across the 

defect) 
   2.1.2. Non-restrictive 
  2.2. Anatomic b  
   2.2.1.  Small to moderate (ASD ≤2.0 cm and VSD 

≤1.0 cm) 
   2.2.2. Large (ASD >2.0 cm and VSD >1.0 cm) 
 3. Direction of shunt 
  3.1. Predominantly systemic to pulmonary 
  3.2. Predominantly pulmonary to systemic 
  3.3. Bidirectional 
 4. Associated cardiac and extracardiac abnormalities 
 5. Repair status 
  5.1. Unoperated 
  5.2.  Palliated [specify type of operation(s), age at 

surgery] 
  5.3.  Repaired [specify type of operation(s), age at 

surgery] 

  From Galie et al. [ 1 ], with permission 
  ASD  atrial septal defect,  VSD  ventricular septal defect 
  a Ratio of pulmonary (Qp)-to-systemic (Qs) blood fl ow 
  b The size applies to adult patients  
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adjusted for age and gender. In the Canadian 
cohort, patients with PH and CHD had a 2-fold 
higher all-cause mortality and 3-fold higher mor-
bidity [ 2 ] than case controls without PH 
(Fig.  25.2 ). Finally, the REVEAL Registry has 
shown that children with APAH-CHD have a sim-
ilar 5-year survival from RHC (71 ± 13 %) than 
patients with IPAH (75 ± 7 %) [ 7 ]. This argues 
against the assertion that patients with APAH-
CHD fare better than those with IPAH since the 
RV in CHD has been ‘trained’ to deal with high 
right-sided pressures over a long period of time.

      Treatment 

 Interventions to the defect itself, when pulmonary 
blood fl ow is high but pulmonary vascular disease 
minimal, represent an important  treatment goal in 
patients with APAH-CHD. The general consensus 
is that this should be undertaken when the pulmo-
nary vascular resistance is less than 6 Wood units. 
Management is less clear when the value lies 
between 6 and 10 Wood units [ 3 ]. In Eisenmenger’s 
syndrome, shunt closure is contraindicated. 

 For the remainder of patients with APAH- 
CHD in whom an intervention is not possible, 
benefi t has come in the wake of trials of targeted 
medical therapies in individuals suffering with 
idiopathic PAH. Agents include intravenous epo-
prostenol, endothelin receptor antagonist and 
phosphodiesterase-5 inhibitors which address 
defi ciencies in prostacyclin (potent vasodilator) 
and overexpression of endothelin-1 and phospho-
diesterase- 1 (vasoconstrictors), respectively. 
Class I support for Bosentan and Class IIa for 
sildenafi l and prostanoids has been given in the 
most recent recommendations [ 1 ].  

   The Role of Imaging in 
Management of PH in Congenital 
Heart Disease 

   Diagnosis 

 Given the potential to cure or prevent progression 
of PH, there is an imperative to identify it promptly 
in patients with established CHD and, conversely, 
to diagnose CHD when present in patients with a 

a
PPHN
0.0 %

b
PVOD
0.4 %

PCH
<0.1 % FPAH

2.7 %

IPAH
46.2 %

APAH
50.7 %

CVD/CTD
49.9 %

Portal HT
10.6 %

Drugs/
toxins
10.5 %

HIV
4.0 %

Other
5.5 % CHD

19.5 %

  Fig. 25.1    Pie charts demonstrating percentage of patients 
with WHO Class I (PAH,  a ) and of these the percentage 
comprising associated PAH in the REVEAL Registry ( b ). 
Note that CHD is the third most common diagnosis under-
lying PAH.  APAH  associated PAH,  CHD  congenital heart 
disease,  CVD / CTD  colleague vascular disease/connective 
tissue disease,  FPAH  familial PAH,  HT  hypertension, 

 IPAH  idiopathic PAH,  PAH  pulmonary arterial hyperten-
sion,  PCH  pulmonary capillary haemangiomatosis, 
 PPHN  pulmonary hypertension of the newborn,  PVOD  
pulmonary veno- occlusive disease,  REVEAL  Registry to 
Evaluate Early and Long-Term PAH Disease Management 
(From Badesch et al. [ 6 ], with permission)       
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known diagnosis of PH. The recommended diag-
nostic algorithm [ 1 ] for patients suspected of hav-
ing PH focuses fi rst on exclusion of common 
causes of PH in order of likelihood (Groups 2 and 
3 and then chronic thromboembolic PH with a 
VQ scan). If these investigations are non-contrib-
utory, a RHC is then recommended before spe-
cifi c tests are undertaken to identify rarer causes 
of PH including CHD. For patients with estab-
lished CHD, there is merit in taking the same sys-
tematic approach given the potential for there 
being more than one cause contributing to PH. 

 The algorithm emphasises the key role of mul-
timodality imaging in patients with APAH-CHD, 
recognising the strengths and complementary 
nature of these modalities and the complex nature 
of the diagnostic questions arising. 

 Being portable, cheap and available transtho-
racic echocardiography is used fi rst. It allows 
assessment of intracardiac shunts (site, size and 
direction) as well as identifying features which 
might suggest PH. These include right ventricu-
lar remodelling (dilatation, hypertrophy and 
impaired systolic function), right atrial enlarge-
ment, compression of the left ventricle, pulmo-
nary artery dilatation and pericardial effusion. 
Flattening of the interventricular septum can also 
be quantifi ed using the eccentricity index [ 8 ]. 

 The extent of right ventricular dilatation is 
best appreciated in the apical four-chamber view. 
Right ventricular size can be quantifi ed using lin-
ear dimensions, fractional area change, M-mode 
and tissue Doppler. Enlargement of the right 
atrium can be quantifi ed. Right ventricular hyper-
trophy is measured in the subcostal view. 

 Right heart and pulmonary pressures can be 
non-invasively estimated using Doppler interro-
gation of the tricuspid regurgitant (TR) jet, right 
ventricular outfl ow tract acceleration time, pul-
monary regurgitation jet and M-mode measure-
ments of the inferior vena caval size and response 
to respiration. In day-to-day practice, TR jet 
velocity ( V ) is most often used. The right ven-
tricular systolic pressure can be calculated by 
adding right atrial pressure to 4 V  [ 2 ]. This equates 
to systolic pulmonary artery pressure in the 
absence of pulmonary stenosis. PH is likely when 
velocity is >2.8 m/s particularly when a dilatation 
or dysfunction of the right ventricle coexist. 

 The ESC guidelines [ 1 ] draw attention to the 
fi nding of higher than expected pulmonary blood 
fl ow in the setting of a small shunt or signifi cant 
PA dilatation with only moderate PH as these are 
strongly suggestive of an aberrant pulmonary 
vein or sinus venosus defect. In these cases, tran-
soesophageal echocardiography can be particu-
larly helpful in imaging the atrial septum, 
specifi cally where the superior vena cava enters 
the right atrium.  

   Cardiac Computed Tomography 

 Although disadvantaged by the need for ionising 
radiation and contrast, computed tomography (CT) 
has an important part to play in the investigation of 
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  Fig. 25.2    Survival curves for adults with CHD without 
(triangular data points) and with PH (diamond data points) 
showing adverse prognosis in both 18–39-year-olds ( a ) 
and 40–46-year-olds ( b ) (From Lowe et al. [ 2 ], with 
permission)       
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APAH-CHD where it can provide information on 
cardiac chambers, great arteries, lung vasculature 
and parenchyma and mediastinal structures in a 
single acquisition with high spatial resolution. 

 This is particularly the case when acoustic 
windows have been poor (limiting echocardiog-
raphy), lung disease is present and devices 
including pacemakers prevent CMR scanning. 

 The same features of cardiac remodelling 
associated with PH described previously can also 
be identifi ed using cardiac CT. Communications 
between chambers can be visualised and the 
direction of shunt inferred by the direction of 
contrast. Although excellent at providing ana-
tomical detail, it is generally not the modality of 
choice for providing functional data. If necessary, 
biventricular function can be assessed though this 
necessitates greater radiation exposure to capture 
information throughout the cardiac cycle. 

 The CT pulmonary angiogram is the test of 
choice to assess the proximal and distal pulmo-
nary arteries non-invasively. In doing so, pulmo-
nary artery dilatation can be identifi ed as well as 
thrombus, which may form in situ due to sluggish 
blood fl ow rather than being embolised from the 
lower peripheries. 

 High-resolution CT scan provides valuable 
information on lung parenchyma which can be 
abnormal in patients with CHD because of bron-
chiectasis or hypoplasia. High-resolution CT may 
also detect parenchymal changes due to pulmo-
nary arterial hypertension, for example, ground 
glass changes, nodular opacities and serpiginous 
intrapulmonary small vessels representing plexo-
genic arteriopathy (Fig.  25.3 ). In those with 
chronic thromboembolic PH, it may also identify 
within the lung tissue haemorrhage, infarction or 
a mosaic attenuation pattern (due to heterogenous 
lung perfusion). High-resolution CT has a vital 
role in identifying those with pulmonary veno-
occlusive    disease where advanced therapies might 
be harmful (Fig.  25.4 ). The key features of this 
rare entity on CT are interlobular septal thicken-
ing, ground glass shadowing and adenopathy.

    When contrast enhanced, this technique is 
particularly adept in the assessment of extracar-
diac features, particularly native or surgically 
fashioned systemic-to-pulmonary shunts. 
Collateral vessels are readily identifi ed. These 
include dilated bronchial arteries (a commonly 
seen feature in PH) or bypassing vessels in cases 
of pulmonary venous occlusion. 

a b

  Fig. 25.3    High-resolution CT fi ndings in a patient with 
pulmonary arterial hypertension. Ground glass changes 
and small nodular opacities are seen in the lung paren-

chyma in pulmonary arterial hypertension ( a ) and serpigi-
nous intrapulmonary vessels ( b ),  black arrow  (Courtesy 
of Dr Michael Rubens, Royal Brompton Hospital, UK)       
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 Enlarged central pulmonary arteries is a 
 non- specifi c sign and can be seen in patients 
with large left-to-right shunt with or without 
increased pulmonary vascular resistance. 
A cross-sectional diameter of >3 cm or larger 
than the aorta for distal main pulmonary artery 
is suggestive of pulmonary hypertension. 
Abrupt decrease in the calibre of segmental and 
subsegmental arteries may indicate increased 
pulmonary vascular resistance. An analytic 
technique called fractal  analysis was employed 
to determine whether the degree of branching 
within the pulmonary arteries of children and 
young adults with PAH, half of whom had CHD 
(Fig.  25.5 ), could be used as a non-invasive 

measure of PH [ 9 ]. This index compared well 
with conventional markers of disease severity 
such as functional class, 6-min walk test dis-
tance and indexed pulmonary vascular resis-
tance and predicted death amongst the cohort 
(HR 5.6 (95 % CI 1.2–25;  p  = 0.027)). Associated 
cardiac fi ndings in CT may include enlarged 
right ventricle and atrium, bowing of the inter-
atrial septum, straightening of the ventricular 
septum, right ventricle hypertrophy, dilatation 
and decreased fractional shortening of the right 
ventricle outfl ow tract and refl ux of contrast into 
a dilated inferior vena cava, hepatic veins or 
azygos system.

      Cardiovascular Magnetic Resonance 

 CMR has the strong advantage of being able to 
image in any plane with high spatial and tempo-
ral resolution without ionising radiation. As 
repeated examinations become commonplace, 
the latter characteristic is increasingly important. 

 In order to optimise image quality, breath 
holding is required which may be problematic in 
this population of patients. In addition, pacemak-
ers/devices currently represent a contraindication 
to CMR. 

 CMR provides the gold standard assessments 
of right [ 10 ] and left ventricular size and func-
tion. Especially for the heavily trabeculated right 
ventricle, analysis remains dependent on the indi-
vidual undertaking it. 

  Fig. 25.4    High-resolution CT scan showing classic fea-
tures of pulmonary veno-occlusive disease. Though this 
condition is rare, its recognition is important as conven-
tional vasodilator treatment (Courtesy of Dr Michael 
Rubens, Royal Brompton Hospital, UK)       

  Fig. 25.5    Surface-rendered data taken from patients with 
increasingly severe PH ( left  to  right ). Note attenuation in 
branch pulmonary arteries. This is refl ected in their fractal 

dimensions which diminish with reduced branching (1.66, 
1.48 and 1.27, respectively) (From Moledina et al. [ 9 ] 
with permission)       
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 Using both cine imaging and in-plane fl ow 
mapping, intracardiac shunts can be easily identi-
fi ed. By comparing the ratio of fl ow through the 
pulmonary artery to that in the aorta using fl ow 
mapping, Qp:QS can be determined and the shunt 
quantifi ed. 

 With the addition of contrast, magnetic reso-
nance angiography can delineate extracardiac 
shunts (especially partial anomalous venous drain-
age [ 11 ]) as well as the pulmonary vasculature. 

 Late gadolinium enhancement typically dem-
onstrates areas of enhancement at the RV-LV 
insertion points [ 12 ,  13 ]. Histological data how-
ever supports the concept that the myocardial 
disarray at these sites is a normal feature of 
insertion region anatomy exaggerated in PH by 
the hypertrophy of the right ventricle [ 14 ] 
(Figs.  25.6  and  25.7 ).

    Signifi cant efforts have been given over to 
non-invasively assessing pulmonary pressures 
using CMR with indices such as right ventricular 
mass [ 17 ], septal deviation [ 18 ], pulmonary 

artery stiffness [ 19 ] and, more recently, four- 
dimensional fl ow patterns [ 20 ]. Of the longer- 
established measures, none have emerged as a 
reliable measure in patients with PAH [ 21 ]. 
Moreover, none have been routinely tested in a 
CHD population where the presence of pre- 
existing right ventricular hypertrophy, septal 
defects, shunts and arterial abnormalities is likely 
to confound many of these measures. 

 In the setting of a hybrid CMR interventional 
lab, pulmonary vascular resistance derived from 
the Fick method has been shown to be inaccurate 
in conditions of high pulmonary blood fl ow or 
increased oxygen concenration [ 22 ]. With prom-
ising results, the same technique has been used to 
show that pulmonary vascular resistance can be 
determined non-invasively in a small cohort with 
mainly atrial and ventricular septal defects. 
A pulmonary fl ow of 6.05 l/min/m 2  or a Qp:QS 
ratio <2.5/1 had a specifi city of 100 % for pre-
dicting PVR of ≤3.5 Wood units/m  2  on receiver- 
operator characteristic analysis [ 23 ].  

a b c

d e f

  Fig. 25.6    The characteristic late gadolinium enhance-
ment pattern of pulmonary arterial hypertension. The 
characteristic late gadolinium enhancement pattern of PH. 
( a – c ) insertion region enhancement ( arrows ) is triangular 
in shape with the base at the epicardial surface where both 

ventricles meet and its apex directed into the 
 interventricular septum. Corresponding short-axis cine 
slices ( d – f ). The septomarginal trabeculation is  arrowed  
( e ) – enhancement is often seen within this structure 
(From Bradlow et al. [ 15 ] with permission)       
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   Guiding Intervention 

 Echocardiography (particularly three dimen-
sional), CT and CMR all play an important role 
in deciding whether a patient would benefi t from 
an intervention. For atrial and ventricular septal 
defects and patent ductus arteriosus, these modal-
ities are also relied upon in planning whether 
 closure can be undertaken in the catheter labora-
tory or surgically by defi ning the exact size, 
shape and location of the shunt.  

   Assessment of Treatment 
and Prognosis 

 Excluding work arising from the Eisenmenger’s 
syndrome population, there is relatively little 
data to draw upon when assessing treatment 

effect and prognosticating in the APAH-CHD 
population in isolation. The majority of data that 
are available are derived from PAH patients. 

 The main measure used in clinical practice and 
as a trial end point is the 6-min walk test. However, 
this has faced considerable criticism given its lim-
itations [ 24 ] and failure to demonstrate a relation-
ship with clinical end points [ 25 ]. This has spurred 
investigation into alternative surrogates, one of 
which has been right ventricular mass as assessed 
by CMR [ 26 ,  27 ]. This measure was employed 
after medical and surgical therapies have been 
shown to cause improvements in indices of 
remodelling [ 15 ]. The high interstudy repeatabil-
ity of CMR makes it an attractive tool for repeated 
non-invasive measurements, but it is uncertain 
whether right ventricular mass is the best surro-
gate to assess as there is no data to say whether 
reducing it ultimately benefi ts the patient. 

a b c

fed

  Fig. 25.7    Histological correlations and mechanism for 
late gadolinium enhancement in RV-LV insertion point 
regions in pulmonary arterial hypertension. ( a ) Short-axis 
cine at end diastole. Note straightening of the interventricu-
lar septum. ( b ) Corresponding post-mortem section show-
ing a dominant hypertrophied right ventricle with no 
macroscopic scarring of the insertion regions. 
Interventricular sulci ( X ,  Y ) and posterior insertion region 
( triangle ) are identifi ed. ( c ) Late gadolinium enhancement 
is apparent in both insertion regions. ( d ) Microscopy fi nd-
ings (picrosirius red stain) typical of the insertion regions. 

Fibre disarray is shown in the  boxed area . The pale region 
immediately below represents increased connective tissue. 
This territory is illustrated by the broad spaces between 
crossing fi bre bundles from the right ( single lines ) and left 
( hatched lines ) ventricle in the sketch ( e ) depicting the pos-
terior insertion region. Abnormal interventricular septum 
motion is refl ected by  arrows  and  dashed lines  (From Fox 
and Hutchins et al. [ 16 ] with permission). ( f ) Plexiform 
fi brosis; collagen lies between ‘disarrayed’ myocardial 
fi bres but does not replace them (trichrome staining; and 
From Bradlow et al. [ 14 ] with permission)       
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 CMR has also been used to prognosticate in 
patients with PAH. These data suggest that dilata-
tion [ 28 ] and impaired systolic function [ 29 ] of 
the right ventricle as well as increased degrees of 
pulmonary artery stiffness [ 30 ] are predictors of a 
poor outcome. These results cannot be directly 
extrapolated to the APAH-CHD population, but 
do serve as a useful starting point for further 
investigations.   

   Eisenmenger’s Syndrome 

   Historical Perspective 

 Eisenmenger’s syndrome is severe pulmonary 
arterial hypertension in conjunction with congen-
ital heart disease and reversal of shunt resulting 
in cyanosis. 

 Victor Eisenmenger described ventricular sep-
tal defect with reversed shunt in the absence of 
pulmonary stenosis which was named 
Eisenmenger’s complex in 1897 [ 31 ]. He 
described a 32-year-old man suffering from dys-
pnoea, cyanosis and in later years heart failure. At 
post-mortem after he died from massive haemop-
tysis, he was found to have a large non- restrictive 
ventricular septal defect and overriding aorta 
without pulmonary stenosis. The pulmonary 
arteries were noted to have atheroma, but there 
was no mention of pulmonary hypertension. 

 It was Paul Wood that was the fi rst to describe 
the pathophysiology of Eisenmenger’s, specifi -
cally the cause of the reversed central shunt being 
pulmonary vascular resistance at systemic or close 
to systemic level [ 32 ,  33 ]. He refi ned his defi nition 
of Eisenmenger’s syndrome in 1958 as ‘pulmo-
nary hypertension due to a high pulmonary vascu-
lar resistance with reversed or bidirectional shunt 
at aorto-pulmonary, ventricular or atrial level’ – a 
defi nition that remains relevant today.  

   Clinical Pathophysiology and Course 

 Eisenmenger’s syndrome results from pulmonary 
hypertension and pulmonary vascular disease 
induced by the increased pulmonary blood fl ow 

consequent to any large congenital heart defect at 
atrial, ventricular or arterial level with an initially 
primarily left-to-right shunt. The increased pul-
monary blood fl ow results in the transmission of 
elevated pressure to the pulmonary circulation. 
The high pulmonary blood fl ow results in 
mechanical stretch, intimal damage and progres-
sive structural abnormalities in the pulmonary 
vasculature. Medial hypertrophy and smooth 
muscle proliferation occurs in normally non- 
muscularised pulmonary arterioles and subse-
quently concentric laminar intimal fi brosis and 
plexiform lesions representing irreversible vas-
cular disease. The vascular changes lead to pro-
gressive obstruction of small pulmonary 
arterioles which have the effect of reducing the 
total cross-sectional area of the pulmonary vas-
cular bed resulting in fi xed elevation of resistance 
and pressure. When the elevated pulmonary 
resistance exceeds systemic vascular resistance, 
the initially left-to-right shunt reverses to become 
a right-to-left (or bidirectional) shunt causing 
desaturation of systemic arterial blood and clini-
cal cyanosis. Eisenmenger’s syndrome patients 
represent the most severe form of pulmonary 
arterial hypertension associated with congenital 
heart disease. 

 Eisenmenger patients present with multisys-
tem disorders including coagulopathy with both 
bleeding tendency and predisposition to throm-
bus formation, haemoptysis, pulmonary haemor-
rhage, secondary erythrocytosis, cerebral abscess, 
thromboembolism, renal dysfunction, hypertro-
phic osteoarthropathy, cholelithiasis, for exam-
ple, as well as heart failure arrhythmia, sudden 
death and endocarditis. They are also at risk from 
pregnancy or noncardiac surgery. 

 Despite histopathological similarities in 
adverse pulmonary vascular remodelling, 
Eisenmenger patients enjoy much better survival 
with a long asymptomatic period of decades until 
the 30s [ 34 ] compared with idiopathic pulmonary 
arterial hypertension patients. There is relatively 
slow disease progression though patients have 
signifi cant exercise limitation [ 35 ] and impaired 
quality of life. The median survival is probably 
40–50 years versus 2.8 years in idiopathic 
 pulmonary arterial hypertension [ 36 – 38 ]. New 
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pharmacological treatments with endothelin 
receptor antagonists such as Bosentan, phospho-
diesterase inhibitors such as sildenafi l and pros-
tanoids are recommended for WHO Class ≥ III 
Eisenmenger patients [ 1 ,  39 ,  40 ].  

   Right Ventricular Adaptive 
Remodelling 

 The risk and speed at which Eisenmenger’s phys-
iology develops depends on the location and size 
of the systemic-to-pulmonary shunt and the pres-
ence of pulmonary stenosis. The nature of the 
underlying congenital heart defect may be rele-
vant to the adaptive response of the subpulmo-
nary RV. The position and function of semilunar 
and AV valves, hypertrophy or hypoplasia of any 
part of the tripartite RV and the effect of surgical 
incisions and patching from previous palliation 
or repair all have an effect on myocardial adapta-
tion and function. In Eisenmenger’s syndrome 
versus idiopathic pulmonary arterial hyperten-
sion or even APAH-CHD, the RV is considered 
better adapted to high pulmonary artery pressures 
having been primed since birth through long-
standing exposure to volume and pressure over-
load. Additionally, regression of the physiological 
right ventricular hypertrophy present at birth 
does not occur.  

   CMR for Underlying Congenital 
Anatomy and Features of Pulmonary 
Hypertension 

 Given that patients tend to volunteer few symp-
toms and complain of symptoms late in the dis-
ease progress [ 35 ], functional imaging has a 
potentially valuable clinical role in Eisenmenger 
patients. 

 CMR may occasionally correctly diagnose the 
precise nature of the underlying congenital heart 
disease for the fi rst time. CMR can pursue the 
assessment of each underlying congenital heart 
lesion appropriately. It is important for CMR to 
assess both native and operated anatomy and 
their haemodynamic functional consequences. 

The location of shunts as pre-tricuspid or post- 
tricuspid should be determined. The dimension 
of shunts (ASD >2 cm, VSD >1 cm, arterial shunt 
>5–7 mm are signifi cant; Table  25.3 ) and the 
direction of shunt fl ow (left to right, right to left 
or bidirectional) should be measured. In operated 
patients, CMR can be used to assess the presence 
and patency of surgical shunts. Contrast- 
enhanced MR angiography is also useful for 
extracardiac involvement such as presence of 
associated PDA or aortopulmonary collaterals. 

 Both aortic and pulmonary phase-contrast 
velocity fl ow mapping data should be acquired to 
measure shunt ratio. Aortic fl ow mapping can be 
used to quantify cardiac output. The presence and 
degree of tricuspid or pulmonary regurgitation 
should also be sought. 

 Acquisition of cines for RV and LV ventricu-
lar volumes and function should be performed in 
all patients though accurate and reproducible per-
formance of RV volume measures is not straight-
forward. For example, it requires accounting for 
the presence of a VSD where relevant in a consis-
tent fashion, addressing the highly trabeculated 
boundaries of the RV and the complex RV archi-
tecture that can be associated with previous sur-
gery, identifying when systole is a different time 
frame for the RV than the LV correctly (Fig.  25.8 ) 
and correctly identifying enlarged RV the most 
basal part of which can dilate above the tricuspid 
valve plane such that part of the RV is present 
also in systole. Thus, RV volumes and in particu-
lar mass measurements remain labour intensive 
for everyday clinical practice.

   Septal fl attening in systole and leftward devia-
tion of the ventricular septum when RV systole 
continues beyond LV systole refl ects changing 
relative pressures and time courses of LV and RV 
contraction. This can be qualitatively noted on 
cine imaging just as in echocardiography. 

 The central pulmonary arteries require imag-
ing. Contrast-enhanced MR angiography is a 
useful, complementary approach to balanced 
steady-state free precession cine imaging for 
assessment of aneurysmal, poorly expansile 
pulmonary arteries which may demonstrate 
sluggish fl ow and in situ pulmonary arterial 
thrombus [ 41 ] (Fig.  25.9 ). Pulmonary arterial 
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thrombosis is well recognised in Eisenmenger’s 
syndrome and is often due to in situ thrombus 
formation rather than thromboembolic disease. 

Pulmonary arterial thrombus is predisposed to 
by slow pulmonary blood fl ow and biventricular 
dysfunction [ 42 ].

  Fig. 25.8    Measurements of right and left ventricular mass, 
volumes and function in Eisenmenger’s syndrome patient. 
Manual planimetry of short-axis contiguous slices from 
base to apex of the heart has proven highly reproducible for 
research in our centre. As right ventricular mass may be 
prognostically important and given hypertrophy of the tra-

beculated myocardium, trabeculations have been excluded 
from the blood pool and included in the ventricular mass. In 
this example, right ventricular end systole was in a different 
frame from left ventricular end systole. Whilst reproducible 
with a single experienced operator, this method is labour 
intensive and requires about 30 min per patient       

 

W.M. Bradlow et al.



565

   Planimetry of the RA and LA from four- 
chamber cine CMR could be useful as increased 
RA size and increased RA:LA ratio have been 
shown to be predictive of mortality in a recent 
prospective Eisenmenger’s study using echocar-
diography [ 43 ]. 

 Ongoing research may defi ne a role for 
quantitative assessment of pulmonary artery 
stiffness, the abnormal time course of septal 
displacement and the degree of septal curva-
ture, late gadolinium enhancement and 4D fl ow 
techniques applied to Eisenmenger patients, but 
outcomes data for these measures is currently 
limited.   

   Specifi c Congenital Heart Defects 
with Coexisting Pulmonary Arterial 
Hypertension 

 Eisenmenger’s is associated with a wide variety 
of underlying heart defects, and as with all pul-
monary arterial hypertension associated with 
congenital heart disease, there is variable rate of 
pulmonary arterial hypertension disease progres-
sion. In order to enable appropriate decision- 
making, more refi ned classifi cations of pulmonary 
arterial hypertension that coexists with congeni-
tal heart disease have been proposed in order to 
better address an otherwise very heterogenous 

  Fig. 25.9    Eisenmenger’s physiology in the context of 
complex underlying congenital heart disease complicated 
by in situ thrombus. The native anatomy is transposition 
of the great arteries with subaortic VSD and pulmonary 
stenosis for which the patient has undergone a palliative 
Mustard procedure (VSD left open) after early develop-
ment of increased pulmonary vascular resistance. Image 
( a ) shows large, subaortic unrestrictive VSD. Images ( b –
 f ) all show massively enlarged right pulmonary artery 
( RPA ) measuring up to 8 cm diameter. In images ( b ,  c ) 
and ( f) , dark, laminar thrombus is clearly demonstrated in 

the RPA and also in the LPA on image ( f ). Image ( c ) 
shows massive dilatation of the RPA and its local effect on 
the superior vena cava ( SVC ) return to the baffl ed atrial 
pathways. Image ( d ) is a plain posteroanterior chest X-ray 
demonstrating massive pulmonary arterial aneurysmal 
dilatation correlating with the corresponding contrast- 
enhanced MR image in ( e ). Cine images from which stills 
( b ,  c ) and ( f)  were taken demonstrate sluggish pulmonary 
blood fl ow.  Ao  aorta,  LPA  left pulmonary artery,  LV  left 
ventricle,  PVAC  pulmonary venous atrial compartment, 
 VSD  ventricular septal defect       
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group that cannot be assumed to be similar in 
terms of clinical decision-making and research 
[ 44 ,  45 ] (Tables  25.4  and  25.5 ). The differing 
morphology (even within specifi c congenital 
heart subgroups), previous medical history and 
intervention and associated co-morbidity result 
in characteristics that differ markedly. For exam-
ple, children that present with a small, restrictive 
left-to-right intracardiac shunt with associated 
pulmonary hypertension may be able to undergo 
repair with reversibility of the pulmonary hyper-
tension. The time period after which irreversible 
pulmonary arterial hypertension occurs varies 
with the precise malformation. Post-tricuspid 
non-restrictive shunt lesions result in both 
increased blood fl ow to the lungs and increased 
pulmonary arterial pressure and will commonly 

result in increased pulmonary arterial hyperten-
sion in the fi rst years of life and progression to 
Eisenmenger’s syndrome. Examples are large 
ventricular septal defect, atrioventricular septal 
defect and functionally univentricular heart. 
Shunts may also be at arterial level delivering 
blood fl ow and systemic pressure to the pulmo-
nary bed continuously through systole and dias-
tole and hence associated with rapidly progressive 
increase in pulmonary vascular resistance. 
Examples are aortopulmonary window, patent 
ductus arteriosus (Fig.  25.10 ) and truncus arterio-
sus (Fig.  25.11 ). Surgical shunts from the aorta 
such as Waterston (ascending aorta to right pul-
monary artery) and Potts (descending aorta to left 
pulmonary artery) were diffi cult to size and if 
non-restrictive result in signifi cant elevation in 

    Table 25.4    Van Albada and Berger proposed modifi cation: characterisation of pulmonary hypertension associated 
with congenital cardiac disease   

  Presence of a systemic - to - pulmonary shunt  
 Yes/no 
 Previously (age, duration) 
 (Note: if such a shunt does not exist – nor has it existed in history – then another form of pulmonary hypertension 
than that described in the fi rst group of the Venice classifi cation should be considered) 
  Location of the shunt  
 Pre-tricuspid level – interatrial communication or abnormal pulmonary venous drainage 
 Post-tricuspid level – interventricular communications, patent arterial duct, functionally univentricular hearts 
  Direction of the shunt  
 Systemic to pulmonary 
 Pulmonary to systemic 
 Bidirectional 
  Size of defect  (anatomical and functional, both at present and at early age) 
 Quantifi cation of the shunt in terms of ratios of pulmonary-to-systemic fl ows 
 Restriction: is there a pressure drop over the (post- tricuspid) defect 
  State of repair  
 Correction of shunt and age at correction 
 Pulmonary arterial banding: age at and duration of the banding 
 Presence, type and duration of surgical shunts (Pott’s, Waterston, Blalock-Taussig) 
 Residual shunting (quantifi cation and location) 
  Associated cardiac anomalies  
 Affecting pulmonary haemodynamics, such as pulmonary stenosis 
 Affecting pulmonary venous outfl ow, such as divided left atrium, mitral stenosis, or left ventricular dysfunction 
 Affecting ventricular function and/or cardiac output 
  Associated extracardiac anomalies  
 Including syndromes, chromosomal abnormalities, airway anomalies, metabolic disorders, and so on 
 NB. A full description of pulmonary haemodynamics at the time of examination and, if available, at early age is 
recommended, as is a full history regarding interventions and timelines, in order fully to establish the impact of the 
cardiac malformations on the development of pulmonary arteriopathy 
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pulmonary vascular resistance. In contrast, pre- 
tricuspid lesions result in increased blood fl ow 
without increased pulmonary arterial pressure, 
and pulmonary arterial hypertension develops 
less frequently and later in the third and fourth 
decade of life. Examples are anomalous pulmo-
nary venous drainage, sinus venosus defects, 
secundum atrial septal defects (Fig.  25.10 ) and 
common atrium. A late adult presentation of 
sinus venosus atrial septal defect (Fig.  25.12 ) or 
secundum atrial septal defect with associated 
pulmonary hypertension will likely be suitable to 
undergo repair with reversibility of any associ-
ated pulmonary hypertension.

       In combined shunt lesions the combination 
and the predominant defect should be defi ned 

(Fig.  25.13 ). Further individual variation is 
explained by the presence of coexisting ‘protec-
tive’ pulmonary stenosis or limited (restrictive) 
shunt size. Co-morbidity such as the presence of 
trisomy 21 appears to increase susceptibility to 
pulmonary arterial hypertension [ 46 ]. Schulze- 
Neick and Beghetti have proposed a cogent clas-
sifi cation that allows clear thinking in the 
assessment of all forms of pulmonary hyperten-
sion causing clinical problems in congenital heart 
disease based on circulatory physiology [ 45 ] 
(Table  25.4 ). In this classifi cation cyanosis due to 
intraventricular mixing versus cyanosis due to 
classical Eisenmenger’s physiology with pre-
dominant right-to-left shunt at ventricular or arte-
rial level are differentiated.

a b

  Fig. 25.10    CT demonstration of simple pre-tricuspid or 
post-tricuspid shunts. The large secundum atrial septal 
defect ( a ), an example of a simple pre-tricuspid shunt, is 
marked with an  asterisk . The right ventricle ( RV ) is enlarged 

and hypertrophied. A large patent ductus arteriosus ( arrow ), 
an example of a simple post-tricuspid shunt, is seen between 
the aorta ( Ao ) and left pulmonary artery ( LPA ) on volume-
rendered image ( b ).  LA  left atrium,  RA  right atrium       

  Fig. 25.12    Known pulmonary hypertension revealed by 
CMR study to have unexpected congenital heart disease 
pre- tricuspid cause entirely treatable by surgical repair. 
Images ( a ,  b ) show  RV  dilatation and hypertrophy. Image 
( c ) shows main and right PA dilatation also consistent 
with pulmonary arterial hypertension. However in addi-
tion a RUPV draining to the SVC is notable. In a trans-

axial cine ( d ) and sagittal cine ( e ), the underlying sinus 
venosus ASD is clearly seen ( asterisk ). Image ( f ) is taken 
from the contrast-enhanced CMR angiogram and demon-
strates the RUPV return to the  SVC .  Ao  aorta,  LA  left 
atrium,  PA  pulmonary artery,  RA  right atrium,  RUPV  right 
upper pulmonary vein,  RV  right ventricle,  SVC  superior 
vena cava       
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a b

c d

  Fig. 25.11    Residual ventricular septal defect (VSD) 
despite previous truncus arteriosus repair with pulmonary 
hypertension and bidirectional shunt. Images ( a ,  c ) are in 
systole and images ( b ,  d ) in diastole. Images ( a ,  b ) are 
still frames from balanced steady-state free precession 
cine imaging in a RV oblique view aligned for tricuspid 

and pulmonary valves and aorta in short axis. Images ( c , 
 d ) are corresponding in-plane velocity images. A defect in 
the VSD patch is  arrowed  highlighting with the direction 
of the  arrow  that fl ow is bidirectional, right to left in sys-
tole and left to right in diastole.  Ao  aorta,  PA  pulmonary 
artery,  RA  right atrium,  RV  right ventricle       

a b c

d e f
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        Congenital abnormalities of the major  mediastinal 
venous structures occur in less than 2 % of people 
who have no other abnormalities [ 1 – 6 ]. Although 
many congenital anomalies have been described, 
three occur with suffi cient frequency that they 
will be encountered in routine clinical practice: 
azygos or hemiazygos continuation of an inter-
rupted inferior vena cava (IVC), persistence of a 
left superior vena cava (SVC) with and without a 
coexisting right SVC, and partial anomalous pul-
monary venous return (PAPVR). Although they 
may occur in adults who have no other abnor-
malities, these three abnormalities also may be 
associated with a wide variety of vascular anom-
alies and cardiac defects [ 1 – 6 ]. Classifi cations of 
systemic and pulmonary venous anomalies are 
shown in Tables  26.1  and  26.2 .

      Imaging Techniques 

 Thoracic venous anomalies may not be diagnosed 
until adulthood. The decision to perform surgi-
cal correction relies on preoperative knowledge 
of the systemic or pulmonary venous anatomy, 
associated cardiac anomalies, and the magnitude 

of the left-to-right or right-to-left shunts. Multiple 
complementary diagnostic tests are usually nec-
essary in order to obtain complete anatomic and 
functional data. Although echocardiography has 
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   Table 26.1    Classifi cation of systemic venous anomalies   

 Anomalies of SVC 
  Persistent left SVC (connection to coronary sinus) 
  Persistent left SVC with unroofed coronary sinus 
  Persistent left SVC connecting to left atrium 
  Absent right SVC with persistent left SVC 
  Right SVC connecting to left atrium 
  Aberrant right atrial insertion 
  Aneurysm 
  Absent both SVC with azygos continuation of IVC 
 Anomalies of IVC 
  Azygos continuation to SVC 
  Hemiazygos continuation to left SVC 
  Connection to left atrium 
  Connection to coronary sinus 
  Aberrant right atrial insertion 
  Situs inversus 
 Miscellaneous thoracic venous disorders 
   Absent left brachiocephalic vein with venous return 

via (LSICV) 
   Anomalous courses (subaortic) of the left 

brachiocephalic vein 
   Anomalous hepatic venous connection to right 

atrium 
   Anomalous hepatic venous connection to coronary 

sinus 
  Absent azygos vein 
 Common associated anomalies 
  Heterotaxy syndrome, TOF 

   IVC  inferior vena cava,  LSICV  left superior intercostal 
vein,  SVC  superior vena cava,  TOF  tetralogy of Fallot  
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a variety of diagnostic strengths especially in the 
evaluation of many congenital heart disease in 
children, it can be suboptimal for comprehensive 
assessment of thoracic venous anomalies. With 
magnetic resonance imaging (MRI) or computed 
tomography (CT), detailed anatomic information 
regarding the number, origin, course, and drain-
age of all thoracic veins and their relationships to 
cardiac and extracardiac structures can be easily 
obtained. They provide volumetric data that are 
essential for diagnosis and therapeutic planning 
[ 7 – 11 ]. Associated great vessels and intracardiac 
anomalies can also be evaluated. Both modali-
ties are useful postoperatively and facilitate the 
evaluation of patency, anastomotic narrowing, 
right ventricular systolic function, and residual 
abnormal communications. 

 CT provides rapid acquisition of data with 
high spatial resolution and a wide anatomic cov-
erage. Isotropic multiplanar reformatting and 
volume rendering reconstruction capabilities 
both excellently depict anomalous pulmonary 
venous structures [ 7 ]. The primary disadvantage 
of CT is that it requires the use of ionizing 
 radiation. Using high pitch modes and iterative 

 reconstruction methods radiation dose can sig-
nifi cantly be reduced. Major advantages of MRI 
are the lack of ionizing radiation and the power 
for dynamic imaging and function analysis with 
or without contrast. However, when compared 
with CT angiography, high-quality MRI capabili-
ties are not nearly as widely available and cur-
rently do not offer a comparable level of spatial 
resolution, and susceptibility artifacts can be 
problematic. In patients with a cardiac pacemaker 
or claustrophobia, CT may be a better choice. 

 In both CT and MR angiographies, timing of 
the intravenous contrast material bolus is critical 
because a suboptimally timed bolus may limit 
opacifi cation of targeted venous structures. In a 
patient with left-sided SVC, a left arm approach 
may be the preferred route of injection. In post-
operative patients with bidirectional cavopulmo-
nary shunts and azygos continuation of IVC, it 
may be necessary to perform a dual injection 
method using both arms or one arm and one 
lower extremity injections simultaneously. 

 Regarding CT technique, the narrowest 
allowable beam collimation should be used to 
produce isotropic reformatted and 3-dimen-
sional volume- rendered images. Most scanners 
have the capability of 0.5 mm collimation that 
can easily provide an isotropic resolution of 
0.5 mm in a 25-cm fi eld of view. Nonionic low-
osmolality (or iso-osmolality) iodinated contrast 
material (1–1.5 mL/kg, 80–120 mL volume) is 
typically administered intravenously using a 
power injector at injection rates of 3–5 mL/s, 
depending on quality of venous access. In the 
evaluation of systemic venous anatomy, diluted 
contrast (30–50 %) without bolus triggering is 
the preferred method of injection. The scan can 
be started immediately after contrast injection 
or with a few seconds delay depending on “scan 
start delay” timing specifi c to the machine used. 
Bolus triggering generally delays scan initiation 
for an additional 5–7 s. Without triggering this 
can be reduced to 2–3 s delay. For pulmonary 
vein anatomy, anomalous pulmonary venous 
drainage, and cor triatriatum, the timing of imag-
ing after the injection of contrast material may 
be precisely determined using either a timing 
bolus or real-time contrast material tracking. In 
general the CT technique for evaluation of the 

   Table 26.2    Classifi cation of pulmonary venous 
anomalies   

 Anatomical variant in connection or course: common 
trunk, supernumerary vein, meandering pulmonary 
vein 
 Intrinsic abnormality: stenosis, hypoplasia, atresia, 
aneurysm (varix) 
 Partial anomalous pulmonary venous return 
   Right pulmonary veins: SVC, right atrium, both, 

IVC (scimitar), azygos vein 
   Left pulmonary veins: left brachiocephalic vein (left 

vertical vein), coronary sinus 
  Partial bilateral 
 Total anomalous pulmonary venous return 
   Supracardiac: left brachiocephalic vein, right SVC, 

azygos vein 
  Cardiac: coronary sinus, right atrium 
   Infracardiac: portal vein or tributary, ductus venosus, 

IVC, left gastric vein 
 Associated anomalies 
   Pulmonary: bronchopulmonary sequestration, AVM, 

congenital cystic adenomatoid malformation 
  Common cardiac: cor triatriatum 

   AVM  arteriovenous malformation,  IVC  inferior vena cava, 
 SVC  superior vena cava  
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pulmonary veins is very similar to coronary CT 
angiography. In our institution we prefer to start 
scan with contrast arrival in the descending tho-
racic aorta below the level of tracheal bifurcation 
using a 180 Hounsfi eld unit trigger threshold. 
Generally, cardiac gating is not required for the 
evaluation of systemic or pulmonary venous 
structures, although it may prove useful if the 
patient is being specifi cally evaluated for cor 
triatriatum, associated intracardiac lesions, or 
central pulmonary vein hypoplasia/stenosis. 

 MRI is the preferred imaging technique for 
noncontrast imaging of venous system, fl ow 
quantifi cation, and functional analysis [ 11 – 13 ]. 
Not only can MRI detect the extracardiac anom-
alous vessels, it can also clearly delineate the 
intracardiac anatomy (i.e., sinus venosus defect). 
Furthermore, velocity fl ow mapping allows accu-
rate assessment of the Qp/Qs without the need 
for or the risk associated with cardiac catheter-
ization. The thoracic venous system can be evalu-
ated using a variety of MRI techniques. Images 
are ideally acquired using a dedicated phased- 
array cardiac coil. Both black blood and bright 
blood images may be obtained without intrave-
nous contrast material. High-resolution double- 
inversion recovery fast spin-echo (black blood) 
images are typically acquired in axial, coronal, 
and sagittal directions to assess anatomy. Fast 
gradient echo and balanced steady-state free 
precession (b-SSFP) pulse sequences provide 
bright blood cine images that are useful for the 
venous stenosis, thrombosis, or anomalies. These 
sequences can be applied using 2-dimensional 
(2D) or 3D modes without and with ECG gat-
ing. The use of contrast-enhanced MR angi-
ography in patients with anomalous thoracic 
veins has been advocated as a way to improve 
diagnosis and reduce the patient’s time in the 
scanner. However, recent concerns about com-
plications associated with gadolinium contrast 
agents have led to using other imaging tech-
niques that do not require the administration of 
gadolinium contrast. Noncontrast respiratory-
triggered ECG-gated free-breathing T2-prepped 
3D b-SSFP pulse sequences allow the acquisition 
of a  near- isotropic volumetric dataset (1.5 mm 3 ) 
that can be reformatted and reviewed in any plane 
[ 14 ]. For respiratory triggering a navigator pulse 

with a 5-mm acceptance window is placed over 
the right hemidiaphragm. A large (40 cm) fi eld 
of view permits imaging of the entire chest. To 
reduce the sensitivity of SSFP to fi eld inhomo-
geneities, which can be problematic for large 
fi eld-of- view imaging, a nonselective radio fre-
quency excitation is used to shorten the repetition 
time. Unenhanced MR angiography using this 
technique is shown to be as accurate as contrast- 
enhanced MR angiography for showing pulmo-
nary veins [ 14 ]. The SSFP technique also permits 
evaluation of the extravascular pathologies. 

 For contrast-enhanced MR angiography, a 
non-ECG-gated 3D fast gradient is usually used 
[ 15 ,  16 ]. Gadolinium-based contrast material 
may be either injected by hand or power-injected 
at 3–4 mL/s using a double dose (0.20 mmol/kg). 
Depending on the desired anatomical coverage, 
large fi eld-of-view 1.5–2 mm oblique coronal or 
sagittal images (i.e., imaging slab of 60–80 mm 
are partitioned into 40 slices) can be acquired 
using two or three sequential breath holds or dur-
ing quiet breathing (Fig.  26.1 ). A delay of 5 s 
can be used for the systemic vein evaluation and 
15–20 s for the pulmonary veins. Newer dynamic, 
time-resolved 3D MRA sequences using high- 
performance gradients obviate the need for a 
timing strategy. Because a complete 3D MRA 
dataset can be acquired in 4–7 s, several sequen-
tial acquisitions can be obtained immediately fol-
lowing contrast injection. Subsequently, the best 
quality dataset is selected for image analysis. 
Although reviewing the individual source images 
is important, these images are typically reformat-
ted in multiple planes as well as reconstructed as 
either maximum-intensity-projection (MIP) or 
volume-rendered images [ 17 ].

   In addition to anatomy, MRI can be used to 
detect and measure shunts in a patient with anom-
alous venous return [ 13 ,  18 ,  19 ]. Classically the 
oximetry with cardiac catheterization remains the 
most widely accepted clinical standard for the QP/
QS measurement. However, very small shunts, 
especially at the atrial level, are hardly assessed 
by the currently used oximetric  technique, 
because of the pO 2  right chamber variability 
observed even in normal subjects without left-to-
right shunt [ 20 ]. On the other side the accuracy of 
MRI QP/QS assessment in vitro and in vivo has 
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already been demonstrated [ 18 ]. Phase-contrast 
MRI fl ow measurements have been shown more 
reproducible and tended to correlate better with 
defect area than oximetry calculations.  

   Systemic Venous Anomalies 

   Embryology 

 Systemic venous anomalies of the thorax are the 
result of complex variations in the persistence and 
regression of segments of three pairs of venous 
channels during the fi rst 4 weeks of fetal develop-
ment. All these three venous channels drain into 
the sinus venosus: the omphalomesenteric (vitel-
line) veins, carrying blood from the yolk sac; the 
umbilical vein, originating in the chorionic villi 
and carrying oxygenated blood from placenta; 
and the common cardinal veins (ducts of Cuvier), 
draining the body of the embryo. 

 The right and left common cardinal veins are 
formed by the confl uence of the anterior and 
 posterior cardinal veins [ 1 ,  21 ,  22 ] (Fig.  26.2 ). 
The anterior cardinal vein drains the cephalic por-
tion of the embryo, and the posterior cardinal vein 
drains the remainder of its body. The left vitelline 
and cardinal veins regress during embryogenesis. 

The right vitelline vein forms hepatic segment of 
the IVC (hepatocardiac channel). The right horn 
of the sinus venosus and the right common cardi-
nal vein will be developed and eventually form 
the posterior wall of the right atrium (RA) and the 
SVC, respectively. The left horn of the sinus 
venosus, in conjunction with the regressing left 
common cardinal vein, forms the coronary sinus 
(CS) and the ligament or vein of the left atrium 
(Marshall) (Fig.  26.2 ). A bridging venous plexus 
forms between the right and left anterior cardinal 
veins around 24 mm crown-rump embryonic 
stage and develops to be the left brachiocephalic 
vein [ 23 ]. The left anterior cardinal vein below 
this connection gradually obliterates. Its upper 
portion remains as part of the left superior inter-
costal vein (SICV). The right anterior and com-
mon cardinal veins persist and form the SVC.

   The right sinus valve persists as the valve of 
the IVC (eustachian valve) and the valve of the 
coronary sinus (thebesian valve) [ 24 ]. A double 
SVC is the result of persistence of the left  anterior 
cardinal vein. If, in addition, the normally persis-
tent right cardinal vein regresses, then there is 
only one SVC on left. In the normal atrial situs, 
persistence of the left anterior cardinal vein con-
nected to the left atrium (LA) is an infrequent 
occurrence, this vein usually draining into the 

  Fig. 26.1    MR angiography technique for the left atrium 
and pulmonary veins. Using a sagittal reference, oblique 
coronal partitions will be obtained parallel to the short 
axis of the heart. An anteroposterior angle (approximately 

20°) brings the plane of 3-dimensional dataset parallel to 
the long axis the pulmonary veins.  LAA  left atrial 
appendage       

 

F. Saremi



577

RA via the coronary sinus. In atrial isomerism, 
conversely, the left anterior cardinal vein usually 
persists, draining either into the roof of the left- 
sided atrium (mainly in right atrial isomerism) or 
into the CS (usually in left atrial isomerism).  

   Anomalies of the Right SVC 

 The SVC starts at the confl uence of the right and 
left brachiocephalic veins. It travels 5–7 cm on 
the right anterior aspect of the upper mediasti-
num from the level of fi rst sternocostal junction 
to the superior cavoatrial junction. At the junc-
tion with the RA, the SVC is located  posterolateral 
to the ascending aorta, anterior to the right pul-
monary artery, and anteromedial to the right 
superior pulmonary vein (Fig.  26.3 ). Isolated 
anomalies of the right SVC are rare [ 25 ]. 

Anomalous low insertion of the right SVC into 
the right atrium can be seen as an isolated anom-
aly. Anomalous high insertion of IVC can be 
seen in congenital heart diseases (CHD). A case 
of cyanotic CHD with left ventricular hypertro-
phy described that cardiac catheterization showed 
a right SVC draining into the left atrium without 
other cardiovascular abnormality [ 26 ]. Congenital 
aneurysmal dilatation of the SVC may be mis-
taken with a mass [ 27 ] (Fig.  26.4 ). It may involve 
the SVC only or multiple veins in the upper 
mediastinum (Fig.  26.5 ). This anomaly is usually 
an incidental fi nding but has been associated with 
thrombosis leading to embolization and SVC 
obstruction [ 28 ]. Congenital aneurysmal dilata-
tion can be associated with cystic hygromas [ 29 ]. 
Agenesis of the SVC with two brachiocephalic 
veins draining separately is also reported without 
intracardiac malformations [ 30 ].
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  Fig. 26.2    Development of the cardinal veins. The rela-
tive relationship and the timing of development of the 
structures in cartoons are speculative. Anterior views.  Acc  

accessory,  BCV  brachiocephalic vein,  HAZ  hemiazygos, 
 LSICV  left superior intercostal vein,  SVC  superior 
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        Left SVC 

 The left SVC is the most common anomalous sys-
temic vein drainage in the thorax, incidentally 
found in one out of 200 (0.5 %) of CT or MRI 
studies of chest. In patients with congenital heart 
malformation, it is more common and may be seen 
in 5–10 % of patients [ 1 ,  31 – 33 ]. Isolated left SVC 
is less common than duplicated SVC. Similar to 
PAVR of the left upper lobe, it results from failure 
of parts of the left anterior and common cardinal 
veins to regress. The left SVC drains the tributaries 

of the left subclavian and jugular veins into the CS 
via the oblique vein of the left atrium (vein of 
Marshall). The LSIV becomes a tributary of the 
left LVC in 20 % of cases and may connect it to the 
accessory hemiazygos, analogous to the azygos 
arch on the right that connects the right SVC to the 
azygos vein (Fig.  26.6 ). In 80–90 % of patients, 
the left and right SVCs coexist, although the left is 
usually smaller especially when the left brachioce-
phalic vein bridges the two veins (Fig.  26.7 ). In 
about 40–60 % of cases, the left brachiocephalic 
vein connecting the two SVCs is absent [ 31 ,  34 ]. 

  Fig. 26.3    Anatomy of the superior and inferior cavoatrial 
junctions. Relationship of the superior vena cava ( SVC ) 
with the right superior pulmonary vein ( RSPV ) and the 

ascending aorta ( AA ) is shown. Note the SVC connects to 
posteromedial aspect of the right atrial appendage ( RAA ). 
 LA  left atrium       

  Fig. 26.4    Varicoid veins of upper mediastinum mainly involving the left brachiocephalic vein ( BCV ), azygos system, 
and superior vena cava ( SVC ) above the confl uence with the azygos       

 

 

F. Saremi



579

In this situation the left SVC is larger (Fig.  26.8 ). 
In persistent left SVC, especially isolated left 
SVC, the incidence of CHD increases including 
atrial septal defect (ASD), tetralogy of Fallot, het-
erotaxy, coarctation of aorta , pulmonary atresia or 
stenosis, cor triatriatum, atrioventricular septal 
defects, double-outlet right ventricle, and anoma-
lous pulmonary venous drainage [ 1 ,  35 ] (Fig.  26.9 ).

      The left SVC descends lateral to the aor-
tic arch and anterior to the hilum, enters the 

 pericardium in the posterior atrioventricular 
groove, and in almost all cases drains into the 
CS (90 %) with no signifi cant hemodynamic 
effects (Figs.  26.8  and  26.10 ). The CS is large 
especially when the brachiocephalic vein is 
absent and will be heavily opacifi ed in CT or 
MR angiographies when contrast is injected in 
the left arm. Rarely (8 %), the drainage of the left 
SVC is not into the CS, but instead into the left 
atrium or left superior pulmonary vein. In these 

  Fig. 26.5    Superior vena cava ( SVC ) aneurysm above the 
confl uence with the azygos vein. The azygos vein was 
normal sized. The left brachiocephalic vein (BVC) is 

mildly enlarged. The patient referred to CT for possible 
mass seen on chest X-ray       

  Fig. 26.6    Different patterns of left superior intercostal 
vein (LSICV) ( arrows ). ( a ) Normal with right superior 
vena cava (SVC) only. ( b ) Duplicated SVC and small 

LSICV. ( c ) Left SVC with large LSICV. ( d ) Duplicated 
SVC with LSICV entering left and the azygos entering 
right SVC.  SVC  superior vena cava       
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cases as well, the incidence of CHD increases 
(Fig.  26.11 ). Isolated connection of the left 
SVC to the left atrial roof is very rare [ 36 – 38 ]. 
Patients with an isolated left SVC draining into 
the left atrium usually have a right-to-left shunt, 
unless there is a big bridging vein between the 
two SVCs, which may allow a left-to-right 
shunt, instead. Usually, the left SVC draining 
into the left atrium causes mild cyanosis and 
polycythemia. Patients are minimally symp-
tomatic or asymptomatic. Cardiac examination, 
chest X-ray, and electrocardiogram are usually 
normal. As a result, these rare cases are often 
an incidental fi nding during other diagnostic 
exams [ 36 ]. A major complication of this form 
of hidden right-to-left shunt would be paradoxi-
cal embolism with complication such as crypto-
genic stroke (Fig.  26.11 ). Similar situation can 
occur in cases of left SVC with an unroofed CS 

especially if the CS ostium to the right atrium 
is atretic. The anomalies can also interfere with 
catheterization and may cause diffi culty plac-
ing a cardiac pacer or defi brillator leads when a 
left arm approach is used. During the develop-
ment of the embryo, the left SVC draining into 
the CS causes an  enlargement of this vessel and 
 dissolution of the wall of the CS adjacent to the 
LA causing either a coronary sinus–left atrium 
fenestration (unroofi ng) or an interatrial com-
munication through the mouth of the CS (coro-
nary sinus type ASD) [ 39 ]. Therefore, unroofed 
CS is mostly associated with a left SVC, with 
or without a connection between both the two 
SVCs. The diagnosis of this lesion is impor-
tant to the prognosis of the patient because of 
the consequences of brain abscess or cerebral 
emboli that may result from a right-to-left 
shunt [ 40 ,  41 ]. Injection of contrast in the arm 

  Fig. 26.7    Double superior vena cava (SVC) system con-
necting through a normal brachiocephalic vein ( double 
arrow ) in two different patients. The left SVC ( LSVC ) drains 
into a normal-sized coronary sinus ( CS ) in both cases. In the 

fi rst case ( upper row ), azygos vein ( Az ) connects to the right 
SVC ( RSVC ). In the second case ( lower row ), the azygos 
vein is absent but the hemiazygos ( HAz ) connects to the 
LSVC by the left superior intercostal vein ( large arrow )       
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during CT or MR angiography can improve 
 demonstration of this anomaly and associated 
right-to-left shunting.

    Bilateral SVCs are seen in 60–70 % of 
patients with situs anomalies [ 35 ,  42 ]. In right 
atrial isomerism, the left SVC drains into the 
roof of the left-sided atrium. In the hearts with 

right atrial isomerism, a coronary sinus defect 
does not exist as there is no orifi ce of the CS 
[ 39 ]. Whereas in left atrial isomerism, bilateral 
SVCs are usually present, and both tend to con-
nect low on the atrial wall near the atrioventricu-
lar junction [ 36 ]. In 50 % of the cases, the left 
SVC connects to the right-sided atrium through 

  Fig. 26.8    Double superior vena cava (SVC) system with 
( upper row ) and without ( lower row ) left brachiocephalic 
vein ( BCV ). Note the coronary sinus ( CS ) is generally larger 

in the absence of left brachiocephalic vein. The size of left 
SVC ( LSVC ) is variable in the presence of left brachioce-
phalic vein but it is generally smaller than the right SVC       
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a CS, but both veins can connect directly into the 
superior atrial wall. 

 In situs anomalies, the current trend is to divide 
and anastomose both SVCs to the pulmonary 
arteries in a bidirectional cavopulmonary anas-
tomosis, hemi-Fontan, or Fontan procedure [ 43 ]. 
However, a small-caliber left SVC, especially 
when associated with a large innominate vein, 
may not be considered worthy of anastomosing 
and may simply be ligated. In adult repaired CHD 
the residual of a ligated left SVC can seen in CT 
or MR (Fig.  26.9 ). If the left SVC draining the 
CS is preserved during the Glenn and  Fontan-type 
operations, the ensuing systemic venous hyper-

tension could adversely affect the coronary fl ow 
and myocardial perfusion. A persistent left SVC 
is rarely associated with coronary sinus orifi ce 
atresia [ 44 ,  45 ]. Other congenital cardiac lesions 
associated with coronary sinus orifi ce atresia with 
left SVC include ASD, ventricular septal defect, 
transposition of the great arteries, tricuspid atre-
sia, and mitral atresia [ 32 ]. 

   Left Superior Left Intercostal Vein 
(LSICV) Collateral Pathway 
 The residuals of an obliterated left anterior car-
dinal vein are seen as the oblique vein of the 
left atrium (Marshall) on the cardiac end and as 

  Fig. 26.9     Upper row : a 27-year-old male with unrepaired 
tetralogy of Fallot ( TOF ). Absence of the brachiocephalic 
vein and a left superior vena cava ( LSVC ) draining into a 
large coronary sinus is shown. Note the hypertrophied 
right ventricle outfl ow tract ( RVOT ) and the ventricular 
septal defect ( VSD ). The pulmonary arteries are enlarged. 

 Lower row : ligated left superior vena cava (SVC) is shown 
( arrow ) in a patient with dextrocardia, and double-outlet 
right ventricle, status post bilateral Glenn shunts and 
Fontan procedure. Injected contrast has entered into the 
right pulmonary artery through a right cavopulmonary 
anastomosis       
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a small vertical vein on the venous end between 
the LSICV and the left brachiocephalic vein 
[ 22 ,  31 ,  46 ] (Fig.  26.10a ). The LSICV is a 
bridging vessel that links the posteriorly 
located azygos–hemiazygos systems with the 
anteriorly located left brachiocephalic vein. 
The LSICV drains the  second, third, and fourth 
posterior intercostal veins and then passes for-
ward and upward along the aortic arch to drain 
into the left brachiocephalic vein near the 
venous angle. In 2/3 the vein connects to the 
accessory hemiazygos vein which is recogniz-
able in most CT angiographies [ 47 ,  48 ] 
(Fig.  26.6 ). The LSICV is described as “aortic 
nipple” in up to 10 % [ 47 ] of chest radiographs. 
Obviously with CT, it can be seen more fre-
quently (45 %) along the lateral side of aortic 
arch. This bridging venous pathway has the 
potential of creating a right-to-left shunt when 
the SVC or left brachiocephalic vein is nar-
rowed or obstructed. In this situation, venous 
connections develop between mediastinal veins 
or tributaries of the LSICV on the systemic side 

and the superior pulmonary veins (rarely left 
atrium) on the pulmonary side [ 49 ].  

   Left Brachiocephalic Vein 
 The brachiocephalic veins are formed by the 
junction of the internal jugular and subclavian 
veins behind the sternoclavicular joint. The left 
brachiocephalic vein passes obliquely from 
left to right, and the right brachiocephalic vein 
moves downward behind the manubrium. They 
join to form the SVC. The left vein is longer 
than the right; neither has a valve. Anomalous 
brachiocephalic vein is uncommon, account-
ing for approximately 1 % of congenital car-
diovascular anomalies [ 23 ,  50 ]. The cause of 
an anomalous brachiocephalic vein remains 
controversial and is related to abnormal regres-
sion of the anterior cardinal anastomosis. The 
presence of two or more (a plexus) transverse 
precardinal anastomoses is proposed to explain 
four patterns of anomalous brachiocephalic 
vein development: anomalous subaortic left 
brachiocephalic vein, persistent left SVC with 

  Fig. 26.10    ( a ) Posterolateral view of the heart demon-
strates a normal relationship between the coronary sinus 
( CS ) and the oblique vein of left atrium ( OV ). The OV is 
much smaller than the CS and connects to the CS with an 
angle between 30° t5°. ( b ) In persistent left superior vena 

cava ( LSVC ), the CS is generally larger than normal. The 
OV and the LSVC pass along the lateral wall of the left 
atrium between the left atrial appendage and the left supe-
rior pulmonary vein ( green arrow  in  b ).  GCV  great car-
diac vein       
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a

b

  Fig. 26.11    ( a ) Direct communication of the left superior 
vena cava ( LSVC ) with the left atrium ( LA ) in a patient 
repaired tetralogy shown by CT and MR angiographies 
( red arrows ) using a left arm injection of contrast method. 
Maximal intensity projection CT in lateral view ( left 
image ) shows that the LSVC is also connecting with the 
hemiazygos system ( HAz ) by the superior left intercostal 
vein ( SICV ). This was confi rmed with transesophageal 
echocardiography after injection of agitated saline in the 
left arm. Echocardiography image showing bubbles fi rst 

entered the LA ( green arrows ). The communication was 
coil embolized as the patient had multiple episodes of 
paradoxical embolic brain infarctions. ( b ) Volume-
rendered left heart MR angiogram from left-sided venous 
injection in a patient with congenital corrected transposi-
tion of the great arteries showing direct communication of 
the left superior vena cava ( LSVC ) to the left atrium ( LA ). 
There is no connection between the two SVCs. Note par-
tial anomalous venous return ( PAVR ) of the right upper 
lobe into the right SVC.  RA  right atrium       
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a hypoplastic left brachiocephalic vein con-
necting to the right SVC, double SVC with 
agenesis of the left brachiocephalic vein [ 23 ], 
and circumaortic left brachiocephalic vein 
(Figs.  26.12  and  26.13 ). An anomalous subaor-
tic left brachiocephalic vein is usually associ-
ated with congenital heart disease including 
right- sided aortic arch and underdeveloped 
pulmonary artery [ 23 ,  51 ]. This vein, rather 
than joining the right brachiocephalic vein 
ventral to the aorta, crosses the midline dorsal to 
the ascending aorta to join the SVC caudal to the 
azygos vein (Fig.  26.12 ). Recognition of the 
brachiocephalic vein anomalies is important to 
avoid misdiagnosis and prevent technical dif-
fi culty in a left arm approach for the insertion 
of a central venous catheter and cardiovascu-
lar intervention. Congenital aneurysm of the 
brachiocephalic vein is rare [ 52 ]. Most aneu-
rysms are asymptomatic and usually manifest 
incidentally as mediastinal widening on chest 
radiographs. There may be a marked difference 
in the appearance of the aneurysm depending 
on the patient’s posture.  A  brachiocephalic vein 
aneurysm can manifest as a mediastinal mass 
on a supine radiograph but can be barely seen 
with the patient in the erect position. In this 
case CT or MR can be diagnostic (Fig.  26.4 ). 
A brachiocephalic vein aneurysm, however, 
can be complicated by a pulmonary embolus, 

 rupture, and venous obstruction,  necessitating 
 surgical repair [ 8 ].

         Azygos System and IVC 

 In the thorax the azygos system receives blood 
from the posterior intercostal and mediastinal 
venous tributaries. The superior intercostal vein 
drains the second through the fourth intercostal 
spaces. The right superior intercostal vein com-
municates with the azygos knob. The left SICV 
drains into the left brachiocephalic vein along the 
lateral margin of the aortic arch and may connect 
to the accessory hemiazygos in 70–80 % of cases. 
The azygos vein drains into the SVC just cepha-
lad to the right main bronchus. The hemiazygos 
vein crosses midline at T8–T9 level and behind 
the descending thoracic aorta to join the azygos 
vein (Fig.  26.14 ). From this point, the accessory 
hemiazygos vein extends further cephalad in a 
left paravertebral position and may communicate 
with the azygos vein at different levels.

     Embryology 

 During the fourth to sixth weeks of embryologic 
development, a pair of posterior cardinal veins 
drain all but the cephalic portion of the embryo 

  Fig. 26.12    Retroaortic left brachiocephalic vein ( green 
arrow ) with persistent left superior vena cava ( LSVC ). 
The azygos vein ( Az ) enters normally into the right SVC 

( RSVC ) and the anomalous brachiocephalic vein connects 
to SVC caudal to the azygos ostium.  Ao  aorta,  CS  coro-
nary sinus       
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[ 31 ,  53 ,  54 ]. Later at sixth week, a second new 
pairs of vein, the subcardinal veins, develop 
which become dominant at 7 weeks while most 
of the posterior cardinal veins gradually disap-
pear (Fig.  26.2 ). Important anastomoses develop 
between the right and left subcardinal veins ante-
rior to the aorta. The right subcardinal vein further 
develops to the renal and suprarenal portions of the 
IVC which connect with the posthepatic segment 
of IVC (derived from vitelline vein). At 8 weeks, 
the posterior cardinal veins will be replaced prox-
imally by a third pair of veins, the supracardinal 
veins, which develop medial and dorsal to the 
posterior cardinal veins and later anatomose each 
other behind the aorta. The azygos vein derives 
mainly from the upper right  supracardinal vein 
but the azygos arch seems to originate from the 
remaining of the cranial segment of the right pos-
terior cardinal vein. Similarly, upper left supra-
cardinal vein turns into the hemiazygos vein, 
and the residual of the cranial segment of the left 
posterior cardinal vein may form the posterior 
portion of LSICV. The IVC development is com-
plex and fi ve embryological segments contribute 
to its composition. In caudal–cranial order, these 
segments include posterior cardinal veins (iliac 
segment), right supracardinal vein (infrarenal seg-
ment), anastomosis between the right supra- and 
subcardinal veins (renal segment), right subcardi-
nal vein (suprarenal segment), and hepatocardiac 
canal (hepatic segment).  

   Anomalies 

   Azygos and Hemiazygos 
Continuation of the IVC 
 Abnormal connection of the hepatic and supra-
renal segments of the IVC results in azygos or 
hemiazygos continuation [ 53 ,  54 ] (Fig.  26.14 ). 
Therefore, although a large azygos or hemia-
zygos vein is the predominant fi nding in this 
abnormality, the primary anomaly is the IVC 
maldevelopment. 

 These anomalies may be isolated or associ-
ated with other anomalies (Figs.  26.15  and 
 26.16 ). It can be a part of situs anomalies with 
left isomerism, in which the liver and stomach 
are located in the midline, multiple spleens are 
found along the greater curvature of the stomach 
(polysplenia syndrome), and the minor fi ssure of 
the right lung is absent [ 55 ]. Azygos continuation 
is rare in patients with asplenia (right isomer-
ism). Associated anomalies of the abdominal 
IVC such as left-sided or duplicated IVC are fre-
quent [ 55 ].

    The imaging features of azygos continuation 
of the IVC include dilatation of the azygos vein, 
azygos arch, and SVC caused by increased fl ow. 
The hepatic veins drain into the right atrium via 
the suprahepatic IVC (Fig.  26.15 ). The hepatic 
segment of the IVC is absent or hypoplastic, and 
this condition must be documented to exclude 
other causes of an enlarged azygos vein. 

  Fig. 26.13    Circumaortic left brachiocephalic vein ( green 
arrows ) with dual superior vena cava (SVC) system. The 
azygos system ( Az ) connects with the right SVC ( RSVC ) 

and the left SVC ( LSVC ) connects with the coronary sinus 
( CS ),  Ao  aortic arch       
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 Hemiazygos continuation of a left-sided IVC 
has several variations, including three possible 
routes for blood in the hemiazygos vein to reach 
the right atrium [ 54 ,  56 ]. In the fi rst route, the 
hemiazygos vein drains into the azygos vein at 
T8–T9. In this case, the fi ndings at more cepha-
lad levels are similar to azygos continuation with 
enlargement of the distal azygos vein. The hemi-
azygos vein is also enlarged. The second route 
involves a persistent left SVC, and blood fl ows 
from the hemiazygos vein into the accessory 
hemiazygos vein and left SVC and then into the 
CS, all of which are dilated. In the third route, the 
hemiazygos vein drains to the accessory hemia-
zygos vein, left SICV, and left brachiocephalic 
vein into a normal right SVC.  

   Abnormal Position or Connections or 
Absence of the Azygos Vein 
 Azygos lobe of the right lung apex occurs in 1 % of 
population as a result of malposition of terminal 

part of the azygos vein [ 57 ]. It occurs when the right 
posterior cardinal vein, one of the  precursors of the 
azygos vein, fails to migrate over the apex of the 
lung and penetrates it instead, carrying along pleu-
ral layers that entrap a portion of the right upper 
lobe. This is a benign anatomical variant and should 
not be mistaken with major anomalies. Left azygos 
lobe is rare and is caused by a malpositioned LSICV 
draining into the left brachiocephalic vein [ 58 ]. 

 In rare occasions, the azygos vein enters 
the right brachiocephalic vein, right subcla-
vian vein, intrapericardial SVC, or right atrium. 
Total absence of the azygos vein, a very rare 
anomaly, arises when the cranial segment of the 
right supracardinal vein fails to develop [ 59 ]. It 
is  usually asymptomatic. Drainage of the right 
and left intercostal veins will be performed by 
the hemiazygos and accessory hemiazygos veins 
as well as through the left brachiocephalic and 
left superior intercostal veins causing unusual 
enlargement of these veins.    

  Fig. 26.14    Normal azygos system is shown in MR 
 angiography. The hemiazygos ( HAz ) and accessory ( Acc. ) 
HAz connect each other approximately at T8 level and 

cross-link with the azygos ( Az ) at the same level. In  azygos 
 continuation of inferior vena cava ( IVC ), the  azygos is 
markedly enlarged and the hemiazygos system is diminutive       
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   Anomalies of the Pulmonary Veins 

   Anatomy 

 Normal pulmonary vein anatomy consists of 
two right-sided and two left-sided veins with 
separate ostia. The anatomy and sizes of the LA 
and  pulmonary veins are commonly variable. 
The pulmonary vein ostia are ellipsoid with a 
longer superio-inferior dimension. The superior 
pulmonary veins typically drain the upper and 
middle lung lobes, whereas the inferior pulmo-
nary veins originate from the lower lobes. The 
superior pulmonary vein ostia are usually larger 
than the inferior pulmonary vein ostia.  

   Embryology 

 The primary heart tube is formed from fusion of 
vitelline veins which differentiate into myocar-
dium. Later development of the cardinal and the 
umbilical venous systems occurs. In those species 
relying on lungs for the oxygenation of blood, 
there is also formation of a pulmonary vein [ 60 ]. 
During the fi rst 2 months in utero, the lung buds 
develop from the foregut. Blood returning from 
the lung buds initially drains into the splanchnic 
plexus, which communicates with paired cardi-
nal veins as well as umbilicovitelline veins and 
drains the systemic veins of the embryo. The 
right cardinal venous system eventually develops 
into the right SVC, and the left cardinal venous 

  Fig. 26.15    Azygos ( Az ) continuation of inferior vena 
cava ( IVC ). The azygos is markedly enlarged and enters 
the posterior aspect of the superior vena cava ( SVC ). 

The suprahepatic segment of inferior vena cava ( IVC ) 
 persists and connects the hepatic veins ( HV ) with the right 
atrium ( RA )       
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system remains as the oblique vein of the left 
atrium draining into the coronary sinus. The 
umbilicovitelline veins develop into the suprahe-
patic segment of the IVC, portal venous system, 
and ductus venosus. A primitive common pul-
monary vein arises as an outpouching from the 
dorsal wall of the left atrium and later develops 
into two and then four separate pulmonary veins. 
Later, fusion of the common pulmonary vein 
with the splanchnic venous plexus that drains the 
lungs occurs, and the pulmonary venous connec-
tions to the cardinal and umbilicovitelline veins 
disappear [ 61 ]. 

 Abnormal pulmonary venous connections 
occur if any of these processes fails to occur 
properly. If the common pulmonary vein fails to 
properly incorporate into the dorsal left atrial 
wall, pulmonary vein stenosis/atresia or cor tria-
triatum will occur [ 61 ]. The sites of anomalous 
connections are usually divided into (1) direct 
right atrial; (2) connections through the deriva-
tives of the right-sided common cardinal sys-
tems, namely, the SVC and azygos vein; (3) 
 connections through the derivatives of the left 
common cardinal system, specifi cally the coro-

nary sinus; and (4) connections through the 
umbilicovitelline system via the portal vein and 
venous duct. Direct drainage of the pulmonary 
veins to the morphologically right atrium, how-
ever, is almost always seen in the setting of 
 isomerism of the right atrial appendages and 
should not necessarily be considered as an error 
in separation of the splanchnic plexus. 
Anomalous pulmonary vein return is total if the 
entire pulmonary vein return is directed to the 
right atrium and partial if only a portion of the 
pulmonary vein circulation is affected. The pro-
portion of anomalous pulmonary vein return 
infl uences the extent of physiologic compro-
mise and the age of presentation.  

   Anatomical Variants 

 Anatomic variations in the course of the 
 pulmonary veins and their connection to the left 
atrium are common and have attracted atten-
tion because of the increasingly use of MRI 
and CT to depict pulmonary vein anatomy in 
patients with atrial fi brillation who are treated 

  Fig. 26.16    A 21-year-old woman with heterotaxy syn-
drome, dextrocardia, complex single ventricle, polysple-
nia, and situs inversus. Status post bilateral bidirectional 
cavopulmonary shunts (Kawashima procedure). Azygos 
( Az ) continuation of inferior vena cava ( IVC ). The hepatic 

venous ( HV ) fl ow inclusion into the left pulmonary artery 
( LPA ) is performed by an extracardiac conduit ( green 
arrows ). The left SVC also ( LSVC ) is connected to the 
LPA. The right SVC ( RSVC ) connected to the right pulmo-
nary artery ( RPA ).  LRV  left renal vein,  RRV  right renal vein       
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by  radiofrequency ablation of arrhythmogenic 
foci located near the pulmonary vein ostia even 
in congenital heart malformations. Conjoined 
(common) pulmonary vein is seen in 30 % of 
individuals and it is more common on the left 
side [ 62 ]. Supernumerary veins are also fre-
quently seen (Fig.  26.17 ). The most common is 
a separate right middle pulmonary vein, which 
drains the middle lobe of the lung in 25 % of 
patients [ 63 ]. In some patients, the supernumer-
ary pulmonary vein has an aberrant insertion 
with a perpendicular position in relation to the 
LA posterior wall (Fig.  26.17 ). A supernumerary 
pulmonary vein commonly drains posterior seg-
ment of the right upper lobe or superior segment 
of right lower lobe. Absence of one pulmonary 

vein requires careful examination of all intratho-
racic venous system as it can be associated with 
partial anomalous venous return. The caliber of 
the pulmonary veins gradually increased as they 
approached the left atrium. However, the caliber 
of the left inferior pulmonary vein may decrease 
as it enters the LA (Fig.  26.1 ). This should not 
be mistaken with a real stenosis. The size of the 
pulmonary vein ostia is variable during the car-
diac cycle. For ablation purposes, any measure-
ment of the pulmonary veins should take place 
in the same phase of the cardiac cycle during the 
follow-up studies of patients. Generally, the pul-
monary vein ostia enlarge at the end of ventricu-
lar systole compared to end ventricular diastole, 
by the factors of 1.25–1.5 [ 64 ].

  Fig. 26.17    Normal anatomical variations of the pulmo-
nary veins. Accessory right middle lobe ( RML ) and con-
joined ostia are relatively common and are seen in 
one-fourth or one-fi fth of studies. Accessory branches on 
the left side are not common. Supernumerary branch is 
usually a small branch found in 5–10 % of chest studies. 
In almost all studies it drains the posterior segment of the 
right upper lobe ( RUL ) and consistently travels behind the 

right bronchus before entering the left atrium. Rarely, 
supernumerary branch arises from the superior segment 
of the right lower lobe and directly connects to the pos-
teroinferior margin of the left atrium. The signifi cance of 
these variants is more related to transcatheter ablation of 
atrial fi brillation arising from the pulmonary vein ostia. 
 LUL  left upper lobe,  LSPV  left superior pulmonary vein, 
 RSPV  right superior pulmonary vein       
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      Anomalies 

   Stenosis, Atresia, and Aneurysm 
 Congenital pulmonary vein stenosis and hypo-
plasia/atresia refl ect a spectrum of the same 
abnormality and may affect individual or multi-
ple pulmonary veins. The abnormality may be 
focal or may involve a long segment of pulmo-
nary vein and in children can be associated with 
heart malformations in 50 % of patients [ 65 – 67 ]. 
Pulmonary vein atresia can be divided into three 
categories: common, unilateral, and individual 
pulmonary vein atresia. These categories are 
based on the extent of involvement, and this 
depends on the stage in which the normal devel-
opment of the pulmonary venous drainage is 
affected. Common and unilateral pulmonary vein 
atresias are more common in infants and children 
than in adults. In children recurrent infections, 
pulmonary edema, and hemoptysis due to the 
systemic collateral supply to the affected lung 
can occur [ 67 ]. Individual pulmonary vein atresia 
rarely occurs in adults without specifi c symptoms 
or signs [ 68 ]. CT fi ndings include a small 
 hemithorax with ipsilateral mediastinal shift, 
small ipsilateral pulmonary artery, absence of the 
pulmonary vein connection to the left atrium, and 
parenchymal abnormalities such as interlobular 
septal thickening, peribronchovascular thicken-
ing, and ground glass opacities. Abnormal vascu-
lar structures that represented collaterals can be 
seen in the involved lung parenchyma. MR imag-
ing may confi rm the presence of vascular collat-
erals and may show retrograde fl ow in a small 
pulmonary artery on the affected side. The pres-
ence of a small hemithorax without evidence of 
bronchial obstruction suggests a possible con-
genital abnormality. These obstructions should 
be differentiated from acquired form of obstruc-
tion secondary to veno-occlusive disease or 
mediastinitis [ 66 ] (Fig.  26.18 ). Congenital aneu-
rysmal dilatation of the pulmonary vein (varix) 
can simulate a lung mass [ 69 ] (Fig.  26.18 ).

      Partial Anomalous Pulmonary 
Venous Return 
 A partial anomalous pulmonary venous return 
(connection) is a congenital anomaly in which 

one or more of the pulmonary veins drain into 
the right atrium or one of its tributaries instead of 
the left atrium, creating a left-to-right shunt 
which is usually hemodynamically insignifi cant 
[ 70 – 73 ]. Premature atresia of the right or left 
portion of the primordial pulmonary vein while 
primitive pulmonary–systemic connections are 
still present results in a partial anomalous pul-
monary venous connection. The overall inci-
dence of partial APVR (PAPVR) is less than 
0.5 % in adults [ 73 ,  74 ]. 

 PAPVR can be symptomatic when 50 % or 
more of the pulmonary blood fl ow returns abnor-
mally into the systemic side [ 10 ]. The ratio of 
pulmonary to systemic blood fl ow can be accu-
rately quantifi ed using velocity-encoded phase- 
contrast MRI [ 18 ]. 

 Patients who present with symptoms at an 
early age tend to have more severe disease and 
multiple congenital malformations requiring sur-
gical intervention. This explains the frequent 
detection of right upper lobe PAPVR with associ-
ated sinus venosus ASD and other cardiovascular 
anomalies in the pediatric population. In contrast, 
in adults PAPVR is an incidental fi nding in imag-
ing studies of the chest with normal hearts. 
Sometimes it will be suspected when a usual 
course of a left-sided central venous catheter is 
seen on plain chest X-ray [ 75 ]. Most reported 
adult cases involve left upper lobe PAPVR or iso-
lated right upper lobe PAPVR without ASD, and 
few indications exist for surgical repair 
(Fig.  26.19 ). In Haramati et al. series of chest CT 
scans in adults, the anomalous vein was left sided 
in 80 % and more common in women without 
associated ASD [ 73 ]. This data was confi rmed by 
another recent report using MDCT [ 74 ]. In Ho 
et al. series [ 74 ], PAPVR was observed with 
47 % frequency in the left upper lobe, 38 % right 
upper lobe, 13 % right lower lobe, and 2 % left 
lower lobe. Among the cases of right upper lobe 
PAPVR, 42 % were associated with sinus veno-
sus ASD. Other reported anomalies were right- 
sided volume overload (47 %), isolated upper 
lobe PAPVR (29 % left and 5 % right), bilateral 
PAPVR (4 %), and scimitar syndrome (13 %). In 
another study with cardiac MRI in adult patients 
with PAPVR and enlarged RV, 75 % were right 

26 Congenital Thoracic Venous Anomalies



592

sided. However, most patients had ASD [ 76 ]. 
Therefore, it seems that isolated PAPVR in adults 
is more common in the LUL, but it is more com-
mon on the right side if complicated by an ASD. 
In Kafka and Mohiaddin series, 95 % of patients 
with sinus venosus defect had PAPVR and all 
were on the right side [ 76 ]. In Haramati et al. 
series, a pulmonary vein in the normal location 
was seen in 60 % of patients with an anomalous 
right upper lobe pulmonary vein in contrast to 
5 % of patients with an anomalous left upper lobe 
pulmonary vein (Fig.  26.19 ). This is possible 

because of higher incidence of right middle lobe 
branch of the right side giving the appearance of 
normal four pulmonary vein patterns in CT or 
MR studies. In other words, the right upper lobe 
PAPVR only drains the right upper lobe not the 
right middle lobe.

   Differentiation of the left upper lobe PAPVR 
with persistent left SVC can be confusing to an 
inexperienced imager. The origin of both anoma-
lies probably represents a persistent left anterior 
cardinal vein. In PAPVR of the left upper lobe, 
the anomalous vein interposed between the 

  Fig. 26.18    Pulmonary vein stenosis.  Upper row  showing 
MR angiograms of a congenital stenosis ( arrow ) of the 
right inferior pulmonary vein and aneurysmal dilatation 
before entering the left atrium. No pulmonary edema was 

seen.  Lower row  CT angiograms show stenosis of the 
right pulmonary vein ( arrows ) and right pulmonary artery 
due to chronic sarcoid mediastinitis       
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 parenchymal veins of the left upper lobe and the 
left brachiocephalic vein is described as the “ver-
tical vein” because unlike a persistent left SVC, it 
does not drain caudally into the coronary sinus. 
Connection of the left SICV to a persistent left 

SVC is not uncommon but it is very rare in 
PAPVR [ 77 ]. On axial images, in PAPVR of the 
left upper lobe, no large vein is seen anterior to 
the left main bronchus (Fig.  26.20 ). In the left 
SVC, two vessels are present anterior to the left 

  Fig. 26.19    Partial anomalous pulmonary venous return 
(APVR). Only the anterior segment of the left upper lobe 
( green arrows ) drains into the left brachiocephalic vein 
( BCV ). Posterior view of the heart shows four pulmonary 

veins entering the left atrium ( LA ). However, the existing 
left superior pulmonary vein appears small ( yellow 
arrow ).  SVC  superior vena cava       

  Fig. 26.20    Relationship of veins with left pulmonary 
artery ( LPA ) and left main bronchus ( LB ) in normal condi-
tion, double superior vena cava ( SVC ), anomalous pulmo-

nary venous return of left upper lobe ( APVR LUL ), left 
upper lobe pulmonary vein ( LUL PV ), and  left superior 
vena cava ( LSVC )       
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main bronchus, a left SVC medially and a normal 
left superior pulmonary vein lateral to it 
(Fig.  26.20 ). The left brachiocephalic vein is in 
the expected position in PAPVR of the left upper 
lobe but can be absent or small in duplicated SVC. 
The coronary sinus appears normal in PAPVR but 
may be enlarged in left SVC. However, if a left 
innominate vein is present in patients with dupli-
cated SVC, a smaller volume of blood courses 
through the coronary sinus, and the sinus may be 
more normal in appearance. In rare occasion, left 
upper lobe vein can be connected to a vertical vein 
which interposed between left subclavian vein 
and left atrium. In this condition, blood fl ows 
from the left upper lobe into both the left atrium 
and the brachiocephalic vein (Fig.  26.21 ). CT 
scan of this rare anomaly shows one vein anterior 
the left bronchus (normal relationship), normal-
sized CS, an enlarged brachiocephalic vein, and a 
vertical vein next to the aortic arch. As a result of 
bidirectional shunt in this rare anomaly, patient 
may develop pulmonary hypertension and cyano-
sis due to reversal of the shunt from a left to right 
to a right to left.

    An asymptomatic left upper lobe PAPVR 
could become symptomatic if the right lung 
becomes functionally impaired as a result of 
lung disease or after pneumonectomy. In that 
situation, the shunt volume would dramatically 
increase to approximately 50 % of total pulmo-
nary blood fl ow, as only the left lower lobe would 

be contributing to the systemic oxygen supply. 
A large PAPVR (draining almost entire left lung) 
with an ASD may also remain asymptomatic due 
to balanced shunt. If the ASD is surgically closed 
without repair of the PAPVR, chronic large left-
to- right shunt can cause heart failure and pulmo-
nary hypertension (Fig.  26.22 ) [ 78 ]. In PAPVR 
because the left upper lobe does not drain into 
the left atrium, the congestion and edema of left- 
sided heart failure in such patients would spare 
the left upper lobe. Thrombosis of the left sub-
clavian vein as a result of long-term venous cath-
eterization can cause pulmonary edema limited 
to the involved lobe.

   Anomalous right lung veins usually drain 
into the SVC, or right atrium, and rarely into the 
IVC, azygos, coronary sinus, or subdiaphrag-
matic veins [ 71 ,  79 – 82 ] (Figs.  26.23  and  26.24 ). 
Right upper lobe APVR with sinus venosus ASD 
may remain asymptomatic. In PAPVR of the 
right lower lobe, an anomalous pulmonary vein 
descends from the right lung and drains into the 
IVC, right atrium, coronary sinus, azygos vein, 
portal vein, or hepatic vein [ 83 – 85 ]. The anoma-
lous vein usually drains into the subdiaphrag-
matic IVC and resembles a curved Turkish sword 
or scimitar. Scimitar (venolobar or hypogenetic 
lung) syndrome is a collection of fi ndings includ-
ing dextroposition of the heart, hypoplasia of the 
right pulmonary artery and right lung, and partial 
or complete arterial supply to the right lung by 

  Fig. 26.21    A rare form of anomalous pulmonary venous 
return (APVR) of left upper lobe into both the vertical 
vein ( yellow arrows ) and the left atrium ( red arrows ) cre-

ating an arcade between the left brachiocephalic vein 
( BCV ) and the left atrium ( LA ) with potential for a bidi-
rectional shunt       
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systemic arteries originating from the descending 
aorta or abdominal aorta (Fig.  26.24 ). The spec-
trum of anomalies and of prognosis in patients 
with this syndrome is variable. Some patients 
have severe cardiorespiratory symptoms and 
large left-to-right shunts requiring surgery, but 
many others lead a healthy life without surgi-
cal correction [ 83 ]. Other rare anomalies include 
ASD, extralobar sequestration, azygos continua-
tion of IVC, and ipsilateral diaphragmatic anom-
alies [ 84 ,  85 ]. The systemic artery may supply 

either a segment or a lobe of a normal lung or an 
 abnormal lung with  bronchopulmonary seques-
tration. Isolated  scimitar vein (anomalous pul-
monary venous connection to the IVC) is another 
variant and should be differentiated from “mean-
dering” right pulmonary vein [ 86 ]. In the latter a 
relatively large comma-shaped vein with circu-
itous course exists that drains normally into the 
left atrium and usually found on the right side.

     Patients with PAPVR to the SVC right atrium 
junction, the right atrium, or both are treated by 

  Fig. 26.22    Partial anomalous venous return of the entire 
left upper lobe in a 46-year-old woman referred for evalu-
ation of right heart enlargement and pulmonary hyperten-
sion. Enlarged right atrium ( RA ), right ventricle ( RV ), and 
right pulmonary artery ( RPA ) are shown. The anomalous 

pulmonary vein ( PV ) connects to a large vertical vein 
( VV ) and the superior vena cava ( SVC ). A 2/1 left-to-right 
shunt was measured. On posterior view of the left atrium 
( LA ), no ostium is seen for left superior pulmonary vein. 
 LIPV  left inferior pulmonary vein       
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septal translocation or patch redirection of the 
anomalous pulmonary venous fl ow to the left 
atrium through a native ASD or a surgically cre-
ated ASD in patients with intact atrial septum [ 71 ]. 
For PAPVR to the high SVC, the SVC is tran-
sected and oversewn above the anomalous veins. 
The anomalous pulmonary venous fl ow is then 
redirected through the proximal SVC into the left 
atrium across a sinus venous atrial septum defect 
or a surgically created ASD in patients with intact 
atrial septum [ 71 ]. Isolated scimitar vein can be 
treated with Amplatzer  ductal occluder [ 86 ].  

   Total Anomalous Pulmonary 
Venous Connection or Return (TAPVR) 
 TAPVR is very rare in adults but accounts for 
approximately 1–5 % of cardiovascular congeni-
tal anomalies in children [ 87 ]. This condition is 
a cause of neonatal cyanosis and the diagnosis 
is usually made by echocardiography. MR and 
CT angiography allow detailed and comprehen-
sive evaluation of the anatomy and preoperative 
assessment of TAPVR [ 9 ]. TAPVR is common 
with asplenia (right isomerism). Four types are 
described on the basis of the location of  pulmonary 

  Fig. 26.23    Anomalous pulmonary venous return 
(APVR) of right upper lobe. Three small anomalous veins 
( green arrows ) enter the superior vena cava ( SVC ). The 
left superior pulmonary vein ( yellow circle ) is absent ( yel-

low circle ). The left inferior pulmonary vein ( red arrow ) 
is small. No atrial septal defect was seen.  RAA  right atrial 
appendage,  LA  left atrium       
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venous  drainage, including supracardiac, cardiac, 
infracardiac, and mixed forms. Supracardiac drain-
age is the most common type (45 %) (Fig.  26.25 ) 
[ 86 ]. In this type, drainage most commonly occurs 
via an enlarged vertical vein into the left brachio-
cephalic vein and SVC but rarely may connect to 
a left SVC or azygos vein. In cardiac type which 
accounts for 20 % of cases, the pulmonary veins 
drain into the coronary sinus or the right atrium. 
The infracardiac type represents 25 % of cases 
of TAPVR and drains below the diaphragm to 
the IVC, a hepatic vein, or the portal vein. The 
draining pulmonary veins in this type of TAPVR 
may be obstructed when passing through the dia-
phragm causing neonatal pulmonary edema. In 
mixed form, the pulmonary veins drain to at least 
two different locations.  Contrast- enhanced MR 
and CT angiographies are particularly valuable in 
the characterization of mixed forms of TAPVR; 
echocardiography may be markedly limited in 
such cases [ 88 ]. Advances in diagnostic imag-
ing and refi ned surgical techniques have allowed 
markedly decreased postoperative mortality in 
TAPVR patients over the last several decades [ 86 ].  

   Cor Triatriatum 
 Cor triatriatum sinister is a rare anomaly due 
to incomplete incorporation of the pulmonary 
vein into the left atrium [ 89 ]. In this condition, 

a membranous diaphragm will divide the left 
atrium into posterior and anterior chambers [ 90 ]. 
Typically, the membrane lies diagonally in the 
left atrium and separates the portion containing 
the pulmonary venous return from the part with 
the left atrial appendage and mitral valve. The 
membranous wall between the two chambers 
typically has one or more openings permitting 
blood fl ow from posterior to anterior chamber. 
A patent foramen ovale is usually present and 
between the right atrium and either the proxi-
mal or distal left atrial chamber. The diagnosis 
depends on the effective size of the opening in the 
diaphragm and associated anomalies. In patients 
with large communications, the diagnosis may 
present only in adulthood. In children it is asso-
ciated with other congenital cardiac anomalies 
in 50 % of cases including ASD, left SVC, and 
APVR that require surgery during infancy [ 89 ]. 
In adults, it is usually an isolated anomaly inci-
dentally found with imaging. Rarely, a subtotal 
cor triatriatum is diagnosed when an accessory 
left atrial chamber receives a portion of pulmo-
nary venous blood fl ow, whereas the remain-
ing portion of pulmonary venous blood fl ow 
drains to the proper left atrium [ 91 ]. There are 
few reports on the role of CT in the evaluation 
of patients with cor triatriatum in the literature 
(Fig.  26.26 ). This rarity is caused by the fact 

  Fig. 26.24    A 51-year-old female with scimitar syndrome 
shown on CT angiography. Anomalous drainage of the 
right lower lobe vein ( pink arrows ) into the suprahepatic 
inferior vena cava ( IVC ) with abnormal arterial supply 

from celiac to the right lower lobe ( red arrows ). 
Hypoplastic right lung and a small right pulmonary artery 
( yellow arrow ) are seen.  MPA  main pulmonary artery       
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that cor triatriatum is largely diagnosed in chil-
dren and younger patients by echocardiography. 
With new-generation scanners, interatrial mem-
brane can be easily shown using ECG gating and 
proper contrast injection technique. Because the 
spatial resolution of CT is higher than most rou-
tine MR sequences, it seems that CT might be 
the preferred diagnostic choice of this abnormal-
ity [ 92 ,  93 ].

   Membranous structures can also be seen in 
the right atrium. Differential diagnosis are Chiari 
network, large eustachian valve, and cor triatria-
tum dexter all representing the remnant of the 
right valve of sinus venosus (Chap.   13     intracar-
diac shunts). During the third week of embry-

onic development, this structure divides the right 
atrium into two chambers: (1) the smooth sinus 
portion to which both venae cavae and the coro-
nary sinus are connected and (2) the muscular 
primitive atrial portion including the right atrial 
appendage. It normally regresses between the 
9th and 15th week of gestation. Dependent on 
the degree of regression, the patient can keep a 
complete division of the right atrium (cor tria-
triatum dexter), a fenestrated membrane, or a 
network of threads and fi bers (Chiari network). 
Minimal remnants are the eustachian and thebe-
sian valves that guard the orifi ce of the IVC and 
the coronary sinus, as well as the crista 
terminalis.    

  Fig. 26.25    Supracardiac type of total anomalous pulmo-
nary venous return ( TAPVR )  in a 56 year old man pre-
sented for evaluation of atrial septal defect ( ASD ) and 
pulmonary hypertension. CT images shows no pulmonary 
vein connection to the left atrium. Instead all pulmonary 
veins connect to a single chamber and drain into a left 
vertical vein ( VV ). The VV drains into a large right supe-
rior vena cava ( SVC ). A large  ASD  (double headed  red 

arrow ) is shown between the right atrium ( RA ) and the left 
atrium ( LA ). Inferior vena cava ( IVC ) is normal. The right 
ventricle ( RV ) is enlarged due to a large left to right shunt 
but the left ventricle ( LV ) is normal in size. Patient was 
successfully operated. ASD was closed and the VV was 
connected to left atrial appendage ( LAA ),  RPV  right pul-
monary vein,  AA  ascending aorta       
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   Summary 

 A wide spectrum of pulmonary venous devel-
opmental anomalies exist that can be detected 
by imaging. Accurate characterization of these 
abnormalities is important because they all can 

be associated with signifi cant patient morbid-
ity and mortality. Numerous recent studies have 
confi rmed that both CT and MRI are noninvasive 
imaging techniques that should play increas-
ingly important roles in the evaluation of these 
anomalies. CT and MRI are most useful in the 

  Fig. 26.26    Coronary CT angiography and transthoracic 
echocardiography in cor triatriatum sinister in a 64-year-
old asymptomatic patient referred for screening of the 
coronary arteries. A membranous diaphragm ( yellow 
arrows ) in the left atrium ( LA ) parallel to the plane of pul-
monary veins is seen separating the pulmonary venous 
component of the LA from the vestibule and left atrial 

appendage ( LAA ). Peripheral attachments of the mem-
brane to the LA walls are shown by  yellow arrows  in 
volume-rendered CT image.  Ao  aorta,  LIPV  left inferior 
pulmonary vein,  LSPV  left superior pulmonary vein, 
 RIPV  right inferior pulmonary vein,  RSPV  right superior 
pulmonary vein       
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evaluation of patients with intrathoracic venous 
anomalies because these lesions may be diffi cult 
to characterize at echocardiography.     
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        Isolated congenital coronary artery anomalies 
have been reported in approximately 1.3 % 
(range 0.2–5.6 %) of patients undergoing x-ray 
coronary angiography [ 1 – 4 ] and approximately 
0.3 % of patients at autopsy [ 5 ]. About 80 % of 
coronary anomalies are considered benign 
without signifi cant clinical sequelae, with the 
remaining 20 % potentially responsible for sig-
nifi cant symptoms such as myocardial isch-
emia and sudden death [ 1 ]. The ability to 
identify coronary artery anomalies and defi ne 
their anatomic course is important to further 
evaluate patients in whom a coronary anomaly 
is suspected. Noninvasive imaging has been 
the preferred way to evaluate patients with a 
suspected coronary artery anomaly, and it is 
important for physicians to recognize and 
understand the clinical and imaging features of 
the most commonly encountered coronary 
artery anomalies. 

    Imaging Techniques 

    Traditional Techniques 

 Coronary artery anomalies are often not 
 diagnosed or adequately characterized by abnor-
malities observed on noninvasive tests such as 
electrocardiography, echocardiography, cardio-
vascular stress testing, and nuclear cardiac imag-
ing. Identifi cation of high-risk coronary artery 
anomalies often requires evaluation of coronary 
artery anatomy, which has traditionally been 
performed using x-ray coronary angiography. 
However, there are inherent risks of complica-
tions due to the invasive nature of the test and 
radiation exposure that limit its usefulness as a 
screening test, particularly for younger patients. 
Additionally, as only two-dimensional views are 
obtained, it can be diffi cult to defi ne the complex 
three-dimensional course of the anomalous ves-
sels [ 6 ], with misdiagnoses occurring in up to 
50 % of cases [ 7 ,  8 ], often requiring additional 
methods such as catheter placement in the pul-
monary artery or obtaining comparison angio-
graphic views using a heart model with solder 
wire positioning in various views to depict the 
anomalous coronaries in order to determine the 
course of the coronary anomaly [ 9 ]. 

 Noninvasive techniques for evaluation of 
coronary artery anatomy have included transtho-
racic echocardiography (TTE), transesophageal 
echocardiography (TEE), coronary magnetic 
resonance angiography (MRA), and coronary 
computed tomography angiography (CTA). 
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TTE is a risk-free, noninvasive, widely  available 
 technology which has been shown to be an 
important screening tool for delineation of coro-
nary artery anatomy in children and adolescents 
[ 10 ]. However, TTE imaging in adults is of vari-
able image quality, dependent on many factors 
including body habitus and presence of underly-
ing pulmonary disease. Visualization of coronary 
arteries in adults with TTE is diffi cult due to their 
small size, mobility, and limits of resolution, and 
thus is unreliable for excluding the presence of a 
signifi cant coronary anomaly [ 11 ,  12 ]. TEE has 
been shown to be superior to TTE for coronary 
artery imaging [ 13 – 15 ]. However, due to limited 
tomographic imaging planes on TEE, only short 
segments of anomalous coronary arteries can be 
visualized at any one time, requiring meticulous 
operator technique to follow a vessel from its 
ostium to the ongoing segments [ 15 ]. 

 Coronary MRA and CTA have emerged in 
recent years as important recommended clinical 
tests for screening adults for possible anomalous 
coronary arteries [ 16 ]. Both techniques provide 
3-dimensional (3D) volumetric image acquisi-
tions to evaluate the (3D) path of anomalous 
coronary arteries with wide fi eld of view cov-
erage and tissue characterization, allowing for 
distinguishing an occluded vessel from an anom-
alous one (e.g., vessel cannot be engaged with 
conventional angiography catheter) [ 17 ]. These 
newer, noninvasive techniques have been shown 
to provide better information on the origin and 
anatomic course of aberrant vessels compared to 
conventional x-ray angiography [ 18 ]. However, 
there are advantages and disadvantages between 
the two techniques that may make one more 
favorable than the other depending on the clinical 
situation. 

    Coronary MRA 
 Coronary MRA is a noninvasive 3-dimensional 
technique that is useful in the evaluation of con-
genital anomalous coronary arteries [ 19 ,  20 ] and 
is recommended as an initial screening method 
for evaluation of individuals with possible anom-
alous coronary arteries as part of the differential 
diagnosis [ 16 ,  21 ]. A major advantage of MRA is 
the limitless number of imaging planes possible 

compared with limited angulations in 
 conventional x-ray coronary angiography or TTE 
and TEE acoustic windows. Moreover, evalua-
tion of the heart and coronary arteries can be per-
formed in a single examination setting (Fig.  27.1 ).

   There have been several different MR methods 
applied for coronary MRA including both dark-
blood and bright-blood techniques. Standard 2D 
spin-echo MR imaging had been the predomi-
nant technique used early on for visualization 
of the proximal coronary artery segments [ 22 ]. 
However, since 1991, coronary MRA has been 
mainly performed with “bright blood” gradient- 
echo techniques. Initial work focused on acquir-
ing multiple thin 2D stacked slices gated to the 
cardiac cycle and processed with maximum 
intensity projection (MIP) algorithm to pro-
duce a coronary angiogram [ 23 ,  24 ]. Additional 
2D methods such as selective arterial tagging 
with subsequent subtraction, interleaved spiral 
K-space scanning, and an ultrafast K-space seg-
mented technique have also been described [ 20 ]. 

 3D coronary MRA offers several advan-
tages over 2D techniques. With 3D techniques, 
a volumetric acquisition of thin, truly contigu-
ous partition images that encompass the com-
plete coronary arterial tree can be acquired in 
1 acquisition, minimizing the reliance on slice 
orientation [ 20 ]. 3D coronary MRA techniques 
were developed in the early 1990s, and investi-
gators were able to successfully image volumes 
up to 64 mm thick across the aortic root with suf-
fi cient contrast between blood vessels and sur-
rounding tissues. Further advancements in MRA 
techniques have led the development of vari-
ous 3D whole-heart coronary MRA techniques 
with further improvements in tissue contrast for 
improved delineation of the coronary arteries 
[ 25 – 30 ]. Disadvantages over the 2D acquisitions 
are increased susceptibility to motion artifacts 
related to phase encoding in two directions [ 31 , 
 32 ] and longer acquisition times. Multiple tech-
niques have been applied to overcome the diffi -
culties associated with coronary artery imaging, 
including suppression of respiratory artifacts 
with the use of signal averaging, breath-holding 
or respiratory triggering [ 33 ], suppression of 
cardiac motion with cardiac gating, and  ultrafast 
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imaging sequences [ 34 ] with optimization of 
 coronary artery signal to noise ratio. Other 
methods to reduce imaging time include limited 
resolution and coverage for protocols designed 
for detection of coronary anomalies and not for 
coronary stenosis detection [ 35 ]. 

 The most important advantage of coronary 
MRA is that it does not require radiation. Another 
advantage is that it can often be performed free- 
breathing, often without the need for exogenous 
contrast agents and beta-blockers, making it use-
ful for diagnostic evaluation in young patients 

with symptoms of possible anomalous coronary 
arteries [ 17 ] and allowing for repeat acquisitions 
on the same day in case of artifacts. Additionally, 
adjunct MR sequences such as velocity-encoded 
phase-contrast imaging and cine and late gado-
linium enhancement imaging can further aid in 
demonstrating the fl ow directionality, hemo-
dynamic signifi cance, and structural and func-
tional consequences of anomalous vessels [ 36 ]. 
Limiting factors with coronary MRA include its 
dependence on regular heart rhythm and respi-
ration pattern for optimizing image quality and 

  Fig. 27.1    MR techniques in the evaluation of coronary 
anomalies. Contrast-enhanced 3D coronary MRA ( a ) 
demonstrates right coronary artery aneurysm ( arrow ) 
which is partially fi lled with non-enhancing thrombus 
( asterisk ). Late gadolinium enhancement inversion recov-
ery image ( b ) demonstrates segmental infarction involv-

ing the basal and mid- inferior and inferoseptal walls 
( arrowhead ) within the distribution supplied by the right 
coronary artery. Cine MR images at end diastole ( c ) and 
end systole ( d ) demonstrate the associated wall motion 
abnormality ( black arrows ) involving the basal and mid-
inferior and inferoseptal walls       
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shortening image acquisition times. There are 
contraindications in patients with pacemakers, 
internal cardiac defi brillations, intracranial surgi-
cal clips, hearing aids, or neurostimulators, and 
MR-compatible metallic implants or clips may 
lead to problematic susceptibility artifact (i.e., 
following coronary artery bypass surgery). In 
addition, because of limited spatial resolution, 
distal coronary segments are often not well visu-
alized with coronary MRA [ 37 ,  38 ]. Thus, alter-
native techniques such as coronary CTA are the 
preferred modality for evaluation of small collat-
eral vessels and arteriovenous fi stulas [ 39 ].  

    Coronary CTA 
 Coronary CTA is a valuable noninvasive 
3-dimensional modality for delineating coronary 
artery anomalies, particularly in patients with 
equivocal x-ray coronary angiography fi ndings 
[ 40 ], and is recommended as an initial screening 
method for evaluation of individuals with possi-
ble anomalous coronary arteries as part of the 
differential diagnosis [ 16 ,  41 ]. Recently, numer-
ous studies have confi rmed that coronary CTA is 
superior to conventional x-ray angiography in 
the detection of coronary artery anomalies [ 42 ]. 
In one study of 1,758 patients who underwent 
coronary CTA, 28 patients with anomalous coro-
nary arteries were identifi ed. Twenty of these 
patients subsequently underwent conventional 
x-ray coronary angiography. The anomalous 
coronary arteries could be accurately diagnosed 
with conventional x-ray angiography in only 11 
of these patients [ 42 ]. 

 There have been signifi cant advances with 
coronary CTA over the past decade focused on 
improvement of image quality and reduction of 
patient radiation exposure. Multi-detector CTA, 
particularly with newer generation scanners, per-
mits high-speed scanning of large volumes with 
high in-plane and through-plane resolution with 
isotropic voxels for evaluation in nearly any 
imaging plane without loss of spatial resolution. 
It is important to note that available acquisition 
and radiation dose reduction modes vary signifi -
cantly depending on the manufacturer and model 
of specifi c CT systems. In depth discussion and 
comparison of the available technologies will not 

be covered in this chapter. However, common 
technical issues including dose reduction features 
will be mentioned. 

 ECG gating is an essential requirement for all 
coronary CTA imaging. Synchronization with the 
ECG is generally performed with detection of the 
R wave on the ECG signal. The “R-R interval” 
represents the time between consecutive R waves. 
The timing of image acquisition or reconstruc-
tion is often expressed as either a percent of the 
R-R interval or actual delay time (e.g., “400 ms” 
would be 400 ms after the R wave and “-400 ms” 
would be 400 ms before the R wave). ECG gating 
can be performed either in prospective or retro-
spective modes depending on the type of image 
acquisition. Retrospective gating is often per-
formed in conjunction with conventional spiral 
imaging, simultaneous recording of the ECG over 
several heart beats (usually 6–10 beats), and very 
low pitch to allow for image reconstruction at 
any phase of the cardiac cycle. The cardiac phase 
least affected by cardiac motion artifact can then 
be chosen for image interpretation. Prospective 
triggering is commonly performed in conjunc-
tion with axial (step and shoot) scanning mode, 
with data acquisition triggered by a pre-specifi ed 
time or phase of the cardiac cycle and performed 
over several heart beats until the entire heart is 
imaged. Data acquisition can be performed at a 
single phase of the cardiac cycle (e.g., 70 % of 
the R-R interval) or across a range of phases (60–
80 % of the R-R interval) sometimes denoted 
as “padding.” The advantage with retrospective 
gating is the ability to obtain ventricular func-
tional information, since image reconstruction 
can be performed throughout the cardiac cycle. 
However, this is at the expense of increased 
patient radiation exposure. The advantage of pro-
spective triggering is the signifi cant reduction in 
radiation exposure, particularly when little or no 
padding is used [ 43 – 45 ]. The disadvantage with 
prospective triggering is the more limited dataset 
available based on a pre-specifi ed chosen phase 
(or range of phases if padding is used) of the car-
diac cycle with limited ability to compensate for 
an arrhythmia that may occur during acquisition. 

 Excellent temporal and spatial resolution 
is necessary for adequate visualization and 
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 interpretation of the small, moving coronary 
arteries. For CT scanners, temporal resolution 
is largely dependent on the rotation speed of the 
gantry, although other parameters may also be 
important. An estimate of temporal resolution 
for most scanners is simply the amount of time 
needed for the gantry to rotate half of a complete 
rotation (e.g., 150 ms for a scanner with a 300 ms 
gantry rotation time). Multi-cycle reconstruction 
techniques can signifi cantly improve the effective 
temporal resolution by merging the datasets from 
several different heart beats but at the expense of 
increased radiation exposure. Dual-source scan-
ners utilize two sets of sources and detector rows 
positioned at 90° angles to each other within the 
gantry and allow for simultaneous data acquisi-
tion and improved effective temporal resolution 
of the scanner to one-quarter of the gantry rotation 
time (e.g., 75 ms for gantry rotation of 300 ms). 
Given the limitations of temporal resolution with 
CT, patient heart rates of less than 60–65 beats 
per minute are often recommended to optimize 
image quality. Temporary reduction in heart rate 
is commonly achieved by the administration of 
beta-adrenergic blocking agents (or calcium chan-
nel blockers) which are given to the patient prior 
to scanning. Beta-blockers and calcium channel 
blockers have the added advantage of being able 
to suppress ectopic beats (e.g., premature ven-
tricular contractions) that can adversely affect 
image quality. However, premedications should 
be used with caution in patients with low blood 
pressure or acutely ill. The spatial resolution of 
most scanners is 0.4–0.5 mm. Current generation 
CT scanners can acquire images with slice thick-
ness as thin as 0.5 mm and generate nearly iso-
tropic voxels as small as 0.5 mm 3 . Field of view 
of the reconstructions should be generally limited 
to the smallest diameter possible that includes 
the cardiac structures and generally no more 
than 20–25 cm for optimal viewing (assuming a 
standard 512 × 512 image reconstruction matrix), 
with axial slice thickness set at the thinnest slices 
possible. Nitrates are commonly administered 
prior to scan acquisition for coronary vasodilata-
tion to optimize vessel visualization. 

 The administration of intravenous iodinated 
contrast is necessary for optimal evaluation of 

coronary CTA. Depending on individual 
 manufacturers, models, and protocols, contrast 
rates range from 4 to 7 mL/s and total contrast 
volumes usually range from 50 to 120 mL. Dual- 
head injection pumps allow for injection of saline 
(40–50 mL) immediately following the contrast 
injection to maximize contrast enhancement of 
the coronary arteries. Either “bolus tracking” or 
the “test bolus” method with tracking of a region 
of interest (e.g., ascending aorta) may be used to 
ensure accurate timing of data acquisition with 
contrast enhancement of the coronary arteries. 

 The primary disadvantage of coronary CTA is 
exposure to ionizing radiation, of particular con-
cern in younger patients. Many different strate-
gies have been employed to reduce the radiation 
exposure associated with coronary CTA, most of 
which are individualized dependent on patient 
and scanner-specifi c qualities. Examples of 
operator- dependent parameters include choice 
of scan mode, tube voltage, and tube current 
dependent on patient size including automated 
adjustments available on some scanners and scan 
length. Single-beat whole-heart imaging via wide 
detector systems (e.g., 320-detector CT system) 
or using high-pitch helical mode has been shown 
to provide diagnostic image quality with potential 
to reduce radiation exposure by over 90 % [ 46 , 
 47 ]. Post-processing techniques such as iterative 
reconstruction algorithms can provide improved 
image quality and reduced noise, allowing for 
diagnostic image acquisition at lower tube poten-
tial and current compared to standard fi ltered 
back projection algorithms [ 48 – 50 ].  

    Image Interpretation 
 Visualization of the coronary arteries from differ-
ent imaging planes is often essential for accurate 
image interpretation. Isotropic voxels in three- 
dimensional volumetric datasets (MRA or CTA) 
allow for MPR with minimal image distortion. 
Most 3D software packages allow for display of 
three orthogonal views simultaneously, allowing 
for manual manipulation of the planes in order to 
optimize the view for each coronary artery and 
segment. The use of curved MPR images, often 
created by an automated or semiautomated algo-
rithm, allows for display of the entire coronary 
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vessel in a single 2-dimentional (2D) image, with 
the ability to rotate the artery around a focal 
point. Maximum intensity projections (MIP) are 
created using thicker sections and can be helpful 
to reduce image noise and/or visualize a longer 
vessel segment. Finally, volume-rendered 3D 
images allow for interpretation of structural rela-
tionships such as vessel course in relation to 
other cardiac or vascular structures with exclu-
sion of surrounding structures such as bones, 
lung tissue, and extracardiac vessels.    

    Normal Coronary Artery Anatomy 

    Embryology 

 The development of a blood vascular sys-
tem occurs relatively early during the gesta-
tion period, characterized by differentiation of 
 precursor cells into primitive blood cells and 
endothelial cells. The fi rst endothelial cells 
appear during formation of the heart tubes and 
form the endocardial endothelium. As the wall 
of the heart tube thickens and the cardiac jelly 
diminishes, the number of myocytes increase 
in number and the endocardial surface becomes 
progressively more trabeculated, establishing an 
endocardial-lined sinusoidal system which mini-
mizes diffusion distances to the myocardium. 
This sinusoidal system precedes any evidence of 
vascularization [ 51 ]. 

 The initial feature of a developing coronary 
vasculature occurs around the fourth week of 
embryogenesis with the appearance of vascular 
buds or blood islands that arise in the epicardium 
and consist of a layer of endothelial cells dis-
tended by nucleated erythrocytes. These blood 
islands appear to form from endothelial precur-
sor cells from the liver region which migrate to 
the epicardium as opposed to endocardial endo-
thelial cells [ 52 ]. The gradual disappearance of 
cardiac jelly and eventual compaction of the 
myocardium seems to correlate with the appear-
ance of the blood islands. These blood islands 
initially appear near the ventricular apex in the 
interventricular sulcus and then eventually over 
other regions of the ventricles. The blood islands 

gradually coalesce and form the rudiments of a 
network of vascular channels, preferentially 
forming in the sulci or indentations of the epicar-
dial surface [ 53 ]. Following early capillariza-
tion, the venous vessels appear around the sixth 
week and arterial vessels during the transition 
from sixth to seventh week of embryogenesis. 
Although different concepts have been put forth 
regarding the development of the coronary arter-
ies from the aorta, current evidence suggests that 
major coronary arteries form by coalescence of 
microvessels which grow toward and penetrate 
the aorta [ 54 ], an event that occurs as early as 44 
days after gestation [ 53 ]. Several studies have 
shown that the left coronary artery appears to 
establish a connection earlier than the right [ 55 , 
 56 ]. The development of coronary arteries pro-
ceeds in orderly sequence, proximal-distal, with 
smooth muscle alpha actin fi rst expressed at the 
site of their aortic connection regulated by neu-
ral crest [ 51 ]. Disruption of the neural crest leads 
to variability in the site of origin and symmetry 
of the coronary arteries [ 51 ]. Thickening of the 
media and adventitia, formation of the internal 
elastic lamina, and increase in collagen content 
occur between the fourth month and birth [ 57 ], 
with continued increase both medial thickness, 
length of the arterial segments, and numerical 
density of arterioles during the fi rst year after 
birth [ 58 ,  59 ].  

    Defi nitions 

 The basic defi nition of what constitutes a normal 
coronary artery and the normal spectrum of coro-
nary artery variation has been the subject of many 
articles. In general, most experts agree that it is 
normal to have two coronary arteries, the right 
and the left. However, some confusion arises 
with regard to defi nitions of smaller arteries such 
as conal (infundibular) branches, particularly 
when these branches demonstrate independent 
origin from the aorta. A frequently used defi ni-
tion is that any confi guration occurring in >1 % 
of an unselected general population is considered 
normal or normal variant [ 60 ]. It then follows 
that coronary anomalies are variants of normal 
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coronary artery anatomy that occur in <1 % of 
the general population. 

 Another basic nomenclature principle is that 
coronary vessels are named for the structures 
that they supply rather than for their origin. 
This nomenclature is based on the fundamental 
embryologic principles, namely, that the coro-
nary vessels arise within the developing epicar-
dium and only later attach to the aorta. Thus, 
various perturbations in the connections of the 
coronary vessels to each other and to the aorta 
occur subsequent to the formation of the coro-
nary vessels in the epicardium. Moreover, three 
main coronary vessels (left anterior descending, 
circumfl ex, and right coronary) are considered 
arteries and the smaller, more distal vessels are 
termed coronary branches.  

    Normal Variants 

 There are several commonly recognized varia-
tions in normal coronary artery anatomy. Some 
of the more typical coronary artery variants are 
described below. 

    Vasculature to the Inferior Wall 
 The vascular supply to the inferior wall has a spec-
trum of variants. The origin of the posterior descend-
ing artery (PDA) and posterolateral branches that 
supply the inferior wall can originate from the right 
coronary artery (RCA) only (right dominant), the 
left circumfl ex (LCX) artery only (left dominant), 
or encompass multiple branches from both arteries 
(codominant). In most patients the PDA arises from 
the distal portion of the coronary artery, but some 
patients have early takeoff of the PDA from the 
RCA (split RCA), which then courses toward the 
apex along the diaphragmatic surface of the right 
ventricle. Others have a left anterior descending 
(LAD) artery that wraps around the apex to supply 
some of the apical inferior wall.  

    Vasculature to the 
Atrioventricular Node 
 A better defi nition of coronary dominance incor-
porates the arterial supply to the atrioventricular 
node, an electrically active bundle of tissue that 

delays conduction of impulses from the atria 
to the ventricles. Unfortunately, the node is not 
directly visualized with current coronary artery 
imaging techniques, but it is closely associated 
with central fi brous body near the apex of the 
Koch triangle. This triangle is enclosed by the 
septal leafl et of the tricuspid valve anteriorly, 
the coronary sinus ostium inferiorly, and the 
Eustachian ridge posteriorly. Typically the domi-
nant artery that supplies the PDA and inferior 
wall also gives rise to small branches at the base 
of the heart that supply the atrioventricular node.  

    Vasculature to the Sinoatrial Node 
 The sinuatrial node is another electrically active 
tissue bundle that sits near the junction of the 
right atrium and superior vena cava and serves as 
the primary pacemaker of the heart. This node is 
supplied by a single branch from the proximal 
RCA in 60 % of people. Other variants include 
sinoatrial node branch from the proximal LCX or 
distal RCA or LCX artery [ 61 ].  

    Ramus Intermedius 
 Instead of bifurcating into the LAD and LCX 
arteries, in some patients the left main trifurcates 
into an LAD, LCX, and ramus intermedius artery. 
The ramus intermedius typically supplies the lat-
eral and inferior walls in a territory similar to that 
supplied by the diagonal or obtuse marginal 
branches.    As a result, the branches that would 
normally supply these regions are either diminu-
tive or nonexistent and have coalesced into the 
ramus intermedius.  

    Right Superior Septal Perforator 
 The right superior septal perforator is a normal 
variant seen in approximately 3 % of patients 
[ 62 ]. This branch supplies the anterior septum in 
a similar territory to other septal perforators but 
arises from the proximal RCA or right sinus of 
Valsalva instead of the LAD.  

    Multiple Coronary Ostia 
 In addition to the typical LCA and RCA origins 
from the aorta, some patients have smaller 
branches that arise directly from the aorta as 
opposed to from the coronary arteries. Common 
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variants of this type include direct origin of the 
conus or sinoatrial node branch from the aorta 
(Fig.  27.2 ). While these variants may have clini-
cal consequences if unrecognized during surgery 
or coronary catheterization, for the majority of 
people, these are not clinically signifi cant.

       Myocardial Bridging 
 Myocardial bridging refers to the intramyocar-
dial course of a portion of a normally positioned 
epicardial coronary artery (Fig.  27.3 ). The degree 
in which the coronary artery “dives” into the 
myocardium is variable in depth and length. With 

a b

  Fig. 27.2    Normal variant of multiple coronary ostia. 
Coronary CTA 2D thin maximum intensity projection ( a ) 
and 3D volume-rendered ( b ) images demonstrating a 

common coronary artery variant of separate origin of the 
conus branch directly from the aortic root instead of from 
the right coronary artery ( RCA )       

  Fig. 27.3    Normal variant of myocardial bridging. 
Coronary CTA 3D volume-rendered image ( a ) demon-
strates that a portion of the left anterior descending artery 
(LAD) is obscured by overlying myocardium ( black 
arrow ). Curved multiplanar reformatted images of the 
LAD ( b ) and corresponding multiplanar reformatted 

images axial to the vessel ( c ,  d ) demonstrate intramyocar-
dial bridge with the mid-segment of LAD surrounded by 
myocardium ( blue arrow , image  c ) and normal epicardial 
position of the distal LAD surrounded by epicardial fat 
( red arrow , image  d )       
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the advent of coronary CTA and MRA, allowing 
visualization of extra-coronary structures, this 
variant has been noted to occur much more fre-
quently than previously reported by x-ray coro-
nary angiography. Although typically seen in the 
mid-LAD segment, myocardial bridges can occur 
in any coronary artery segment. Although sys-
tolic narrowing may be visualized on coronary 
artery imaging, these fi ndings are rarely clini-
cally signifi cant since most coronary blood fl ow 
occurs in diastole.

         Coronary Anomalies: Clinical 
Implications 

    Incidence 

 Depending on the series, isolated congenital 
coronary artery anomalies have been reported 
in approximately 1.3 % (range 0.2–5.6 %) of 
patients undergoing x-ray coronary angiography 
[ 1 – 4 ]. Variations in number are likely related to 
referral bias in some centers not refl ective of the 
general population and variability in defi nitions 
of anomalous versus normal variant coronar-
ies. Although the aortic root is normal in most 
patients with coronary anomalies, about 26 % of 
coronary anomalies involve some type of aortic 
root abnormality, such as asymmetry of the aor-
tic sinuses [ 63 ]. In patients with more substan-
tial cardiac defects of the outfl ow tracts, such 
as transposition of the great arteries, increased 
variation of the coronary artery pattern is noted, 
and it becomes important when describing these 
patterns to relate them specifi cally to the aortic 
and pulmonic valves [ 64 ]. The most common 
coronary anomaly is absent left main with sepa-
rate origin of the LAD and LCX arteries from 
the left sinus of Valsalva, with an incidence of 
0.41 % followed by the LCX arising from the 
RCA or directly from the right sinus of Valsalva, 
with an incidence of 0.37 % [ 65 ]. Both of these 
anomalies are considered benign in clinical sig-
nifi cance. The most common potentially serious 
coronary artery anomaly is anomalous origin of 
the RCA from the left sinus of Valsalva, with 
incidence of 0.107 % [ 65 ] (Table  27.1 ).

   Table 27.1    Incidence of specifi c coronary anomalies   

 Number 
 Incidence
(%) 

 Anomalies
(%) 

  Benign  
 Absent left main  513  0.41  30.4 
 LCX from right sinus 
or RCA 

 467  0.37  27.7 

 Coronary artery from 
noncoronary sinus 
  1.  LCA from 

noncoronary 
sinus 

 1  0.0008  0.06 

  2.  RCA from 
noncoronary 
sinus 

 4  0.003  0.24 

 Anomalous origin 
from above the 
sinuses 
  1.  LCA from 

ascending aorta 
 16  0.013  0.95 

  2.  RCA from 
ascending aorta 

 188  0.15  11.2 

 Small coronary artery 
fi stulae 

 163  0.12  9.7 

  Potentially serious  
 Coronary artery from 
pulmonary artery 
  1.  LM from 

pulmonary artery 
 10  0.008  0.59 

  2.  LAD from 
pulmonary artery 

 1  0.0008  0.06 

  3.  RCA from 
pulmonary artery 

 2  0.002  0.12 

 Coronary artery from 
opposite sinus 
  1.  LM from right 

sinus 
 22  0.017  1.3 

  2.  LAD from right 
sinus 

 38  0.03  2.3 

  3.  RCA form left 
sinus 

 136  0.107  8.1 

 Single coronary
artery 

 56  0.044  3.3 

  1. R-I  1  0.0008  0.06 
  2. R-II  19  0.015  1.1 
  3. R-III  5  0.004  0.3 
  4. L-I  20  0.016  1.2 
  5. L-II  11  0.009  0.65 
 Multiple or large-
sized fi stulae 

 62  0.06  3.7 

  Adapted from Yurtdas and Gulen [ 65 ] with permission 
  LM  left main,  LAD  left anterior descending,  LCX  left 
 circumfl ex,  LCA  left coronary artery,  RCA  right coronary 
artery  
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       Clinical Presentation 

 Many studies have demonstrated that most 
 coronary artery anomalies are discovered as 
benign, incidental fi ndings upon angiography 
studies. Some of these “benign” anomalies 
include (1) absent left main, (2) ectopic origin of 
the LCX artery from the right sinus of Valsalva, 
(3) ectopic coronary origin from the posterior 
sinus of Valsalva, (4) anomalous coronary origin 
from the ascending aorta, (5) absent circumfl ex, 
(6) intercoronary communications, and (7) small 
 coronary artery fi stula. Other anomalies may be 
associated with potentially more serious sequelae 
such as angina pectoris, myocardial infarction, 
syncope, cardiac arrhythmias, congestive heart 
failure, or even sudden death. Potentially serious 
anomalies include (1) ectopic coronary origin 
from the pulmonary artery, (2) ectopic coronary 
origin from the opposite sinus of Valsalva, (3) 
single coronary artery, and (4) large coronary 
fi stula [ 1 ]. The etiology of myocardial isch-
emia may be related to disturbed kinetics from 
oblique origin, ostial stenosis, compression of 
intramural course, loss of reservoir capacity, and 
increased myocardial oxygen demand associated 
with exercise. Physical examination fi ndings 
depend on the coronary anomaly and are most 
often entirely normal.  

    Classifi cation Schemes 

 Different classifi cation criteria have been 
described for coronary artery anomalies. Some 
investigators prefer to categorize anomalies based 
solely on clinical signifi cance, such as benign, rel-
evant, severe, or critical [ 66 ] (Table  27.2 ). Other 
schemes focus on fi rst assessing anatomic varia-
tion independent from clinical and hemodynamic 
sequelae, with judgment about clinical relevance 
as a secondary clinical classifi cation. Anatomic 
schemes commonly divide coronary artery anom-
alies into three general classifi cations. These 
include anomalies of origin and course, anoma-
lies of intrinsic coronary arterial anatomy, and 
anomalies of coronary termination (Table  27.3 ). 
Coronary anomalies of origin and course have the 
highest risk of developing major cardiac events.

         Isolated Coronary Anomalies 

    Anomalies of Origin and Course 

 The majority of clinically signifi cant  coronary 
artery anomalies are within this group of anoma-
lies. There are three main subcategories within 
this group including (A) absent left main (LM) 
artery, (B) anomalous ostium outside the aor-
tic sinuses, and (C) anomalous ostium at an 
improper sinus. 

    Absent Left Main 
 Absent left main, also known as separate origin 
of LAD and    LCX, is typically a benign con-
fi guration where the LAD and LCX each have 
well- defi ned, separate ostia from the left sinus 
of Valsalva (Fig.  27.4 ). Although inability to 

   Table 27.2    Clinical signifi cance-based classifi cation of 
coronary artery anomalies   

 Class  Coronary artery anomaly 

 I. Benign  Ectopic origin of LCX 
from right sinus 
 Ectopic origin of LCX 
from the RCA 
 Separate origin of LCX 
and LAD 
 Duplicated LAD 

 II. Relevant  Coronary artery fi stula 
   Related to myocardial 

ischemia 
 Single coronary artery 
R-L, I-II-III, A-P 
 Ectopic origin of LCA 
from PA 
 Coronary artery atresia 
 Hypoplastic coronary 
artery 

 III. Severe  Ectopic origin of LCA 
from the right sinus 

   Potentially related 
to sudden death 

 Ectopic origin of RCA 
from the left sinus 
 Ectopic origin of RCA 
from the PA 
 Single coronary artery 
R-L, I-II-III, B 

 IV. Critical  Class II and superimposed 
CAD 

   Related to sudden death/
myocardial ischemia 
and associated with 
superimposed CAD 

 Class III and 
superimposed CAD 

  Adapted from Rigatelli et al. [ 66 ] with permission  
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 separately cannulate the LAD and LCX at x-ray 
angiography may lead to misinterpretation that 
one of these arteries is completely occluded, 
with potential failure to perfuse both vessels 
during cardiopulmonary bypass [ 67 ], the wide 
fi eld of view and tissue characterization pos-
sible with coronary CTA and MRA make this 
diagnostic error uncommon [ 68 ]. There is an 
increased incidence of left coronary artery 
dominance and myocardial bridging. However, 
there is no increased association with congeni-
tal heart anomalies or coronary artery disease 
[ 67 ,  69 ].

       Anomalous Coronary Ostium Outside 
the Aortic Sinuses 
 There is a large subset of coronary anomalies, 
including origin of the left coronary artery from 
the pulmonary artery (ALCAPA) (Fig.  27.5 ), 
that are part of this subcategory. ALCAPA is 
also known by the eponym of Bland-White-
Garland syndrome with estimated incidence of 
0.008 % [ 65 ]. This anomaly most often presents 
as an isolated defect, but in 5 % of cases may 
be associated with other congenital heart defects, 

  Fig. 27.4    Absent left main or separate origin of the 
left anterior descending (LAD) and circumfl ex arteries. 
Coronary CTA multiplanar reformatted image ( a ) and cor-
responding 3D volume-rendered image ( b )  demonstrate 

that the LAD ( red arrow ) and circumfl ex ( black arrow-
head ) arteries arise directly from the left coronary sinus 
without a common ostium (absent left main)       

   Table 27.3    Anatomic classifi cation of coronary artery 
anomalies   

  Anomalies of origin and course  
 Absent left main 
 Anomalous coronary ostium outside the aortic sinuses 
  High takeoff 
   Anomalous origin of coronary artery from 

pulmonary artery a  
 Anomalous coronary ostium at an improper sinus with 
anomalous course 
  Anterior 
  Interarterial a  
  Intraseptal 
  Posterior 
 Single coronary artery 
  Anomalies of intrinsic anatomy  
 Congenital ostial stenosis or atresia 
 Coronary ectasia and aneurysm 
 Duplicated coronary arteries 
 Subendocardial coronary course 
 Coronary crossing 
  Anomalies of termination  
 Coronary artery fi stulas a  
 Extracardiac terminations 
 Coronary arcade 

   a Hemodynamically signifi cant anomalies  
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 including atrial septal defect, ventricular septal 
defect, and aortic coarctation. Symptoms usually 
present in infants or children with symptoms of 
myocardial ischemia due to coronary steal phe-
nomenon or congestive heart failure. Left to right 
shunting from the higher pressure left coronary 
arterial system to the lower pressure arterial 
system occurs via RCA to left coronary artery 
(LCA) collateral vessels, with retrograde fl ow 
in the left coronary arterial circuit. Thus, blood 
fl ows from the aorta --> RCA --> collateral ves-
sels --> LCA --> low pressure pulmonary circuit. 
The resultant circulatory insuffi ciency results in 
left ventricular dysfunction, myocardial infarc-
tion, or  life- threatening cardiac arrhythmias.

   ALCAPA is associated with 90 % mortal-
ity if not surgically corrected [ 70 ]. Although 
rare, there have been numerous reports of this 
anomaly presenting in the adult, with clini-
cal presentations of heart failure from chronic 
mitral insuffi ciency or global ischemic cardio-
myopathy [ 71 ]. There is still ongoing risk of 
sudden cardiac death due to ischemic malignant 
ventricular arrhythmias [ 72 ]. Survival beyond 
infancy is attributed to the development of 
abundant intercoronary collateral arteries, an 
alteration in hemodynamics that encourages 
antegrade blood fl ow in the left coronary arte-
rial tree, and reduction in the size of the left ven-
tricular myocardium supplied by the LCA [ 70 ]. 
Once the diagnosis of ALCAPA is made, early 

surgical repair is recommended to prevent future 
potential complications. Surgical repair proce-
dures include aortocoronary saphenous vein or 
internal mammary artery bypass grafting, aortic 
root reimplantation with or without a pulmo-
nary fl ap, or intrapulmonary baffl ing [ 72 ]. Other 
coronary anomalies arising from the pulmonary 
artery are even more rare, including anomalous 
LAD from the pulmonary artery with estimated 
incidence of 0.0008 % and anomalous RCA 
from the pulmonary artery (ARCAPA) with 
estimated incidence of 0.002 % [ 65 ] (Fig.  27.6 ).

   Although conventional x-ray coronary angiog-
raphy can detect and depict the course of ALCAPA 
and similar variants, diagnosis can be diffi cult, par-
ticularly given the presence of numerous enlarged 
collateral arteries and high- fl ow shunting that can 
make adequate  opacifi cation of the coronaries dif-
fi cult as well as the limited 2-dimensional visual-
ization (Fig.  27.6 ). CT and MR imaging provide 
direct visualization of the origin and proximal 
course of the anomalous coronary artery, includ-
ing the exact location of the anomalous coronary 
artery from the pulmonary artery, and visualiza-
tion of the dilated intercoronary collateral arter-
ies (Fig.  27.5 ). In addition, dynamically enhanced 
MR imaging (fast time-resolved MRA or fi rst-
pass perfusion MR imaging) may demonstrate the 
lack of early enhancement of the LCA compared 
to RCA followed by late enhancement of the LCA 
in ALCAPA [ 71 ]. Finally, phase-contrast MR 

  Fig. 27.5    Anomalous left coronary artery from the pul-
monary artery (ALCAPA). Coronary CTA multiplanar 
reformatted images ( a ) and corresponding 3D volume-
rendered images ( b ,  c ) demonstrate anomalous origin of 
the left coronary artery from the main pulmonary artery 
( MPA ) ( red arrow ). The right coronary artery ( RCA ) 

 demonstrates normal origin from the right aortic sinus 
and is signifi cantly dilated due to the inherent left to right 
shunting present at the coronary artery level with associ-
ated large collateral vessels ( black arrows ) between the 
right and left coronary artery systems.  LAD  left anterior 
descending artery,  LCX  left circumfl ex artery       
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 imaging can be used to demonstrate the  retrograde 
fl ow in the anomalous coronary arteries. 

 Additional sites of anomalous origin of the 
coronary arteries include origin above or below 
the aortic sinuses such as the left or right ven-
tricular outfl ow tracts, the ascending aorta, and 
the brachiocephalic or subclavian arteries. 
Although anomalous origin from the ascending 
aorta is considered a benign anomaly, the clinical 
sequelae of origins at other sites remain uncertain 
due to their rarity.  

    Anomalous Coronary Ostium 
at an Improper Sinus 
 Anomalous coronary origin from an improper 
sinus is probably the most frequent clinically sig-
nifi cant coronary anomaly. This type of anomaly 
is important to recognize, since it is a common 
cause of sudden cardiac death in young athletes, 
accounting for approximately 15 % of sudden 
death causes in young persons [ 73 – 75 ]. The most 
commonly encountered form of this anomaly is 
ectopic (aberrant) origin of a coronary artery 
from the contralateral sinus. Conceptually, there 
are four potential paths that a coronary may take 
to its perfusion territory: prepulmonic, anterior to 
the right ventricular outfl ow tract (Type 1); inter-
arterial, between the aorta and pulmonary artery 
(Type 2A); intraseptal, through the proximal 
interventricular septum similar to a superior 

 septal perforator (Type 2B); or retroaortic, 
 posterior to the aortic root (Type 3) (Figs.  27.7 , 
 27.8 ,  27.9 , and  27.10 ). Type 2A is considered to 
be a clinically severe subtype with a high risk of 
sudden cardiac death. Anomalous LCA from the 
right sinus of Valsalva is relatively rare with inci-
dence 0.03 %, but with a high association with 
sudden cardiac death [ 76 – 78 ] (Fig.  27.9 ). 
Anomalous RCA form the left sinus of Valsalva 
is more  common (0.1 %) (Fig.  27.10 ) and is also 
associated with sudden cardiac death, but at a less 
frequent rate. In a large retrospective review of 
sudden cardiac death among military recruits, 
33 % of sudden deaths were related to anomalous 
origin of the LCA from the right sinus and none 
related to anomalous RCA from left sinus [ 75 ]. 
In other studies, sudden cardiac death was noted 
with both types of coronary anomalies, although 
the frequency was signifi cantly less for anoma-
lous RCA from the left sinus [ 74 ,  78 ]. Anatomic 
features that appear to be associated with risk of 
sudden death include acute angle takeoff, slit-like 
coronary orifi ce, proximal intramural course, 
double coronary ostia from same sinus, and com-
pression of the anomalous coronary artery 
between the aorta and pulmonary artery [ 74 ,  78 ]. 
It is likely that anomalous course between the 
aorta and right ventricle outfl ow tract is less 
harmful than anomalous course of the artery 
between the aorta and main pulmonary artery.

  Fig. 27.6    Anomalous right coronary artery from the pul-
monary artery (ARCAPA). X-ray coronary angiogram ( a ) 
and 3D coronary CTA volume-rendered images ( b ,  c ) 
demonstrating anomalous origin of the right coronary 
artery ( RCA ) from the main pulmonary artery ( MPA ). The 
coronary anatomy is more easily appreciated on the 3D 

coronary CTA images compared to x-ray coronary angio-
gram. The left coronary artery ( LCA ) system demon-
strates normal origin from the left aortic sinus with the 
presence of large coronary collaterals.  LAD  left anterior 
descending artery.  Ao  Aorta          
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      Current AHA guidelines recommend that 
 surgical coronary revascularization be performed 
for the following indications: (1) anomalous 
LCA coursing between the aorta and pulmonary 
artery, (2) documented coronary ischemia due to 
coronary compression related to anomalous 
course between the great arteries or an intramural 
component, and (3) anomalous origin of the RCA 
coursing between the aorta and pulmonary arter-
ies with evidence of ischemia [ 79 ]. Standard sur-
gical revascularization techniques such as bypass 
grafting, unroofi ng, and reimplantation and novel 
techniques such as pulmonary translocation have 
been performed in these patients. In general, 
bypass grafting is not a good option for most 
patients due to potential graft compromise related 
to competitive fl ow and possibility of graft 
thrombosis. Data from surgical series of patients 
who have undergone intervention for anomalous 
coronary artery from the opposite sinus have 
demonstrated good medium-term outcomes at 
8–10 years, with elimination of ischemic 

 symptoms, thereby allowing patients to return to 
normal activities [ 80 ].  

    Single Coronary Artery 
 Single coronary artery is one of the rarest con-
genital coronary anomalies occurring in approx-
imately 0.024–0.066 % of the general population 
undergoing coronary angiography [ 65 ]. Single 
coronary artery is defi ned as one coronary artery 
arising from a single coronary ostium from the 
aortic trunk that supplies the entire myocardium. 
Although the majority of cases occur in the set-
ting of other congenital cardiovascular disease, 
isolated single coronary artery anomaly has also 
been reported, commonly anomalous RCA from 
the LAD [ 65 ]. The modifi ed Lipton classifi ca-
tion for describing different types of single coro-
nary artery anomalies uses a coding system 
defi ned by the originating sinus and the relation-
ship between the three main coronary arteries. 
The fi rst letter designates the sinus of Valsalva 
from which the single coronary ostium is located 
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  Fig. 27.7    Diagram demonstrating potential paths for 
anomalous coronary artery from the opposite sinus 
including prepulmonic ( Type 1 ), interarterial ( Type 2A ), 
intraseptal ( Type 2B ), and retroaortic ( Type 3 ).  Ao  aorta, 

 PA  pulmonary artery,  RA  right atrium,  LA  left atrium,  LV  
left ventricle,  RCA  right coronary artery,  LAD  left anterior 
descending,  LCX  left circumfl ex       
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(i.e., left “L” or right “R”). The next position is 
represented as a Roman numeral (I, II, or III) and 
describes the anatomic course of the artery. 
Group I follows the normal anatomic course of 
either the right or left coronary artery 
(Fig.  27.11 ). In    Group II, one coronary artery 
arises from the proximal aspect of the normally 
located other coronary artery (Fig.  27.12 ). In 
group III, the LAD and LCX arise separately (no 
left main) from the normally positioned RCA 
(Fig.  27.13 ). The fi nal letter describes the rela-
tionship between the anomalous coronary artery 

and the aorta and pulmonary artery [i.e., anterior 
(A), posterior (P), between the great vessels (B), 
intraseptal (S), and a mixture of types (C)] [ 1 ].

     The clinical signifi cance and risk of single 
coronary artery usually depend on the location 
and course of the abnormal coronary artery ori-
gin and the presence and degree of any culprit 
stenotic or atherosclerotic lesion [ 65 ]. Since clin-
ical presentation may vary and there is a risk of 
sudden death if left untreated, symptomatic 
patients with demonstrable ischemia need further 
clinical attention [ 81 ].   

  Fig. 27.8    Anomalous left coronary artery from the right 
aortic sinus, Type I: prepulmonic course. Coronary CTA 
thin maximum intensity projection images ( a ,  b ) and 3D 
volume-rendered images. ( c ,  d )  demonstrating anomalous 
origin of the left coronary artery ( LCA ) from the right 

sinus adjacent to the right coronary artery ( RCA ) origin. 
The LCA demonstrates a benign course anterior to the 
right ventricular outfl ow tract before giving rise to the 
normally situated left anterior descending ( LAD ) and left 
circumfl ex ( LCX ) arteries. ( Ao ) Aorta       
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    Anomalies of Intrinsic Anatomy 

    Congenital Ostial Stenosis or Atresia 
 Ostial atresia is most frequently reported for 
the left main artery (Fig.  27.14 ), with subse-
quent failure of the development of the left 
main. The LAD and LCX demonstrate retro-

grade fi lling via collaterals from the RCA. This 
anomaly is distinguished from single coronary 
artery in that the fl ow is centripetal (from 
smaller peripheral vessels to larger central ves-
sels) and often from multiple small collaterals 
in ostial atresia as opposed to centrifugal (from 
larger to progressively smaller vessels) in sin-
gle coronary artery [ 82 ]. The collateral circula-
tion is usually incapable of providing adequate 
myocardial perfusion leading to failure to 
thrive, early myocardial ischemia and infarc-
tion, and a poor prognosis without surgical 
intervention [ 83 ].

      Coronary Ectasia and Aneurysm 
 Coronary artery aneurysm is defi ned as a coro-
nary artery segment that demonstrates a diam-
eter greater than 1.5 times the normal adjacent 
segment (Fig.  27.1 ). Coronary artery ectasia is 
defi ned as the presence of coronary artery aneu-
rysm that involves more than 50 % of the total 
length of the coronary artery [ 84 ]. Kawasaki’s 
disease accounts for the majority of cases of 
coronary artery aneurysm worldwide, although 
atherosclerotic coronary artery disease is fre-
quently implicated for most cases in the United 
States. Compared with invasive angiography, 
noninvasive techniques including coronary CTA 
and MRA allow for more accurate assessment 
of aneurysm size and presence of associated 
 thrombus [ 85 ].  

  Fig. 27.9    Anomalous left coronary artery from the right 
aortic sinus, Type 2A: interarterial course. Coronary CTA 
multiplanar reformatted image ( a ), 3D volume-rendered 
image ( b ), and corresponding 3D shaded surface endolu-
minal image ( c ) demonstrating separate origins of the left 

coronary artery ( LCA ) and right coronary artery ( RCA ) 
from the right aortic cusp with the LCA coursing between 
the aorta ( Ao ) and right ventricle outfl ow tract/main pul-
monary artery ( MPA )       

  Fig. 27.10    Anomalous right coronary artery from the 
left aortic sinus, Type 2A: interarterial course. Contrast- 
enhanced coronary MRA demonstrates separate origins of 
the left coronary artery ( LCA ) and right coronary artery 
( RCA ) from the left aortic cusp with the RCA coursing 
between the aorta ( Ao ) and main pulmonary artery ( MPA )/
right ventricle outfl ow tract       
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   Duplicated Arteries 
 The LAD, the RCA, or the PDA may appear 
duplicated. Duplication of the LAD represents 
the most common type of duplicated artery 
anomalies and depending on their anatomical 
course or origins is classifi ed into four to fi ve 
types. Commonly this anomaly is represented 
by a short LAD that travels in the proximal 

two- third of anterior interventricular groove and 
 terminates prior to reaching the apex and run-
ning parallel to a longer LAD that continues to 
supply the apical wall.  

   Subendocardial Coronary Course 
 In rare cases, a coronary artery may demonstrate 
a subendocardial course after penetrating the 

  Fig. 27.11    Single coronary artery, Type L-I. Coronary 
CTA 3D volume-rendered images demonstrate normal 
origin of the left coronary artery from the left cusp giving 
rise to normal left anterior descending ( LAD ) and left cir-
cumfl ex ( LCX ) arterial courses ( a ). The LCX runs along 

the left atrioventricular groove and continues posteriorly 
along the right atrioventricular groove giving rise to the 
distal aspect of the right coronary artery ( RCA ) ( b ). The 
RCA continues along the right atrioventricular groove and 
is noted to taper in its mid- and proximal segments ( c )       

  Fig. 27.12    Single coronary artery, Type R-IIS. Coronary 
MRA multiplanar reformatted image in axial ( a ) and 
oblique sagittal ( b ) views. The right coronary artery 
( RCA ) demonstrates normal origin from the right cusp ( a ). 

The left coronary artery ( LCA ) arises from the proximal 
aspect of the RCA with an intraseptal course between the 
aorta ( Ao ) and right ventricular outfl ow tract ( RVOT ) ( a ), 
below the main pulmonary artery ( MPA ) ( b )       
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myocardium. This anomaly may be seen as an 
intermediate stage in coronary  malposition 
from intramyocardial to  coronary-cameral 
 fi stula [ 63 ].  

   Coronary Crossing 
 Coronary crossing refers to a benign incidental 
fi nding where the coronary arteries or their 
branches demonstrate anomalous crossing over 
each other as opposed to running parallel to each 
other (Fig.  27.15 ).

        Anomalies of Termination 

   Coronary Artery Fistulas 
 Coronary artery fi stulas are abnormal 
 communications between one or more coronary 
arteries and either a cardiac chamber (coronary-
cameral) (Fig.  27.16 ), the pulmonary artery 
(Fig.  27.17 ), or a venous structure. Coronary 
artery fi stulas have an incidence of approximately 
0.5 % of patients undergoing angiography [ 65 ]. 
Most coronary artery fi stula cases involve the 

  Fig. 27.13    Single coronary artery, Type IIIC. Coronary 
CTA 3D volume-rendered images ( a ,  b ) demonstrate sin-
gle coronary ostium from the right cusp with the left ante-
rior descending ( LAD ) coursing between the aorta ( Ao ) 
and right ventricular outfl ow tract ( RVOT ) and the left 

circumfl ex ( LCX ) coursing posterior to the aorta ( Ao ). The 
right coronary artery ( RCA ) demonstrates normal course 
in the right atrioventricular groove. Of note, the main pul-
monary artery has been removed from view to demon-
strate the course of the LAD       

  Fig. 27.14    Left main atresia. Coronary MRA 2D multi-
planar reformatted ( a ) and thin maximum intensity pro-
jection ( b ) views with corresponding x-ray coronary 
angiogram ( c ). The left main coronary terminates as a 

blind stump near the left coronary cusp ( a ,  b ). The right 
coronary artery ( RCA ) demonstrates normal origin from 
the right cusp and supplies collaterals to the left coronary 
system ( c )       
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RCA, and the feeding artery is typically dilated 
and tortuous given that it drains into a lower pres-
sure chamber. Myocardial ischemia may occur 
due to a hemodynamic steal phenomenon.

       Extracardiac Terminations 
 Connections exist between the coronary arteries 
and bronchial arteries regardless of patient age or 
presence of pathology. These connections usu-
ally do not become functional unless a pressure 
gradient exists [ 86 ]. Prominent collateral fl ow 
from the coronary to bronchial arteries may be 
seen in patients with any pulmonary disease that 
decreases perfusion in the bronchial vascular bed 
(Fig.  27.18 ). Angina pectoris may result due to 
“pulmonary steal syndrome” [ 87 ].

      Coronary Arcade 
 Coronary arcade is defi ned as angiographically 
evident connections between the RCA and LCA 
in the absence of coronary artery stenosis. 

While small communications are normal, they 
are normally not large enough to be visualized 
on routine angiography. The connections are 
also distinguished from collaterals by their 
straight connections in the absence of signifi -
cant coronary artery disease. Coronary arcade 
is frequently noted near the crux of the heart 
[ 88 ,  89 ].    

    Coronary Artery Anomalies in the 
Setting of Congenital Heart Disease 

    Background 

 There is a higher incidence of coronary artery 
anomalies in patients with congenital heart dis-
ease (CHD) than in the general population, rang-
ing from 3 to 36 % in several studies [ 90 ]. In 
adults with CHD, the origin and course of the 
coronary arteries, both normal and anomalous, 
may have implications in surgical reconstruction 
as the anomalous coronary artery could be inad-
vertently damaged during surgery. The spatial 
relationship between the relevant cardiac struc-
ture and the coronary arterial system is essential 
for planning the operation and providing a good 
outcome. Three-dimensional representation of 
the data plays an increasingly important role in 
this regard [ 54 ].  

    Tetralogy of Fallot 

 The incidence of abnormal coronary artery anat-
omy is up to 19 % in patients with tetralogy of 
Fallot (TOF) [ 91 ,  92 ]. Commonly noted anoma-
lies include origin of the LAD from the RCA and 
single coronary artery [ 93 ]. Coronary artery 
anomalies of greatest concern are those that 
involve a coronary artery coursing in or anterior 
to the right ventricular outfl ow tract (Figs.  27.19 , 
 27.20 , and  27.21 ). Up to 19 % of patients with 
tetralogy of Fallot are reported to have a conal 
branch at least as large as the RCA, crossing the 
right ventricular outfl ow tract [ 94 ,  95 ]. Although 
in isolated cases this coronary anomaly is usually 
considered benign, it is a complicating factor for 

LCX
LAD

  Fig. 27.15    Coronary crossing. Coronary CTA 3D 
volume- rendered image demonstrates separate origin of the 
left circumfl ex (LCX   ) artery ( red arrow ) and left anterior 
descending (LAD) artery ( black arrow ) from the left cusp. 
The LCX demonstrates unusual origin anterior to the LAD 
origin, and the two vessels cross each other proximally 
before continuing along their normal anatomic course.  LAD  
left anterior descending,  LCX  left circumfl ex artery       
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surgical correction of patients with TOF, with 
potential for inadvertent transection at the time of 
ventriculotomy [ 94 ,  96 ,  97 ]. Current guidelines 
recommend determination of coronary artery 
anatomy prior to any intervention for the right 
ventricular outfl ow tract [ 16 ] in order to prevent 
potential complications at the time of  intervention 
[ 93 ,  98 ,  99 ].

         Transposition of the Great Vessels 

 In congenitally corrected transposition of the 
great arteries (cc-TGA or Levo-TGA) of the 
great vessels, the coronary circulation gener-
ally demonstrates an “inverted” or “mirror 
image” of the normal coronary arterial tree 
pattern, such that the LAD descends to the 

a b

c d

  Fig. 27.16    Coronary-cameral fi stula. Coronary MRA 3D 
volume-rendered images ( a – c ) and 2D thin maximum 
intensity projection image ( d ). The left anterior descend-

ing artery ( blue arrows ) is noted to be dilated and tortuous 
in its course before entering the right ventricle (RV) at its 
apex ( white arrow ).  LV  left ventricle       
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right of the aorta (Fig.  27.22 ). The terms 
“morphologically left” and “morphologically 
right” coronary artery are often used to more 
accurately describe the coronary arteries and 
are consistent with the morphologic chamber 
supplied [ 100 ] and segmental terminology 
used in CHD classification [ 101 ]. Reports sug-
gest that deviations from this “inverted” 
appearance of the coronary arteries are uncom-
mon [ 102 ,  103 ], but others have reported 
increased number of coronary anomalies com-

parable to that seen in other forms of  congenital 
heart disease [ 104 ]. With the advent of double 
switch operations (combined atrial and great 
vessel switch), knowledge of coronary artery 
anatomy is important prior to surgery, since it 
may play a role in the course or type of 
 operation or in the decision not to operate at 
all [ 104 ].

   Adult patients with complete TGA (Dextro- 
TGA) also demonstrate considerable variabil-
ity in the coronary artery anatomy related to 

  Fig. 27.17    Coronary to pulmonary artery fi stula. 
Coronary CTA 3D volume-rendered images ( a ,  b ) and 2D 
multiplanar reformatted image ( c ,  d ) demonstrate a mass 
of dilated tortuous vessels (fi stula) arising from the left 

anterior descending ( LAD ) and right coronary artery 
( RCA ) terminating into the main pulmonary artery ( d , 
 black arrow ).  Ao  aorta,  LCX  left circumfl ex       
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complexity of cardiac anatomy, modifi cation of 
anatomy by surgery, and potential interference 
from indwelling devices such as conduits, baf-
fl es, stents, and coils. As many as 28 variants of 

proximal coronary anatomy have been reported 
[ 105 ,  106 ]. Knowledge of the coronary artery 
anatomy is important, particularly if a patient is 
to undergo an arterial switch procedure, since the 
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  Fig. 27.19    Normal and abnormal coronary artery pat-
terns noted in tetralogy of Fallot. The spatial orientation 
of the aortic root and relative position of the coronary 
cusps are kept identical between the normal and abnormal 
coronary groups to prevent complexity. However, it is 
important to know the aortic root in tetralogy of Fallot 
shows variable degrees of clockwise rotation that may 

move the noncoronary sinus to an anteriorly located posi-
tion. Anomalies with large vessels or branches crossing 
the right ventricular outfl ow tract have the potential for 
signifi cant complications during surgical repair of tetral-
ogy of Fallot.  Ao  aorta,  PA  pulmonary artery,  RCA  right 
coronary artery,  LAD  left anterior descending,  LCX  left 
circumfl ex       

  Fig. 27.18    Coronary to bronchial artery collaterals. 
Chest CTA coronal oblique view ( a ) demonstrates cystic 
bronchiectasis involving the right lower lobe ( RLL ). 
Coronary CTA 3D volume-rendered images ( b ,  c ) with 

coronary artery fi stula from left circumfl ex ( LCX ) to bron-
chial artery collaterals supplying the RLL.  LAD  left ante-
rior descending artery       

 

 

M.B. Srichai and D. Mason



625

coronary arteries also need to be reimplanted, 
and relatively minor anatomic abnormalities 
such as high takeoff above the sinotubular junc-
tion or non- orthogonal angle from the aortic root 
can change the clinical course [ 102 ]. Several dif-
ferent classifi cation systems have been proposed 
for describing the different coronary artery varia-
tions, but most were complex and not practical 
for clinical or surgical use [ 107 ]. More simpli-
fi ed and practical classifi cation systems focused 

on origin and/or proximal course of the coronary 
arteries. The Planche classifi cation system is per-
haps the most practical, since it relates directly 
to anticipated technical diffi culties with coronary 
arterial transfer during the arterial switch opera-
tion [ 108 ] (Fig.  27.23 ). Group I is the usual, most 
common coronary anatomy; Group II refers to 
coronary arteries originating from and passing 
through the region between the aorta and pulmo-
nary trunk, often with an associated intramural 

  Fig. 27.20    Tetralogy of Fallot, normal coronary anat-
omy. Coronary CTA 2D multiplanar reformatted image 
( a ) and corresponding 3D volume-rendered images ( b ,  c ) 
demonstrate normal origins of the right coronary artery 
( RCA ) and left coronary artery ( LCA ) from their respec-

tive cusps. The left anterior descending artery ( LAD ) is 
noted to course adjacent to the large right ventricular out-
fl ow tract surgical patch ( RVOTP ).  Ao  aorta,  PA  pulmo-
nary artery,  LV  left ventricle,  LCX  left circumfl ex       

  Fig. 27.21    Tetralogy of Fallot with anomalous position 
of the coronary arteries. Coronary CTA 2D multiplanar 
reformatted image ( a ) and corresponding 3D volume-
rendered images ( b ,  c ) are shown. Assuming clockwise 
rotation of the aortic root has moved the noncoronary 
sinus to a right anterior location ( a ), the left anterior 
descending ( LAD ) is arising from the anterior, right cusp 

(now located on left side) coursing anterior to the right 
ventricular outfl ow tract ( RVOT ) before reaching the ante-
rior interventricular groove. The right coronary artery 
( RCA ) and the left circumfl ex ( LCX ) arteries arise from 
the left cusp (now located posteriorly).  Ao  aorta,  LCX  left 
circumfl ex       
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course; Group III refers to coronary arteries with 
abnormal looping of one or more coronary arter-
ies either anterior or posterior to the great ves-
sels (Figs.  27.24  and  27.25 ); and Group IV are 
miscellaneous other anatomies. Although sev-
eral studies have been unable to identify a spe-
cifi c relationship between mortality rates and 
anatomic variants of the coronary arteries [ 109 –
 111 ], literature still suggests that certain patterns 
of origin and coronary artery distribution pose 

increase surgical risks [ 107 ]. The presence of an 
 intramural coronary artery or abnormal coronary 
looping (either anterior or posterior to the great 
arteries) with a single coronary ostium is associ-
ated with higher mortality risk compared to nor-
mal, usual anatomy. This increased risk is related 
to potential kinking and/or distortion of the 
transferred segment in the case of posterior loop-
ing and stretching or bowstringing of the trans-
ferred segment in the case of anterior  looping. 

a

c d

b

  Fig. 27.22    Levo-transposition of the great vessels. 
Coronary CTA multiplanar reformatted image ( a ) and 
corresponding 3D volume-rendered images ( b – d ) demon-
strate the inverted “mirror” image pattern of the coronary 
arteries, with the morphologic left anterior descending 
( mLAD ) and morphologic left circumfl ex ( mLCX ) arteries 

arising from the right facing cusp and course down the 
right side of the aorta. The morphologic right coronary 
artery ( mRCA ) arises from the left facing cusp and courses 
down the left side of the aorta.  Ao  aorta,  PA  pulmonary 
artery       
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  Fig. 27.23    Planche classifi cation system in dextro-transposition of the great vessels.  Ao  aorta,  PA  pulmonary artery, 
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Adjustments in surgical technique can be made 
depending on the coronary artery anatomy but, in 
some cases, may require complete alteration of 
the surgical technique.

         Bicuspid Aortic Valve 

 Bicuspid aortic valve is the most common con-
genital heart malformation, present in 1–2 % of 
the population. Bicuspid aortic valve is highly 
associated with congenital abnormalities of the 

aorta and proximal coronary arteries [ 112 ], with 
reported 2 % incidence of associated coronary 
artery anomalies. Frequently reported anomalies 
include anomalous origin of the LCX from the 
RCA or right sinus and absent left main with 
separate origins of the LAD and LCX from the 
left sinus [ 103 ,  113 ]. Since many of these patients 
will require aortic valve surgery, preoperative 
assessment of coronary artery anatomy for iden-
tifi cation of possible anomalies would avoid 
potential injury to the anomalous coronary artery 
during surgical aortic repair [ 114 ].  

a

c d

b

  Fig. 27.24    Dextro-transposition of the great vessels 
post-atrial switch, Planche Group III, Type B: posterior 
looping. Coronary CTA 2D multiplanar reformatted 
image ( a ) and corresponding 3D volume-rendered images 
( b – d ) demonstrate anterior origin of the left anterior 

descending ( LAD ) artery and posterior origin of the right 
coronary artery ( RCA ) and left circumfl ex ( LCX ) arteries. 
The RCA and LCX demonstrate posterior looping (Type 
C) behind the aorta ( Ao ) and pulmonary artery ( PA )       
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    Mitral Valve Prolapse 

 Anomalous coronary arteries demonstrate high 
association with mitral valve prolapse. In 29 adult 
patients with mitral valve prolapse, multiple anom-
alies were described, most involving anomalous 

origin or the RCA or LCX [ 115 ]. Separate origins 
of the LAD and LCX as well coronary artery fi s-
tulae have also been described [ 116 ]. Recognition 
of coronary anomalies is important for patients 
undergoing surgical valve repair or replacement 
to avoid inadvertent obstruction of the anomalous 

  Fig. 27.25    Dextro   -transposition of the great vessels post-
atrial switch, Planche Group III, Type C: anterior and pos-
terior looping. Coronary CTA 2D multiplanar reformatted 
image ( a ) and corresponding 3D volume-rendered images 
( b – d ) demonstrate anterior origin of the right coronary 

artery and posterior origin of the left coronary artery. The 
RCA courses anterior to the pulmonary artery ( PA ) and the 
left anterior descending ( LAD ) and left circumfl ex ( LCX ) 
arteries course posterior to the PA to supply their respective 
territories.  Ao  aorta,  LV  left ventricle,  RV  right ventricle       
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coronary ostium and/or  compression along its 
course by a valvular prosthesis.      
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        Investigation performed on the venous system of 
the heart is overshadowed by the numerous stud-
ies performed on the arterial side of coronary ves-
sels. Recent development in cardiac pacing and 
transvenous ablations asks for a thorough and a 
more detailed knowledge of the cardiac venous 
anatomy and function, concomitantly demonstrat-
ing the increasing value of the coronary venous 
system (CVS) imaging. With increasing longevity 
of patients with congenital heart disease (CHD), 
long-term complications including heart failure 
and arrhythmias have led to increased interest in 
the roles of cardiac resynchronization therapy 
(CRT) and radiofrequency ablation in these 
patients. CT and MR can play an important role in 
assessment of cardiac morphology and coronary 
vessel mapping. A detailed review of the anatomi-
cal particulars of the CVS represents the major 
topic of this chapter. The variations, anomalies, 

and modifi cations encountered in normal hearts 
and CHD are subsequently presented. We briefl y 
review clinical applications of this system in CRT. 
The description of anatomic variants of cardiac 
veins may also be important for retrograde car-
dioplegia perfusion (RCP). 

   Development of the Cardiac Veins 

 The right and left common cardinal veins (ducts 
of Cuvier) are formed by the confl uence of the 
anterior and posterior cardinal veins [ 1 ,  2 ]. The 
right horn of the sinus venosus and the right com-
mon cardinal vein will be developed and eventu-
ally form the posterior wall of the right atrium 
(RA) and the superior vena cava, respectively. 
The left horn of the sinus venosus, in conjunction 
with the regressing left common cardinal vein, 
forms the coronary sinus (CS) and the ligament 
or vein of the left atrium (Marshall) [ 1 ,  2 ] 
(Fig.  28.1 ). A vessel connecting the right and left 
superior cardinal veins enlarges and becomes the 
left brachiocephalic vein. The right sinus valve 
persists as the valve of the inferior vena cava and 
the valve of the coronary sinus (Eustachian and 
the Thebesian valves,  respectively ) [ 2 ].

   It was suggested in earlier experiments that 
coronary vessels arise from the proepicardium, a 
transitory structure in the embryonic heart that 
forms epicardium and several internal tissues [ 3 ]. 
Recent histological analysis in mouse and car-
diac organ culture has shown that coronary 
vessels arise from angiogenic sprouts of the sinus 
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venosus, the major vein that returns circulating 
blood to the embryonic heart [ 4 ]. Some sprouting 
venous endothelial cells dedifferentiate into 
arteries and capillaries as they invade the myo-
cardium and some remain on the surface and dif-
ferentiate into veins [ 4 ].  

   Cardiac Vein Classifi cation 

 A complete, highly effi cient and clinically useful 
classifi cation of the CVS is not as straightforward 
as in the case of the coronary arteries. 

The   epicardial  coronary veins depict a very dif-
ferent macroscopic disposition, as compared to 
the coronary arterial system, and show many 
more individual variations. 

 Modern anatomical classifi cation divides the 
cardiac veins into two main groups including trib-
utaries of the Greater-Cardiac Vascular System 
(CVS) and tributaries of the Smaller- CVS, con-
sisting of the Thebesian vessels [ 5 – 7 ]. For clarity 
Greater-CVS is divided into two groups including 
CS and non-CS tributaries (Fig.  28.2 ). Branches 
of the two systems can communicate. The term 
Compound-CVS has been used to describe 

  Fig. 28.1    Development of cardiac veins. Posterior draw-
ings of the embryonic heart at 4 weeks ( a ) and well-devel-
oped heart ( b ) at 8 weeks. The right and left anterior 
cardinal veins connect through small anastomotic veins 
which form the left brachiocephalic vein. The right horn 
of the sinus venosus and the cardinal veins eventually 
form the posterior wall of the right atrium (RA) and the 
vena cava, respectively. The left sinus horn regresses and 

loses its connection with the left anterior cardinal vein and 
becomes the coronary sinus ( CS ) and the oblique vein of 
left atrium (Marshall). Angiogenic sprouts ( small aster-
isks  in  a ) of the sinus venosus covering the epicardial sur-
faces (shown by  red curved arrows ) turn into the coronary 
vessels including veins (colored in  dark green ).  GCV  
great cardiac vein,  IVC  inferior vena cava,  SVC  superior 
vena cava,  LAA  left atrial appendage       
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 structures in which venous drainage is performed 
equally by both systems (Fig.  28.2 ) [ 6 ].

   In ventricular myocardium, the external two 
thirds are drained by the Greater-CVS, and the 
internal third is mainly drained by tributaries of 
the Smaller-CVS [ 6 ]. 

 The left ventricle and part of the right ventricle 
and the left atrium (LA) are drained by the CS 
tributaries, and the majority of the right ventricle 
and both atria are drained by the non-CS tributar-
ies. Almost all veins of the Greater-CVS are fi nally 
drained into the right atrium. In the right atrium, 
the wall of sinus venosus is drained by tributaries 
of the Greater-CVS, and the right atrial appendage 
is mainly drained by the Smaller-CVS [ 8 ]. 

   Smaller-CVS (Thebesian Vessels) 

 Consisting of sinusoids, channels, and  lacu-
nae , this subendocardial and intramyocardial 

 bidirectional communicating network runs in 
every direction conducting blood from epicardial 
coronary arteries into the cardiac chambers and 
provides myocardial nourishment (Fig.  28.3 ). 
Sinusoids are large capillaries with different mor-
phologies (Figs.  28.4  and  28.5 ). They are rem-
nant of the primitive cardiac circulation.

     The vessels of the Smaller-CVS are collec-
tively called  Thebesian veins . However, in view 
of their arterial component, the term “Thebesian 
vessels” is preferred [ 6 ]. Four distinct parts are 
described (Fig.  28.3b ). Their orifi ces are found in 
cardiac chambers (mostly RA and right ventricle) 
and bases of papillary muscles [ 9 ,  10 ] and usu-
ally are <0.5 mm in diameter but can be much 
larger especially in congenital heart disease with 
abnormal drainage of the CS [ 11 ]. Approximately 
70–80 % of the left coronary artery blood fl ow 
drains through the CS tributaries, and the remain-
der is drained via the Smaller-CVS [ 12 – 15 ]. The 
right heart chambers mainly drain thorough the 

  Fig. 28.2    Classifi cation of the cardiac venous system ( CVS ), right atrium ( RA ), sinuatrial node ( SAN ), atrioventricular 
node ( AVN ), vein ( V )       
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Smaller-CVS [ 6 ,  8 ]. In patients with single ven-
tricle and atrial isomerism, this drainage pattern 
may be different due to rearrangement of the epi-
cardial veins. The Thebesian network can pro-
vide reverse fl ow from ventricles into the 

epicardial coronary arteries when fl ow in the lat-
ter is compromised [ 12 ]. In patients with conges-
tive heart failure, congestion is mainly in large 
veins not the Thebesian veins [ 13 ]. Enlarged 
Thebesian veins are described in CHD patients.  

a b

  Fig. 28.3    ( a ) Schematic drawing demonstrates extensive 
interconnection of the epicardial cardiac vessels through 
the intraluminal Smaller-Cardiac Venous System (CVS). 
( b ) Tributaries of the Smaller-CVS (Thebesian vessels):  1 . 
Venoluminal vessels connect intramural venules with the 
lumen of cardiac chambers.  2 . Venosinusoidal vessels 

 connect intramural venules with subendocardial sinusoids 
and then the lumen.  3 . Arterioluminal vessels connect arte-
rioles with the atria or ventricles without traversing capil-
lary beds. Only exist in the right ventricle (RV).  4 . 
Arteriosinusoidal vessels connect arterioles with sinusoidal 
spaces.  RA  right atrium,  LV  left ventricle,  LA  left atrium       

  Fig. 28.4    Short-axis CT images of the heart showing large 
sinusoids in the interventricular septum and an example of 
myocardial cleft of the interventricular septum. Clefts 

should not be mistaken with a ventricular septal defect 
 RV  right ventricle,  LV  left ventricle       
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   Atrial Venous System 

 Imaging of these veins is diffi cult because of 
small size of vessels. However careful evaluation 
of cardiac CT images can show these structures 
in many studies. Different classifi cations are 
introduced [ 6 ,  8 ,  16 ,  17 ]. The easiest classifi ca-
tion is introduced by von Lüdinghausen [ 8 ] 
(Table  28.1 ).

     Veins of the LA Wall 
 The majority of left atrial veins are tributaries of the 
Greater-CVS. Three groups are described [ 6 ,  8 ]:
    1.    Veins of the posterior and lateral walls of the 

LA empty into the CS and GCV (Fig.  28.6 ).
       2.    Septal veins of the LA drain into the RA 

through the interatrial septum. These veins are 
commonly seen with CTA. Veins anterosupe-
rior to the fossa ovalis pass through the 

  Fig. 28.5    Ex vivo CT of the heart in different specimens. 
The coronary veins are opacifi ed with 10 % iodinated 
contrast injected into the coronary sinus. Note numerous 
contrast-fi lled intramural Thebesian vessels including 
sinusoids ( thick white arrows ) some opening into the ven-
tricular lumen. Arboriform ( a ) and canaliculate ( b ) sinu-
soid morphologies are shown. ( c ) demonstrates a 

venosinusoidal communication connecting the inferior 
interventricular vein ( IIV ) with a sinusoid through the sep-
tal vein. ( d ) Shows large sinusoids at the base of left ven-
tricle ( LV ) papillary muscle ( PM ). Thebesian vessel 
foramina are common at the apex of the ventricles and at 
the base of the papillary muscles       
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 interatrial groove and empty in to right atrium 
near the superior cavoatrial junction 
(Fig.  28.7 ). Some (12 %) may pass through 
superior interatrial muscle connections where 
Bachmann bundle is located [ 18 ] (Fig.  28.8 ). 
Enlargement of these veins can rarely occur in 
arteriovenous malformations of the atrial ves-

sels (Fig.  28.9 ). Veins inferoposterior to fossa 
ovalis are less common (Fig.  28.7 ).

         3.    Posterosuperior wall of the LA near the left 
atrial appendage drain into the LA and supe-
rior pulmonary veins (Fig.  28.7 ). They may 
connect to the mediastinal veins, azygos or 
hemiazygos venous system, and bronchial 

    Table 28.1    Venous drainage of the left and right atrial walls   

 Left atrium  Right atrium 

 1. Posterior and lateral walls (99 %)  1. Small intramural veins (73 %) 
  Draining into the CS   Draining into the RA, 1 mm diameter 
 2. Septal walls  2. Venous tunnels of the RA (right atrial CS) (25–60 %) 
  Draining into the RA (92 %)    1–12 cm in length and 1–4 mm in diameter – emptying into the 

RA or SCV 
    Anterosuperior  ( near SVC ) ( 99  %)  3. SAN region 
    Posteroinferior  ( near IVC ) ( 35  %)   Small veins and sinusoids draining into the RA 
 3. Posterosuperior wall  4. AVN region 
  Draining into the mediastinal veins (40 %)   Small venous tunnels draining into the RA or CS 
  Directly draining in the LA (80 %) 
  Draining into the pulmonary veins (some) 

  Incidence is shown in parenthesis 
  AVN  atrioventricular node,  CS  coronary sinus,  IVC  inferior vena cava,  LA  left atrium,  RA  right atrium,  SVC  superior 
vena cava,  SAN  sinoatrial node  

  Fig. 28.6    ( a ) Atrial venous system. Posterosuperior view 
of the heart is depicted. The right atrium is removed.  1 . 
Veins of the posterior and lateral walls of the left atrium 
( LA ) empty into the coronary sinus ( CS ).  2 . Septal veins 
of the LA drain into the right atrium ( RA ).  3 . 
Posterosuperior wall of the LA drains into the LA lumen 
or the superior pulmonary veins.  4 . Atrioventricular node 
region contains small sinusoids draining into the RA near 

the CS ostium.  5 . Anterior cardiac veins may drain 
directly into the RA, small cardiac vein, or into a venous 
tunnel in the RA wall. ( b ) Drainage of the anterior cardiac 
vein ( ACV ) into the venous tunnel running ( green arrows ) 
parallel to the atrioventricular groove.  LV  left ventricle, 
 RV  right ventricle,  SVC  superior vena cava,  IVC  inferior 
vena cava,  OVM  oblique vein of Marshall,  LMV  left mar-
ginal vein,  GCV  great cardiac vein       
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veins [ 8 ]. The mediastinal connections can be 
important alternative route for venous return 
to the atria incase of occlusion of pulmonary, 
brachiocephalic, or superior vena cava occlu-
sion (Figs.  28.7  and  28.8 ). In congenital atre-
sia of the CS, the myocardial venous drainage 
can be via ectatic atrial veins of the LA [ 19 ].    

     Veins of the RA Wall 
 The majority of the right atrial wall veins are 
located intramurally and drain into the RA. The 
veins draining the wall of the right atrial append-
age have no connection with the epicardial veins 
and therefore are classifi ed as Smaller-CVS. The 
RA veins are classifi ed into four groups based on 
anatomical locations (Table  28.1 ).
    1.     Small intramural venous tunnels draining 

directly into the RA : They are a few mm in 
length and 1 mm diameter [ 6 ].   

   2.     Venous tunnels of the RA : Termination of the 
anterior cardiac veins of the right ventricle is 

variable. They may drain directly into the RA, 
small cardiac vein, or in some into a venous 
tunnel [ 6 ]. When it exists, this venous tunnel 
runs parallel and 1–2 cm above to the tricus-
pid orifi ce along the posterior or posterolateral 
wall of the RA [ 20 ] (Fig.  28.6 ). In high- quality 
CTAs, these veins may be partially visible 
(Fig.  28.6b ). This system of drainage was ini-
tially described as “the small cardiac vein.” 
This SCV can drain either separately into the 
right atrium or into the CS.   

   3.     Sinoatrial node region: The sinoatrial node 
region  has sinusoids draining into the RA 
[ 14 ]. This network of anastomosing blood 
vessels theoretically can protect the node in 
case arterial supply is compromised. However, 
this phenomenon is rare given the common 
variants of dual or multiple arterial supplies to 
the node.   

   4.     Atrioventricular node region : Venous tunnels 
are seen at the base of interatrial septum near 

  Fig. 28.7    ( a ) Septal views of the right and left atria ( RA, 
LA ) from two different cadaveric specimens are shown. 
Most of the septal venous drainage occurs from the LA 
into the RA. Venous drainage of the anterosuperior and 
posterosuperior of the interatrial septum as well as pos-
terosuperior wall of LA and atrioventricular node (AVN) 
region is shown by  green ,  blue ,  white , and  pink circles , 
respectively. Most of the septal venous drainage occurs 
from the LA into the RA. The venous opening can be 
large enough to be detected by CT scan. ( b ) Short-axis CT 
images demonstrate the drainage pattern of atrial wall 

veins matching to the  colored circles  shown in (a) includ-
ing communication between the two atrial walls near the 
SVC ( green arrow  in b1) and IVC ( blue arrow  in b3), the 
superior wall of the LA near confl uence with left superior 
pulmonary vein ( white arrow  in b2), and the medial RA 
wall near the coronary sinus (CS) ostium ( pink arrow  in 
b4). Veins of the superior wall of LA may communicate 
with venous collaterals in the mediastinum ( white arrow  
in b2).  LAA  left atrial appendage,  FO  fossa ovalis,  SVC  
superior vena cava,  IVC  inferior vena cava,  TV  tricuspid 
valve         

 

28 Coronary Veins



642

the atrioventricular node and His bundle and 
usually open into the RA near the ostium of 
the CS or directly into the CS (Figs.  28.6  and 
 28.8 ). These tunnels can be seen in CTA and 
should not be confused with anomalous ves-
sels or a patent foramen ovale.    

      Anterior Right Ventricular Venous 
System 

 Including the anterior cardiac, right marginal and 
conus veins are present in 90 % of cases [ 6 , 
 20 – 22 ] (Table  28.2 ).

    The anterior cardiac veins  drain 2/3 of the 
right ventricle including the anterior and antero-

lateral walls of the right ventricle. These veins 
are frequently identifi ed in coronary CTAs 
(Fig.  28.10 ). They are variable in sizes and num-
bers and usually drain into the RA just above the 
atrioventricular groove [ 6 ,  16 ,  21 ]. In 5–27 % 
they merge to form a common trunk before enter-
ing the RA [ 6 ,  21 ].

    The right marginal vein  originates near the 
right ventricular apex and receives branches from 
posterior and anterior surfaces of the right ven-
tricle (Fig.  28.10 ). In one third the vein continues 
as small cardiac vein into the CS [ 6 ]. In the 
remainder of cases, it drains into the RA or the 
venous tunnels of the RA. 

  The conus (infundibular) veins  are usually 
small veins and drain into the RA. However, they 

b1 b2

b3 b4

Fig. 28.7 continued)
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can be large and varicoid creating diagnostic 
problems (Fig.  28.11 ) or causing excessive bleed-
ing during surgery. Veins of Zuckerkandl and 
Cruveilhier are described in anatomic literature 
for veins draining the anterior or posterior sur-
faces of the infundibulum, respectively [ 20 ,  21 ] 
(Fig.  28.11 ).

      Coronary Sinus Tributaries 

 The coronary sinus tributaries include the CS, the 
GCV, the left marginal vein, the posterolateral 
vein of the LV, and the inferior interventricular 
vein (IIV) (Fig.  28.12 ). In 30 % it receives the 
right marginal vein blood through the small car-
diac vein [ 6 ] (Table  28.2 ).

     Imaging Methods 
 The CS is frequently used as a conduit for cathe-
ter treatment of arrhythmias as well as left ven-
tricular pacing. These procedures are well known 
for their potential technical diffi culties. As a 
result different imaging methods are introduced 
for evaluation of this system. Each technique has 
its own advantages and limitations [ 23 – 29 ]. 

 Retrograde venography via the CS is currently 
the standard technique for defi ning the CS anat-
omy; however, it is invasive in nature and can be 
technically challenging. This technique is fre-
quently used to show the anatomy of the CS and 
target veins for CRT. In this technique using an 
occlusive balloon contrast in injected into the CS 
and two orthogonal views including right anterior 
oblique 45° and left anterior oblique 45° are 

  Fig. 28.8    Venous drainage of the anterosuperior septal 
wall of left atrium ( LA ) into the right atrium ( RA ) through 
the superior interatrial muscle connection where 
Bachmann bundle resides. Communications found in two 

different patients are shown by  pink  ( a ,  b ) and  green  ( c ,  d ) 
 circles . This communication is seen in 12 % of CT angi-
ographies. The lumen of a patent foramen ovalis ( PFO ) is 
incidentally seen ( white arrows ).  SVC  superior vena cava       

 

28 Coronary Veins



644

obtained [ 23 ]. High-speed rotational coronary 
venography uses rapid isocentric rotation over a 
110° arc in 4 s, acquiring 120 frames/angiogram 
[ 23 ]. With this modifi cation, vessel overlap and 
foreshortening will be reduced, and target veins 
including second-degree tributaries can be better 
defi ned. Levophase of coronary angiography is 
preferred by some investigators and claimed to 
better defi ne the anterior interventricular vein 

(AIV) and IIV as well as the peripheral branches 
compared to retrograde venography [ 24 ]. However, 
the sensibility of this method is questionable. The 
technique takes advantage of the coronary artery 
angiography procedure commonly indicated in the 
assessment of candidates for CRT. 

 MRI and CT have been increasingly used to 
assess anatomy of the coronary vessels including 
coronary veins [ 25 – 29 ]. CT has the advantage of 

  Fig. 28.9    Color-coded CT angiography shows arteriove-
nous malformation ( AVM ) in the transverse sinus near the 
superior cavoatrial junction. Arterial supply is provided 
by an atrial branch (in  green ) and the left sinoatrial node 
(in  pink ) arteries both arising from the left circumfl ex 

( LCx ) artery. Enlarged draining atrial veins ( blue ) are seen 
near the junction of the superior vena cava ( SVC ) with the 
atrium. Left atrium ( LA ) is shown in  yellow .  AA  ascending 
aorta,  RAA  right atrial appendage,  LAD  left anterior 
descending artery       
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  Fig. 28.10    Common variants of the right ventricle ( RV ) 
venous system are shown: cadaveric specimens ( a ,  b ) and 
CT angiograms ( c ,  d ). Passing anterior to the right coro-
nary artery ( RCA ), the anterior cardiac veins ( ACV ) com-
monly enter into right atrium ( RA ) as separate vessels or 

in some cases form a common trunk (5–27 %). The right 
marginal vein ( RMV ) is seen in 80 % of cases. It drains in 
to small cardiac vein ( SCV ) in 30 % or drains directly into 
the RA in 70 %       

  Fig. 28.12    Left lateral, posterior, and right lateral views 
of the cadaveric heart ( upper row ) and CT angiographies 
of a patient with tetralogy of Fallot ( lower row ). Tributaries 
of the coronary sinus ( CS ) venous system are displayed in 
 blue . The CS tributaries include the CS, the great cardiac 
vein ( GCV ), the anterior interventricular vein ( AIV ) por-
tion of the GCV, the left marginal vein ( LMV ), the poste-
rior vein ( PV ) of the left ventricle, the inferior 

interventricular vein ( IIV ), the oblique vein of Marshall 
( OVM ), and the small cardiac vein ( SCM ). A very large 
PV and two small IIVs are shown ( yellow asterisks ) in CT 
image of patient with tetralogy of Fallot. In cadaveric 
heart the right marginal vein ( RMV ) drains directly into 
the right atrium, while in tetralogy case, it is draining into 
the SCV. That is why SCV is large in this patient; it also 
drains into the IIV.  MPA  main pulmonary artery       
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  Fig. 28.11    Conus veins. ( a ) In this cadaveric specimen 
the conus vein is the vein located between the main pul-
monary artery ( MPA ) and the ascending aorta ( AA ). Large 
and varicoid conus veins are seen in coronary artery 
occlusions, myocardial bridging, and vascular malforma-

tions. ( b ) Dilated conus vein is shown in a patient with 
severe coronary artery disease and right coronary artery 
( RCA ) occlusion, ( GCV ) great cardiac vein, ( LA ) left 
atrium, ( MPA ) main pulmonary artery, ( LV ) left ventricle       
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showing part of the CS and in some cases  the  con-
fl uence of the IIV which may be obscured with 
balloon in retrograde venography. With CT there 
is no foreshortening or vessel overlap. CT also 
demonstrates many ancillary structures such as 
coronary arteries, old infarctions, interatrial sep-
tum anatomy, and variants of the normal anatomy. 
Higher radiation dose in CT is a limitation [ 26 ] 
which can be modifi ed using dose reduction tech-
niques. CT also may have diffi culty showing sec-
ond-order tributaries of the coronary veins in 
routine coronary CTAs. Demonstration of the 
oblique vein of left atrium is also more challeng-
ing with CT compared with retrograde venogra-
phy .  However, with some modifi cation of the CT 
technique, most small branches can be nicely 
depicted. CT technique for cardiac venous map-
ping is very similar to routine coronary CTA [ 18 ]. 
For optimal visualization of the coronary venous 
system, the trigger delay for data acquisition 
should be delayed 2–3 s to let the coronary venous 
side fi ll with contrast. This can easily be achieved 
with selecting the automated trigger level in the 
descending aorta approximately 3 cm below the 
tracheal bifurcation and starting scan 4 s after 
reaching a threshold of 180 Hounsfi eld units (HU).  

   Great Cardiac Vein 
 The GCV is the longest and the most consistent 
vessels making up the cardiac venous system 
almost always enters the CS [ 30 – 34 ]. This vein 
drains blood from the anterior interventricular sep-
tum, the anterior surfaces of both ventricles, part 
of the LA, and the apical region of the heart [ 6 ]. 
The AIV portion of the vein courses superiorly 
within the anterior interventricular groove and 
then enters the left atrioventricular groove where 
defi ned as a great cardiac vein (GCV). The GCV 
may originate at the apex or in the apical or middle 
third of the anterior interventricular sulcus with a 
highly variable position with respect to  the left 
anterior descending artery  (“anterior interventric-
ular artery”) which may render very diffi cult the 
localization of the latter especially in limited 
access coronary artery bypass procedures. 

 The GCV crosses the branches of the left cor-
onary artery system including the anterior 
descending and the circumfl ex branches forming 
a triangle [ 6 ,  30 ] in which the vein is mainly 
superfi cial to arteries in 60–70 % [ 31 – 34 ] 
(Fig.  28.13 ). The ramus intermedius – when pres-
ent – traverses this triangle. However, it is impor-
tant to know that the relations of the vein and 

  Fig. 28.13    The anterior interventricular vein ( green 
arrows ) portion of the great cardiac vein crosses the left 
anterior descending ( LAD ) and the left circumfl ex ( LCx ) 
arteries forming a triangle (triangle of Brocq and 

Mouchet). ( a ) The vein runs superfi cial to arteries in 
60–70 % of population. The relations of the vein and these 
arteries are highly variable. It passes under both arteries in 
20 % ( b )       
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these arteries are highly variable and practically 
unpredictable in many cases.

   Aberrant drainage of GCV into the RA or 
superior vena cava is described [ 33 ]. In this situ-
ation the GCV runs in the transverse sinus and 
fi nally joins the azygos vein or the RA. Variation 
in anatomical course of the AIV is common in 
CHD, and drainage may occur directly into the 
right atrium. Knowledge of this anatomy prior to 
surgery can be important for retrograde cardio-
plegia perfusion (RCP). 

 Myocardial bridges are detected above the 
anterior interventricular vein or its tributaries in 
8 % [ 30 ]. Aneurysmal dilatation of the distal end 
of the GCV has been reported and may interfere 
with coronary artery bypass surgery [ 34 ]. It is the 

second most common location of coronary vein 
aneurysm seen in 1.5 % of CT examinations [ 35 ] 
(Fig.  28.14 ).

      Inferior Interventricular Vein 
 The IIV, also known as middle cardiac vein or 
posterior interventricular, travels along the infe-
rior aspect of the heart (attitudinal orientation) in 
the interventricular sulcus. The vein is a constant 
landmark and drains into the CS approximately 
1 cm from the CS ostium. Extending from the 
apex to the CS, it drains the inferior walls of the 
ventricles as well as the apical area and the poste-
rior 2/3 of the septum [ 6 ] (Fig.  28.15 ). The termi-
nal portion of the vein measures 3–4 mm in 
diameter and appears angled in 35 % or bulbous 

  Fig. 28.14    Variants of the inferior interventricular vein 
( IIV ). ( a ) Duplicated IIV with one posterior right ventricle 
( RV ) vessel ( green arrows ). ( b ) Duplicated IIV with one 
vessel running along posterior left ventricle ( LV ) wall 
( green arrows ). Duplicated IIV can be seen in 3 % of 
population. ( c ) Rare course of the IIV draining mainly the 
posterior LV wall. These variants are important as they 

may remain undetected as a result of their ostial occlusion 
with balloon at the time of retrograde venography for LV 
pacing. CT has the advantage of showing all these vari-
ants. Note aneurysm of the great cardiac vein ( GCV ) 
which is seen in 1.5 % of coronary CT angiographies. 
Also note an outer ring marking the anatomic level of the 
Thebesian valve ( Thv )       
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in 19 % of population [ 6 ]. Fusiform aneurysmal 
dilatation (focal dilatation of twice the normal 
diameter) (mean 10.5 ± 1.4 mm) of the venous 
confl uence is reported on CT studies in 8 % 
(Fig.  28.15 ). It is the most common location for 
bulbous enlargement of the coronary veins [ 35 ]. 
Aneurysms, especially the diverticular form, 
arising from the CS and the confl uence of coro-
nary veins with the CS, may be associated with 
cardiac arrhythmias such as ventricular preexci-
tation [ 36 ,  37 ].

      Left Posterior (Posterolateral) and Left 
Marginal Veins 
 Several venous branches drain the myocardial 
walls located between the IIV and the AIV [ 30 ]. 
Veins draining posterior and lateral walls of the 
LV are of particular interest for LV pacing in CRT 
[ 38 ] (Fig.  28.16 ). Imaging techniques permit 

identifi cation of potential anatomic factors that 
may pose diffi culties to cannulate and advance the 
LV pacing lead including ostial valves, variceal 
veins, or absence of posterior or lateral vein.

   The left posterior (inferior) veins are 1–3 in 
numbers and measure 2.5 mm at ostium. While 
the distal myocardial origin of the left posterior 
vein is highly variable, it usually terminates in a 
uniform fashion in the CS (75 %), although it can 
also drain into the GCV [ 6 ,  32 ,  39 ]. It is single in 
60 %. In absence of the left posterior vein (5 %), 
it is the left marginal vein which drains most of 
the left ventricular posterolateral wall [ 5 ]. Small 
diameter of the vein (<2 mm) and acute angulation 
with the CS may complicate the insertion of the 
lead for CRT [ 38 ]. The left marginal (obtuse mar-
ginal) vein is present in 70–95 % of specimens, 
emptying into the GCV in 80 % of cases and into 
the CS in the remaining [ 30 ]. The  frequency of 

  Fig. 28.15    Variants of the inferior interventricular vein 
( IIV ) are common. ( a ) The IIV appears bifurcated near the 
LV apex in 45 % ( green arrows ). This appearance is 
formed by the confl uence of two tributaries with the same 
caliber. Uncommonly, the entire length may appear vari-
coid ( yellow arrows ). ( b ) Fusiform aneurysmal dilatation 

of the venous confl uence is seen in 8 % ( green arrows ). It 
is the most common location for bulbous enlargement of 
the coronary veins. ( c ) The terminal portion of the vein 
appears angled in 35 % ( green arrow ). Note the confl u-
ence of the oblique vein of Marshall ( OVM ) with the coro-
nary sinus.  LV  left ventricle       
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visualization is less with CT or MRI compared 
with retrograde venography [ 25 – 28 ]. It drains 
much of the left ventricle myocardium, usually 
running superfi cial to the marginal branch of 
the circumfl ex artery [ 32 ,  40 ]. Its diameter var-
ies and, like other coronary veins, is enlarged in 

patients with cardiac failure [ 40 ]. Anastomosis of 
the epicardial veins in the periphery is common. 
This is especially common between the veins of 
the left ventricle such as between the GCV and 
posterolateral vein or between the IIV and pos-
terolateral or marginal veins (Fig.  28.12 ).  

  Fig. 28.16    Target veins used for CRT include the poste-
rior, posterolateral, and marginal veins of the left ventricle. 
( a ) Posterolateral view of a heart specimen. Veins are col-
ored in  blue . ( b ) Large left marginal vein ( LMV ) is shown 
crossing the obtuse marginal ( OM ) branch of the left cir-
cumfl ex artery near the apex. In absence of the left poste-

rior vein (5 %), it is the LMV which drains most of the left 
ventricular posterolateral wall. The LMV drains into the 
great cardiac vein in 80 %. ( c ) Single but large posterolat-
eral vein ( PLV ). In 75 % PLV drains into the CS. ( d ) Only 
a small PLV exists.  PV  posterior vein,  OVM  oblique vein 
of Marshall,  IIV  inferior interventricular vein       
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   Small Cardiac Vein 
 With a frequency of 30–50 % and average diame-
ter of 1 mm, the small cardiac vein (right coronary 
vein) drains the posterolateral wall of the right 
ventricle into the CS (85 %), the IIV (12 %), or 
rarely the RA (1 %) [ 16 ,  30 ,  41 ] (Fig.  28.12 ). It is 
seen more frequently in women than in men [ 41 ].  

   Oblique Vein of the Left Atrium 
(Marshall) 
 The oblique vein of Marshall, a remnant of the left 
superior vena cava, descends along the lateral and 
inferior walls of the left atrium between the left 
atrial appendage and the left pulmonary veins and 
joins at the junction of the GCV and the CS 
approximately 3 cm from the CS ostium [ 42 ,  43 ]. 
The vein is short (2–3 cm in length) and its supe-
rior part obliterated by fi brosis. Complete fi brosis 
or obliteration in the form of a cord is seen in 
5–12 % [ 6 ]. The average diameter is 1 mm 
(0.4–1.8) and the angle with the CS varies between 
25 and 50°. It is present in 85–95 % [ 42 ] 
(Fig.  28.12 ). Balloon-occluded venography of the 
CS can visualize the oblique vein of Marshall in 
73 % of the patients [ 44 ]. Demonstration of this 
vein with CT requires special attention to the detail 
and quality of the CTA. It is reported in 35–40 % 
of cases [ 25 ,  39 ] (Figs.  28.15c  and  28.16a ). The 
best phase for visualization of the oblique vein of 
Marshall is ventricular systole, likely due to coro-
nary veins enlargement during this phase [ 39 ]. 

 The oblique vein of Marshall is now impli-
cated as a source of activation in atrial tachyar-
rhythmias [ 45 – 49 ]. This may originate from the 
muscle sleeve of the vein (Marshall bundle) [ 50 ]. 
This muscle sleeve is connected to musculature 
surrounding CS or the left pulmonary veins 
[ 45 – 47 ]. The vein is of greater signifi cance when 
it persists as a patent left superior vena cava. It is 
seen in 0.5 % of the normal population and up to 
5 % of congenitally malformed hearts [ 51 ] drain-
ing into the CS.  

   Ventricular Septal Veins 
 The right and left aspects of the septum are 
drained by 20–25 small parallel veins on each 
side. The anterior septal veins are drained into the 
AIV and the posterior septal veins into the IIV. 

Superior (distal) third of IV septum (ventricular 
outfl ow tracts) is drained by the left or right supe-
rior septal veins. The left superior septal vein, the 
longest and largest intramural venous channel, 
can reach 2–3 mm in diameter. It is found in 55 % 
of the hearts and runs with left superior (fi rst) 
septal artery [ 6 ].  

   Valves of Coronary Veins 
 While retrograde coronary venous angiography 
and CTA reveal gross anatomical features of the 
coronary venous system, venous valves are not 
easily viewed using these methods. 

 Venous valves are common in the human 
hearts. Knowledge of the venous valves existence 
can be important before coronary vein catheter-
ization, CRT, or retrograde cardioplegic adminis-
tration [ 42 ,  52 ]. Valves could hinder advancement 
of guide wires, catheters, or pacing leads [ 53 ]. 
Venous valves are usually incomplete, unicuspid 
at ostium of the venous ostium [ 6 ]. Larger veins 
including GCV, IIV, and posterior veins of the 
left ventricle have an average of 2.5–3 valves per 
vein, while left marginal veins have an average of 
0.8 valves per vein [ 52 ].  

   Coronary Sinus Boundaries 
 The Thebesian valve demarcates the distal end 
of CS. It can be seen in 80 % of cadaveric and is 
highly variable in size and morphology 
[ 20 ,  54 – 56 ] (Fig.  28.17 ). A complete circular 
valve is seen in 20–30 % of the time, and it is 
absent in 20 % [ 20 ,  55 ]. In most cases a groove 
or depression is seen on the outer surface of the 
CS ostium [ 56 ] which can localize the atrial end 
of CS in the absence of the CS valve (Fig.  28.14c ). 
Since the CS and inferior vena cava valves share 
the same embryologic origin, both can be 
affected in congenital heart disease. For exam-
ple, enlargement of these valves is seen in hypo-
plastic right heart [ 57 ].

   Variants of the coronary sinus morphology are 
shown in Figs.  28.18  and  28.19 . The CS length is 
between 30 and 50 mm in 75 % of the anatomic 
specimens [ 21 ,  25 ]. A short CS is defi ned as 
<2 cm in length [ 54 ] (Fig.  28.19 ).

    In order to identify the CS, it is important to 
localize its origin. Demonstration and  localization 
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of the oblique vein of Marshall and the valve of 
GCV (Vieussens) are important for ablation 
approaches and cannulation of the coronary 
venous system [ 42 ,  53 ]. For example, the valve 
of Vieussens is a frequent cause of obstruction to 
passage of a catheter in postmortem and in vivo 
studies [ 58 ,  59 ], and cannulation of the oblique 
vein of Marshall can be used to analyze the elec-
trical activity for ablation of paroxysmal AF [ 50 ]. 

 Three anatomic landmarks are recognized for 
localization of the CS-GCV junction including 
the orifi ce of the oblique vein of Marshall, the 
valve of Vieussens, and the left margin of the CS 
myocardial sleeve with the oblique vein of 
Marshall as the most constant landmark [ 6 ,  30 ] 
(Fig.  28.20 ). These anatomic landmarks are not 
at the same level and usually are located within a 
10 mm interval [ 30 ,  42 ]. Current resolution of 

  Fig. 28.17    Mechanical barriers to the coronary sinus 
( CS ) ostium catheterization and anatomical variations. 
Mechanical barriers causing diffi culty catheterization of 
the CS include large Eustachian valve/ridge (fre-
quency = 25 %), deep (>5 mm) sub-Thebesian recess 
( STR ) (frequency = 45 %) ( a ) hypoplastic CS ostium ( b ) 
and unusually large Thebesian valve. Anatomic variants 
of the Thebesian valve are common including circular in 

30 %, crescentic in 35 %, absent in 20 %, threadlike in 
2 % ( c ) Bridging ( d ) and fenestrated ( e ) in 10 % of popu-
lation.  ER  Eustachian ridge,  EV  Eustachian valve,  FO  
fossa ovalis,  STR  sub-Thebesian recess,  TV  tricuspid 
valve (From von Lüdinghausen [ 6 ], Ortale et al. [ 30 ], 
Silver and Rowley [ 55 ], Saremi et al. [ 69 ], Cabrera et al. 
[ 70 ] with permission)       
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  Fig. 28.18    Variants of coronary sinus (CS) morphology. 
A normal CS is usually 2–5 cm in length ( L ) and 6–14 mm 
in diameter ( D ). CS is normally larger during ventricular 
systole and contracts during atrial systole. It is usually 
tubular or windsock in shape and gently curved toward 
the left atrium.  AVNRT  atrioventricular node  reentrant 

 tachycardia,  AV  arteriovenous,  AF  atrial fi brillation, 
 SVC  superior vena cava,  ASD  atrial septal defect,  ccTGA  
congenitally corrected transposition of great vessels,  TF  
tetralogy of Fallot,  CHD  congenital heart disease (From 
von Lüdinghausen [ 6 ], Saremi et al. [ 35 ], Miraldi et al. 
[ 51 ], D’Cruz et al. [ 60 ], Ong et al. [ 61 ] with permission)       
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clinical CT scanners does not permit to directly 
localize the CS muscle sleeve. The valve of 
Vieussens is present in 65–85 % of cadaveric 
heart specimens as a unicuspid or incomplete 
valve adjacent or proximal to the oblique vein of 
Marshall [ 42 ,  54 ,  55 ,  58 ,  59 ]. It is located at 
32 ± 5 mm from the CS ostium [ 46 ]. Utilizing 
good quality CT images, it is possible to demon-
strate the valve of Vieussens in 50 % coronary 
CTAs [ 39 ] (Fig.  28.20 ). The level of valve of 

Vieussens at the CS-GCV junction can be local-
ized by an annular narrowing on the external 
 surface in 20 % of cases [ 3 ,  30 ,  53 ] (Fig.  28.20a, b ). 
This is believed to be secondary to sphincter-like 
thickening of the CS myocardial sleeve [ 3 ].

      Phasic Variation of the Coronary Veins 
 Variation of the coronary vein sizes occurs during 
the cardiac cycle and in disease [ 35 ,  60 ,  61 ]. The 
diameter of the coronary veins is generally greater 

  Fig. 28.19    Anatomic variants of the length and size of 
coronary sinus. Oblique vein of Marshall ( OVM ) is best 
landmark to localize the origin of the CS. The OVM is 
seen in 40 % of CT studies. ( a ) Short CS (2 cm or shorter) 
is seen in 10 %. ( b ) Long CS, defi ned as 5 cm or longer in 
length, is seen in 15 % of population. In this example the 

CS appears high riding and more atrialized. ( c ) Shows a 
large windsock CS in a patient with heart failure. ( d ) 
Narrowed (fi liform) CS secondary to increased epicardial 
fat ( green arrows ). ( e ) Atretic CS ( red arrows ) in congeni-
tally corrected transposition of the great arteries       

  Fig. 28.20    Mechanical barriers for venous intervention: 
( a ,  b ) valve of Vieussens ( VV ) and Thebesian valve ( ThV ). 
( c ) Arterial compression by overlying left circumfl ex 
( LCx ) artery. ( d ) Oblique vein of Marshall ( OVM ) and CS 
tortuosity. The VV exists in 80 % and can be seen in 50 % 

of high-quality CTA images. It is unicuspid (65 %) or 
bicuspid. The OVM exists in 85 % and can be seen with 
CT in 35 %. An acute angle with the CS, a small diameter, 
and a tortuous course are anatomic characteristics that 
make cannulation of a vein diffi cult       
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during late systole compared to mid- diastole. 
However, the difference between the two phases is 
not statistically signifi cant [ 35 ]. The coronary 
veins are larger in heart failure and in patients with 
chronic atrial fi brillation [ 60 ]. The CS contracts 
normally during atrial systole [ 35 ] but not in 
patients with active atrial fi brillation. Windsock 
CS morphology is more common in patients with 
atrioventricular nodal reentrant tachycardia [ 61 ]. 
Given the phasic variation of the coronary veins, it 
is recommended that all images throughout the 
cardiac cycle be evaluated during pre-procedural 
planning [ 39 ].    

   Coronary Veins and Congenital 
Heart Disease 

 With improved treatment of the congenital heart 
disease and increasing longevity of these patients, 
long-term complications including arrhythmias 
and heart failure are arising as major  management 

issues. These issues have led to increased interest 
in the roles of CRT and radiofrequency ablation 
in these patients [ 11 ]. CT can play an important 
role in assessment of cardiac morphology and 
coronary vessels in adult congenital heart disease 
(Figs.  28.21  and  28.22 ).

    Device implantation is sometimes required 
in congenitally corrected transposition of the 
great arteries (ccTGA) because of morphologic 
right ventricle dysfunction and complete heart 
block [ 11 ,  62 ]. However, percutaneous cardiac 
procedures in these patients can be challenging 
due to variations in the CS anatomy and venous 
access, and in some cases, search to identify 
alternative locations for pacemaker lead place-
ment may be necessary if left ventricular endo-
cardial pacing is not possible. The CS develops 
with the morphologic atria, and in majority of 
patients with ccTGA, it drains into the RA. 
The venous branches, including the GCV and 
posterior branches, develop with the morpho-
logic  ventricles and can be affected in ccTGA. 

  Fig. 28.21    Coronary venous system in congenitally cor-
rected transposition of the great arteries. ( a ) Posterior 
view of the heart shows the coronary sinus ( CS ) and the 
inferior interventricular vein ( IIV ) draining into the right 
atrium ( RA ). Note that the CS appears hypoplastic and 
connecting high with the RA. High insertion of the CS 

ostium is not uncommon and may cause diffi culty in CS 
catheterization. ( b ) Anterior view of the heart shows the 
anterior interventricular vein ( AIV ) draining directly into 
the RA. Normally it will continue as great cardiac vein. 
 LV  morphologic left ventricle,  RV  morphologic right 
ventricle       
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A  comprehensive anatomical data in these 
patients was provided by Bottega et al. [ 11 ]. The 
location of the CS ostium may be diffi cult to 
fi nd as a result of atresia or high ostial location 
occurring in 15 % of cases [ 11 ] (Fig.  28.21 ). 
The CS ostium may open above the Eustachian 
ridge. The absence of AIV is not uncommon; 
however, the left ventricular marginal vein and 
IIV are present in most cases (Fig.  28.21 ). The 
epicardial veins draining the right ventricle are 
generally prominent in 75 % of cases [ 11 ]. The 
anterior interventricular vein was shown drain-
ing directly into the right atrial appendage in 
87 % of the specimens with ccTGA studied 
by Uemura et al. [ 62 ] (Fig.  28.21 ). The venous 
drainage of the morphologically left ventricle 
occurs directly to the right atrium in 20 %, while 
the morphologically right ventricle veins drain 
via the coronary sinus in 87 % [ 61 ]. When lat-
eral pacing is not possible, the IIV and the AIV 
can be alternative options for epicardial pacing 
of the morphologic RV. 

 Abnormal arrangement of coronary venous 
return is common in hearts with isomeric 
atrial appendages (heterotaxy syndrome). 
Morphologically, the epicardial veins can be 
divided into circumfl ex veins (including the 
CS) in the atrioventricular groove and longi-
tudinal veins over the ventricles (Fig.  28.22 ). 
Hearts with isomeric right appendages have 
absence or hypoplasia of the pulmonary venous 
component, and the CS is generally absent 
[ 62 ,  63 ]. The circumfl ex veins are also absent 
in nearly all those with isomeric right append-
ages. Instead, venous drainage of the ventricles 
occurs through longitudinal veins directly into 
the atrium. Hearts with isomeric left append-
ages have hypoplastic systemic venous compo-
nents. The CS is normal in most patients, and 
the circumfl ex venous system is seen in 90 % 
of the hearts with isomerism of left appendages 
(Fig.  28.22 ). A coronary sinus receiving all 
circumfl ex veins, as seen in the normal heart, 
is found in 27 % of cases. The AIV and IIV 
are highly consistent veins and their anatomi-
cal malformations are rare. A rare example of 
anomalous drainage of the AIV into the supe-
rior vena cava is shown in Fig.  28.23 .

     Anomalies of the Coronary Sinus 

 A classifi cation of coronary sinus anomalies was 
suggested by Mantini et al. [ 64 ], including (1) 
enlargement of the coronary sinus with/without a 
left-to-right shunt, (2) absent coronary sinus, (3) 
coronary sinus orifi ce atresia, and (4) hypoplasia 
of the coronary sinus. In CS atresia or hypopla-
sia, coronary veins are drained via multiple 
Thebesian veins into the atria. These enlarged 
Thebesian veins can be used to directly cannulate 
the ventricular veins for pacing (Fig.  28.22c, d ). 
The CS orifi ce atresia can be divided into cases 
with drainage to a persistent left superior vena 
cava and those with drainage directly to the car-
diac chambers (through fenestrations in the fl oor 
of the LA or by emptying of the CS tributaries to 
into the atria) [ 51 ,  64 ]. Other congenital cardiac 
lesions associated with CS atresia with left supe-
rior vena cava include atrial septal defect, ven-
tricular septal defect, transposition of the great 
arteries, tricuspid atresia, and mitral atresia 
[ 64 ,  65 ]. Rarely, anomalous pulmonary venous 
return can occur via the CS. 

 Persistent left superior vena cava draining into 
the CS causes an enlargement of this vessel, and 
this may interfere with the formation of the pos-
terior wall of the LA causing either a CS-LA fen-
estration (unroofed coronary sinus) or an 
interatrial communication through the mouth of 
the CS (CS-type atrial septal defect) [ 51 ,  63 ,  65 ]. 
The diagnosis of this CS anomaly is important to 
the prognosis of the patient because of the conse-
quences of brain abscess or cerebral emboli that 
may result from a right-to-left shunt (Figs.  28.24  
and  28.25 ). The CS septal defects may be of par-
ticular clinical importance in patients undergoing 
a modifi ed Fontan procedure as a signifi cant 
residual right-to-left shunt will result if left unre-
paired. Surgical treatment includes closure of the 
mouth of the coronary sinus, creation of an intra- 
atrial baffl e, or direct repair of the fenestration 
[ 66 ]. Enlargement of the CS is also seen in coro-
nary artery-CS fi stula (Fig.  28.26 ) and rarely in 
anomalous drainage of left hepatic vein into the 
CS (Fig.  28.27 ). Persistence of the left omphalo-
mesenteric vein can cause abnormal communica-
tion between the left hepatic vein and the CS.

28 Coronary Veins



658

         Cardiac Resynchronization Therapy 

 CRT has become an acceptable method of treat-
ment in patients with depressed left ventricle 

systolic function with advanced and symptom-
atic heart failure (New York Heart Association 
class III or IV) [ 67 ]. Left ventricular lead place-
ment in a suitable coronary vein branch along 

  Fig. 28.22    Unusual coronary venous system in a patient 
with left atrial isomerism, dextrocardia, and azygos con-
tinuation of the inferior vena cava. ( a ) Posterior view of the 
heart shows a hypoplastic coronary sinus ( yellow arrows ) 
formed by equally sized inferior interventricular vein ( IIV ), 
great cardiac vein ( GCV ), and small cardiac vein ( SCV ). 

( b ) Virtual endoscopy of the right atrium ( RA ) shows small 
coronary sinus ( CS ) ostium. ( c ,  d ) demonstrate direct drain-
age of multiple left ventricular veins ( green arrows ) into 
the left atrium ( LA ). Also shown is the orifi ce of large 
Thebesian veins ( blue arrows ) emptying into the LA best 
seen on endoscopic view ( d ). ( LAA ) left atrial appendage       
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  Fig. 28.23    Abnormal drainage of the anterior interven-
tricular vein ( AIV ) into the superior vena cava (SVC) ( yel-
low arrows ). In this patient the coronary sinus ( CS ) is 
mainly formed by posterior and marginal veins of the left 
ventricle (not shown). The great cardiac vein ( GCV ) is not 

developed and appears short. Although this is a rare 
anomaly, it may have clinical implications in regard to 
percutaneous mitral annuloplasty, retrograde cardioplegic 
perfusion, and myocardial gene transfer.  RA  right atrium       

  Fig. 28.24    Split coronary sinus (CS) in a patient with 
repaired tetralogy of Fallot. Status postsurgical correction 
of tetralogy and ligation of persistent left superior vena 
fi stula to the left atrial roof. Posterior ( a ) and left lateral 
( b ) views of the heart are shown. The inferior interven-

tricular vein ( IIV ) and the posterior vein of left ventricle 
are drained by the CS1 ( blue arrow ) into the right atrium 
( RA ), and the great cardiac vein ( GCV ) and the left mar-
ginal vein ( LMV ) are drained by the CS2 ( green arrows ) 
into the left atrium ( LA ).  IVC  inferior vena cava       
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the  dys- synchronous wall of the left ventricle is 
an important determinant of responsiveness to 
CRT [ 38 ]. Since most patients have cardiomeg-
aly, generally, the CS is larger and anatomic 
location of a vein can be displaced [ 23 ,  26 ]. 
Implanting the electrode in a coronary vein can 
be diffi cult in up to 20 % of patients, a conse-
quence of unfavorable anatomical factors 
(Figs.  28.17  and  28.20 ). In such group accurate 
anatomic depiction of the vessels can be crucial 
in success of the left ventricle pacing [ 23 ,  68 ]. 
Common target vein for placement of the lead is 
the LMV or posterior veins of the left ventricle 
(Figs.  28.16 ). In rare cases the lead is placed in 
an anterolateral tributary of the GCV 
(Fig.  28.28 ).

   With the development of newer, smaller cali-
ber pacing leads, the need for an imaging modal-
ity to resolve and localize most fi rst- or large 
second-order tributaries is necessary. Recently a 
segmental classifi cation of the venous tributaries 
is introduced using rotational venography [ 68 ]. 

Coronary CTA can easily be used to address the 
segmental location of the target vein and fi nd 
anatomic barriers [ 25 ,  26 ,  69 ,  70 ]. Information 
required in radiology report is included in 
Table  28.3 .

      Coronary Sinus Retrograde 
Cardioplegia Perfusion Delivery 

 RCP is widely used as a method of myocar-
dial protection especially in cases with severe 
coronary artery disease that can alter the dis-
tribution of antegrade cardioplegia [ 71 ]. The 
coronary sinus venous system is not affected by 
extensive coronary artery disease, and a more 
uniform venous network remains in the suben-
docardial zone of both ventricles. RCP is also 
used in valvar procedures, with normal coro-
nary arteries, as this method allows the surgeon 
to deliver the maintenance doses only from the 
CS – facilitating the operation and shortening 

  Fig. 28.25    Unroofed coronary sinus ( CS ) in an asymp-
tomatic patient. CS communications with the left atrium 
( L-CS ) ( a ,  b ) and the right atrium ( R-CS ) ( b ,  c ) are better 
shown on two-dimensional images than the volume-ren-

dered posterior view ( b ).  IIV  inferior interventricular vein, 
 LA  left atrium,  RA  right atrium,  GCV  great cardiac vein, 
 RV  right ventricle       

  Fig. 28.27    Cardiac CT scan shows enlarged coronary 
sinus ( CS ) with anomalous connection of the left hepatic 
vein ( L. hepatic V. ) directly into it. No unusual hemody-
namic effect is expected in this pattern of connection. The 

right hepatic vein was connected to the inferior vena cava 
( IVC ) with normal drainage into the right atrium ( RA ). 
The coronary veins were normal.  LA  left atrium,  PLV  pos-
terolateral vein,  RA  right atrium       
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  Fig. 28.26    Anomalous fi stulous communications 
between the coronary sinus ( CS ) ( blue colored ) with the 
right coronary artery ( RCA ) ( red coded ) and the left cir-
cumfl ex ( LCx ) artery ( pink coded ). The RCA and the CS 
are markedly enlarged. An anomalous tangle of small 

 vessels arising from the LCx is seen connecting to distal 
end of the CS. RCA calcifi cations are shown as white 
plaques on color-coded images.  AA  ascending aorta,  LA  
left atrium,  RV  right ventricle,  RA  right atrium       
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the aortic  cross- clamping times. Knowledge of 
the anatomic variants of the CS and its tributar-
ies is important as the effi ciency and distribution 
of a RCP may be affected, which leads to partial 
or poor myocardial protection. It would be dif-
fi cult to perform RCP in patients with an ostial 
atresia/stenosis of the CS, large Chiari network, 
and in congenital heart disease with venous 
drainage anomalies (Figs.  28.23  and  28.24 ). 
With regard to selective retroinfusion of cardiac 
veins, the GCV/AIV and IIV have highly con-
sistent anatomic course (Fig.  28.29 ). The distri-
bution of RCP should be assessed by  examining 

the  posterior and anterior cardiac veins during 
perfusion, because RCP may not perfuse all 
of the right ventricular free wall and septum. 
Distribution of RCP to the free wall of the right 
ventricle is often poor, because there is no direct 
communication between the coronary sinus and 
anterior cardiac veins. This may cause a prob-
lem in some patients especially in hypertrophied 
hearts in which delivery from the epicardial 
veins toward the subendocardial plexus is highly 
impeded. A  variant of cardioplegia delivery con-
sists in perfusing the cardioplegic solution into 
the RA (with the caval veins snared).

  Fig. 28.28    Biventricular pacing in a 49-year-old patient 
with tetralogy of Fallot. Images show unusual placement 
of the left ventricle (LV) pacer lead in a branch of the 

anterior interventricular vein (AIV) ( green arrows ).  PLV  
posterolateral vein       

   Table 28.3    CT angiography: what to look for before CRT   

 Variants: hypoplasia, absence, duplication, diverticulum 
 High insertion of the CS (Fig.  28.23 ) 
 Other anatomic barriers (Figs.  28.15  and  28.18 ) 
 Sizes of the CS for balloon occlusion 
 Distance of target vein from the Thebesian valve 
 Tortuosity and acute angle of target vein confl uence: 
  The posterior and lateral veins have an acute takeoff in 30 % 
 First- or large second-order tributaries of the CS. Diameter >1.5 mm (4 F, the current size of the smallest LV pacing 
lead) allows a lead implant 
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       Conclusion 

 A complete and highly effi cient and clinically 
useful classifi cation of the CVS is not as 
straightforward as in the case of the coronary 
arteries. In this chapter we strived to describe 
the role of coronary CTA in anatomic classifi ca-
tion, assessment of anatomic variants, and 
pathologic changes of the CVS. We also empha-
sized on the role of CT in transvenous ablation 
procedure and left ventricular pacing for CRT.     
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          Anatomy 

 The pericardium surrounds the heart and extends 
superiorly to cover part of the superior vena cava, 
ascending aorta, and main pulmonary artery. The 
pericardium consists of an outer fi brous compo-
nent and an inner double-layered serous sac that 
surrounds the heart [ 1 ,  2 ]. The outer serous layer 
which is closely attached to the fi brous layer is 
the parietal pericardium. The visceral serous 
pericardium, or epicardium, adheres to the heart 
and great vessels and forms recesses and sinuses 
[ 2 ]. Normal pericardium can be identifi ed at CT 
images as a thin smooth line of soft tissue attenu-
ation (isodense to the normal myocardium) out-
lined by low-attenuation mediastinal and 
epicardial fat (Fig.  29.1 ). On MRI the fi brous 
pericardium appears low in signal intensity on 
most sequences and is surrounded by high- 
intensity mediastinal and epicardial fat. Normally, 
the pericardial sac contains 15–50 mL of fl uid 
allowing visualization of the pericardial recesses 
on CT or MR imaging studies [ 3 ]. The fi brous 
pericardium is fused with the central tendon of 
the diaphragm inferiorly and with the tunica 
adventitia of the great vessels superiorly 
(Fig.  29.2 ). Anteriorly, it is attached to the 

 sternum by the superior and inferior sternoperi-
cardial ligaments.

    The refl ections of the serosal layers are 
arranged around two complex tubes. One tube 
encloses the aorta and pulmonary trunk. The sec-
ond tube encloses the superior vena cava, the 
inferior vena cava, and the four pulmonary veins 
[ 2 ]. The transverse sinus is the passage between 
these two pericardial tubes and lies posterior to 
the ascending aorta and main pulmonary artery, 
above the left atrium (Fig.  29.2 ). The oblique 
sinus is the cul-de-sac located posterior and supe-
rior to the left atrium and separated from the 
transverse sinus by two layers of pericardial 
refl ections that extend between the left and right 
superior pulmonary veins. The superior extent of 
the transverse sinus along the aortocaval space is 
the superior aortic recess [ 2 ]. Cephalad extension 
of this recess into the high right paratracheal 
region (high riding recess) can be mistaken for 
pathologies or a pericardial diverticulum [ 4 ,  5 ] 
(Fig.  29.2 ). Lateral extent of the transverse sinus 
forms the left and right pulmonic recesses 
between the pulmonary artery and superior pul-
monary vein on each side [ 6 ]. Pericardial fat 
composes of the epicardial fat and the paracardial 
fat [ 7 ] (Fig.  29.1 ). Paracardial (mediastinal) fat is 
situated on the external surface of the parietal 
pericardium within the mediastinum. Epicardial 
(subepicardial) fat is located between the visceral 
layer of the pericardium and the myocardium. 
Epicardial fat is not limited to the surface of the 
heart but can penetrate deep in the interatrial sep-
tum and septal atrioventricular junction.  
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   Imaging 

 CT and MRI are equally considered the pre-
ferred imaging methods for morphological 
assessment of the pericardial sac and the pericar-
dium. Higher spatial resolution of the CT scan 
allows improve visualization of the normal peri-
cardium. As a result normal pericardium appears 
thinner using CT compared with MRI. This is 

not surprising knowing that most cardiac CT 
protocols consist of 0.5–1 mm slices, while in 
cardiac MRI most routine sequences involve 
5–8 mm slices. Generally a pericardium thicker 
than 3 mm is considered abnormal [ 8 ]. On the 
other hand, MRI is the modality of choice for 
functional evaluation of heart and to differentiate 
constrictive pericarditis from restrictive cardio-
myopathy [ 9 ,  10 ]. 

  Fig. 29.1    Normal pericardium on CT ( a ,  b ) and MR ( c , 
 d ) images. ( b ) Sagittal CT shows attachment of the fi brous 
pericardium to the central tendon of the diaphragm 
( dashed arrow ). ( a ) CT and ( c ) MR axial images of the 
heart show the epicardial (inside) fat, the mediastinal 
(outside) fat, and the thin line of pericardial sac ( arrows ) 
between the two adipose tissue compartments. ( d ) Short-

axis cine MR shows accumulation of fl uid ( Fl ) in the peri-
cardial sac separating the two fatty compartments. Parietal 
pericardium is shown by  arrows  in (d). In cine MR 
sequence (balanced steady-state free precession), it can be 
diffi cult to differentiate small amount of pericardial fl uid 
from surrounding fat tissue as both appear high in signal 
intensity       
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 Although evaluation of pericardium and peri-
cardial fl uid is possible on non-gated CT scans, 
ECG-gated methods are usually preferred particu-
larly when detailed evaluation of the pathologies is 
required. For example, pericardial cysts can be 
characterized in most non-gated CT scans of the 
heart, while detection of partial absence of pericar-
dium may be optimally performed using gated CT. 

 Morphological study of the pericardium with 
MRI can be best obtained with black-blood fast 

spin-echo (BB-FSA) sequence. Five millimeters 
axial, coronal, and sagittal images can be obtained 
to cover the entire pericardium. In this sequence, 
double inversion recovery (IR) pulses are used to 
null the blood signal. To remove high signal 
intensity of fat, a third IR pulse can be included 
in the pulse sequence, the so-called triple IR. It is 
important to know that BB-FSE sequence is not 
designed to be a T1-weighted sequence. As a 
matter of fact in most applications it is proton 

  Fig. 29.2    Axial CT images of the heart show pericardial 
recesses. ( a ) Transverse sinus ( TS ) and oblique sinus ( OS ) 
are shown. ( b ) A prominent pericardial lateral recess of 
the pulmonary vein is shown. Lateral recesses are formed 
between superior and inferior pulmonary veins and com-
monly seen on the right side. ( c ) High riding aortocaval 

recess with its superior extent rising to the level of the 
thoracic inlet. ( d ) Large aortopulmonary pericardial 
recess. It is due to superior extension of the left pulmonic 
recess of the transverse sinus.  AA  ascending aorta,  MPA  
main pulmonary artery,  SAR  superior aortic recess       
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density or T2 weighted; as a result the fl uid signal 
may appear bright not dark (Fig.  29.3 ). To make 
it T1 weighted, echo time should be lowered. 
T2-weighted triple IR sequence has the advan-
tage of demonstration of pericardial edema in 
cases with infl ammatory pericarditis. IR pulse 
can be adjusted to null pericardial fl uid signal 
(Fig.  29.3 ). The second most important sequence 
in the evaluation anatomy as well as regional and 
global myocardial function with MRI is bright- 
blood balanced steady-state free precession 
(b-SSFP). This sequence is mainly T2 weighted 
and the signal of blood, fat, and pericardial fl uid 

appears bright. Both non-ECG-gated and cine 
versions of b-SSFP are helpful for evaluation of 
the pericardium. Although advanced sequences 
such as tagged MRI and free-breathing real-time 
SSFP may be better choices for complete analy-
sis of constrictive physiology and to study physi-
ologic events such as ventricular coupling [ 9 ], by 
careful reviewing of routine cine images, it is 
simply possible to diagnose constrictive pericar-
ditis in most cases (Fig.  29.4 ). Cine viewing 
allows better differentiation of motion between 
the rigid constricted pericardium and the under-
lying moving myocardium.

  Fig. 29.3    Pericardial cyst ( stars ) in the right anterior car-
diophrenic angle shown with MRI. ( a ) Black-blood fast 
spin echo shows the cyst as a homogeneous medium sig-
nal intensity area. This sequence is proton density 
weighted, and fl uid-fi lled structures may appear isosignal 
to the myocardium. Note the cyst is separate from the nor-

mal pericardium ( arrow ). ( b ) Post-contrast T1-weighted 
fast gradient-echo sequence shows the cyst as a low-signal 
area. ( c ,  d ) are T2-weighted single-shot fast spin-echo 
sequences before (a) and after (b) fl uid attenuation inver-
sion pulse       
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       Absence of Pericardial Tissue 

 The pericardial and pleural cavities and dia-
phragm are so closely related in their 
development. 

 The pericardial cavity represents a portion of 
the original right and left intraembryonic coe-
loms, and its lining derives from both the parietal 
(somatic) and the visceral (splanchnic) layers of 
the mesoderm. Later, the right and left side 

 coeloms fuse, and folds of tissue divide it into 
separate cavities. The pericardial cavity separates 
from the peritoneal cavity by the formation of the 
septum transversum and from the pleura by the 
growth of the left and right pleuropericardial 
folds which are linked to the evolution of the 
incoming cardinal veins of the sinus venosus. 
Major part of pericardium is derived from the 
parietal mesoderm which is also primarily the 
wall of the pericardial cavity. A small dorsal 

  Fig. 29.4    Short-axis cine MR views in systole and dias-
tole in a patient with constrictive pericarditis ( upper row ) 
and another patient with serous pericardial effusion. 
Images in constrictive pericarditis patient show thickened 
rigid pericardium with a fi xed pericardial cavity ( arrows ) 
on both systolic and diastolic images. In contrast, the peri-

cardium appears thin and smooth in pericardial effusion 
case ( lower images ), and the pericardial cavity (bright in 
signal intensity) covering the right ventricle ( RV ) appears 
smaller in diastolic image due to the shift of free fl uid in 
the pericardial sac       
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 portion is probably derived from the mesoderm at 
the root of the dorsal mesocardium. The septum 
transversum (a derivative of the visceral layer) 
forms the caudal wall of the pericardial cavity. 
Congenital pericardial defects result from incom-
plete development of either the septum transver-
sum or the pleuropericardial folds. Premature 
atrophy of the left common cardinal vein (duct of 
Cuvier) compromises the blood supply to the left 
pleuropericardial fold and accounts for absence 
of the left pericardium [ 11 ,  12 ]. If abnormality 
occurs in early stages of embryonic development, 
the pleural serosa and diaphragm may also be 
affected. 

 Congenital absence of pericardium has been 
described in literature for more than four centu-
ries and mainly discovered inadvertently during 
postmortem and thoracotomy procedures 
[ 11 – 14 ]. Radiologically, it was undiscovered 
until 1959 when Ellis et al. reported the fi rst case 

by x-ray [ 15 ]. Subsequently, increasing numbers 
of cases have been reported. Van Son et al. 
 presented the Mayo Clinic experience on con-
genital absence of the pericardium (15 cases in 
34,000 surgeries) [ 16 ]. In all, the diagnosis was 
made in the operating room. 

 Congenital absence of pericardium occurs on 
a spectrum from complete absence of the left, 
right, or both sides of the pericardium to small 
regional defects. Partial defect may involve part 
of the left, right, or diaphragmatic pericardium. 
Approximately 30 % of patients with pericar-
dial agenesis have additional anomalies such as 
atrial septal defect, bicuspid aortic valve, mitral 
stenosis, tricuspid insuffi ciency, patent ductus 
arteriosus, tetralogy of Fallot, pulmonary seques-
tration, bronchogenic cyst, and congenital dia-
phragmatic hernia [ 14 – 19 ]. Pectus excavatum 
is a common deformity in these patients [ 14 ] 
(Fig.  29.5 ). Agenesis of the left pericardium is 

  Fig. 29.5    Complete absence of the left pericardium in a 
24-year-old male with pectus excavatum. The entire heart 
is shifted to the left. Plain radiograph and CT images dem-
onstrate a prominent left main pulmonary artery extend-
ing beyond the mediastinal margins into the left lung. 
Because of the absence of left pericardium, a “tongue” of 

lung tissue interposes between the main pulmonary artery 
( MPA ) and aorta ( arrows ), a diagnostic sign for congenital 
absence of pericardium. Only parts of the right pericar-
dium extending to the diaphragm and left atrial appendage 
are seen ( dashed arrows )       

 

F. Saremi



673

the most  common type accounting for 70 % of 
cases (Fig.  29.6 ). It usually involves the entire 
left side. In Gatzoulis series of ten cases with 
isolated pericardial defect, 70 % were complete 
absence of the left side [ 8 ]. Partial defects of left 
pericardium are not uncommon; they are usually 
located in the upper part of the left pericardium 
causing herniation of the left atrial appendage or 
part of the left ventricle (Fig.  29.7 ). In lower part 
is involved incarceration of the left ventricle and 
ischemia by coronary artery compression may 
ensue [ 20 ,  21 ]. Total aplasia of the pericardium 
accounts for less than 10 % of the cases identi-
fi ed [ 8 ,  16 ,  17 ]. It may coexist with an incom-
plete closure of the anterior chest wall, ectopia 
of the heart, and omphalocele. In less severe 
forms, the heart remains intrathoracic but falls 
over in the left hemithorax and may be associ-
ated with diaphragmatic defects. Agenesis of the 
right pleuropericardial membrane is considered 
very uncommon (4 %) (Fig.  29.8 ). Right-sided 
mediastinal shift of the heart may be observed. 
In the partial form, the right atrial appendage 

or  ventricle may herniate through the defect or 
the right lung may herniate in and compress the 
superior vena cava [ 22 – 25 ]. Defects of the dia-
phragmatic pericardium are associated with par-
tial diaphragmatic aplasia and intrapericardial 
herniation of the greater omentum.

      In congenital absence of pericardium, patients 
are generally asymptomatic but 30 % experience 
recurrent chest pains largely nonexertional, 
which may be positional, or dyspnea. The etiol-
ogy of symptoms is speculative but may result 
from increased heart mobility and distortion of 
intrathoracic structures (e.g., pleural attachments, 
great vessels). The shifted apical impulse tends to 
give the impression of cardiac enlargement. 
Systolic ejection murmurs can be heard, without 
clear explanation. Electrocardiography shows 
right bundle branch block and clockwise rotation 
of the precordial plane. Palpitations, syncope, or 
sudden death are features applying to the local-
ized forms. Therefore, it is very important to dif-
ferentiate partial from complete absence of the 
pericardium. 

  Fig. 29.6    MR images in a patient with complete absence 
of pericardium. ( a ,  b ) Are axial black-blood images. ( c – e ) 
Are cine images in four-chamber, axial, and three-cham-
ber views, respectively. Normal pericardium cannot be 
traced.  Dark line  anterior to the right ventricle ( RV ) on 

short-axis view is related to susceptibility artifact not a 
real pericardial line. The heart is laterally displaced in the 
left hemithorax and the apex is rotated posteriorly. ( f ) 
Three-chamber view of a normal heart is shown for 
comparison       
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 On left-sided agenesis, prominent pulmonary 
artery and the lung interposing between the main 
pulmonary artery and aorta are seen in 90 % of 
patients establishing this marker as the pathogno-
monic feature of absent pericardium on plain 
fi lms [ 8 ] (Fig.  29.5 ). Interposition of lung 
between heart and diaphragm is seen in 20 %. 
The heart structure has been described as “tear-
drop” shaped. 

 The diagnosis can be confi rmed by CT or MR 
as they more clearly delineate the anatomical 

relationships with adjacent structures than other 
modalities. Both delineate the presence of normal 
pericardium as a thin line of uniform low attenu-
ation/signal intensity against the pericardial fat. 
Despite high resolution and contrast in CT and 
MR, it is not always possible to trace the exact 
margins of the pericardial defect and determine 
the actual size of pericardial defect (Fig.  29.6 ). 
Because of levoposition of the heart, the left infe-
rior pulmonary vein can be compressed between 
the left atrium and descending aorta/spine [ 8 ]. In 

  Fig. 29.7    Partial absence of the left pericardium in a 
63-year-old man with severe chest pain that worsened 
with breathing. ( a ) CT topogram shows an abnormal 
bulge along left cardiac boarder ( arrow ). ( b – d ) CT coro-
nary angiograms show that the focal bulge ( long white 
arrows ) is due to partially herniated left ventricle. 
 Arrowheads  in panel  b  show absent left pericardium. 

Coronal view ( b ) shows intact right pericardium ( yellow 
arrow ). Sagittal view ( c ) through the base of the heart 
shows intact anterior pericardium ( short arrows ), free 
edge of the pericardium at defect ( medium length arrow ), 
and bare area overlying the left ventricle ( long arrow ) 
(From Verde et al. [ 26 ] with permission)       
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incomplete defects, a rim of residual pericardium 
may cause compression of the herniated atrial 
appendage or ventricle that requires urgent atten-
tion [ 26 ] (Fig.  29.8 ). MRI and echocardiography 
also show increased heart mobility and impaired 
left ventricular torsion. On echocardiography, the 
right ventricle diameter may falsely appear 
enlarged due to posterior rotation of the heart. As 
a result these patients may be referred for MRI 
for evaluation of right ventricle enlargement and 
possible atrial septal defect [ 27 ]. Symptomatic 
complete absence of pericardium may benefi t 
from pericardioplasty, but otherwise is not 
thought to require intervention [ 28 ]. Because 
patients with partial absence of pericardium may 
be at risk of herniation and strangulation of car-
diac structures, closure of the pericardial defect is 
believed to reduce these risks.  

   Pericardial Cyst and Diverticulum 

 Preliminary reports on pericardial cysts and 
diverticula date back to the middle of the nine-
teenth century all derived exclusively from 
autopsy studies [ 29 – 32 ]. Otto Pickhardt accom-
plished the fi rst resection of a pericardial cyst in 
1931 [ 30 ]. The appearance of the thin-walled, 
translucent cysts containing crystal-clear fl uid 
gave rise to the new term “spring water cyst of 
the mediastinum” by Greenfi eld and colleagues 
in 1943 [ 32 ]. 

 The pericardial cyst and diverticulum are 
closely associated, and many believe they have 
common embryonic origin during development 
of the pericardium, hence the term “pericardial 
coelomic cyst or diverticulum” was used. Lillie at 
al. proposed that both diverticulum and cyst 
derive from the ventral recess of the pericardial 
coelom [ 33 ]. The authors concluded that persis-
tence of the recess results in formation of a diver-
ticulum, while constriction of the proximal part 
of the persistent recess accounts for either a 
diverticulum with a narrow neck or a cyst in com-
munication with the pericardial cavity. 

 Pericardial cysts are rare congenital encapsu-
lated cysts lined by mesothelium. When the results 
of a mass radiographic campaign in Edinburgh 
were published in 1958, Le Roux reported that 3 
out of 300,000 subjects were found to have a peri-
cardial cyst [ 31 ]. Therefore, 1 in every 100,000 of 
the population may have such a cyst, constituting 
5 % of all mediastinal masses [ 34 ]. 

 Pericardial cysts and diverticulum are uniloc-
ular and contain clear serous fl uid. They usually 
appear as a solitary encapsulated lesion adjacent 
to the pericardium, but 20 % may communicate 
with the pericardium (diverticulum). Pericardial 
cysts typically occur in the cardiophrenic angle 
(90 %). Two-thirds are located on the right side 
(Fig.  29.3 ). In 10 % they occur in remote loca-
tions [ 35 ,  36 ] (Fig.  29.9 ). Case has been reported 
that the cyst developed on follow-up studies, 
while previous CT did not show evidence of any 

  Fig. 29.8    Incomplete absence of the right pericardium in 
a 42-year-old man with 9-month history of progressive 
dyspnea. ( a ) CT topogram shows large mass-like opacity 
in the right hemithorax at the level of the right cardiac 
boarder ( arrows ). Vessels are seen through the mass. ( b , 
 c ) Cardiac CT angiogram shows herniation of the right 

atrium and ventricle through a large defect in the pericar-
dium ( arrows ) in coronal oblique ( b ) and 3-dimensional 
volume-rendered imaging ( c ). Note the waist created as 
the right heart herniates through the incomplete defect 
(From Verde et al. [ 26 ] with permission)       
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intrathoracic mass [ 37 ]. The majority of pericar-
dial cysts are asymptomatic. They can cause non-
specifi c symptoms including dyspnea, chest pain, 
and cough in 25 %. Pericardial cysts are usually 
detected in the third or fourth decade of life with 
the same frequency in both men and women. In 
some reports it is more common in women [ 38 ].

   Pericardial cysts are usually suspected on plain 
radiographs. However, many cases are inciden-
tally diagnosed on CT or MR studies of the chest 
or abdomen. The most common radiographic 
appearance of the pericardial cysts is a well-
defi ned, smooth-walled rounded mass located at 
right anterior cardiophrenic angle. It may extend 
into the major fi ssure. The position in relation to 
the heart is stable, but the cyst shape may change 
in different positions and can grow very slowly on 
follow-up examinations. The attenuation of the 
cyst fl uid is generally similar to transudate fl uid 
(near-water density of 0–20 Hounsfi eld units). It 
appears low signal on T1-weighted images and 
becomes bright on T2-weighted images (Fig.  29.3 ). 
Atypical fl uid attenuation/signal can occur due to 
hemorrhage or increased proteinaceous material. 

 Differential diagnosis includes loculated peri-
cardial effusions and other cystic lesions such as 

bronchogenic and thymic cysts. For surgical can-
didates, although thoracotomy was used to treat 
such lesions in the past, video-assisted thoracic 
surgery (VATS) is the best option for the treatment 
of these cysts [ 38 ]. Percutaneous aspiration of cyst 
can be performed as an alternative option to surgi-
cal resection in selected cases and may be lifesav-
ing in symptomatic patients [ 39 ]. Spontaneous 
resolution of a pericardial cyst has been reported 
in few cases managed conservatively, the probable 
mechanism being cyst rupture [ 40 ]. 

 Pericardial diverticulum is rarer than pericar-
dial cyst and corresponds to herniation through a 
defect in the parietal pericardium that communi-
cates with the pericardial cavity [ 31 ]. 

 The distinction between pericardial cysts and 
diverticula in the historic literature is often quite 
vague, and the difference between a diverticulum 
with narrow neck and a cyst that communicates 
with the pericardial cavity through a pedicle 
sometimes seems arbitrary [ 29 ]. 

 Pericardial diverticulum typically occurs in the 
cardiophrenic angles and has the tendency to change 
in size and location overtime [ 41 ] (Fig.  29.10 ). 
Cysts that disappear on follow-up examination may 
represent a decompressed  diverticulum. Cardiac 

  Fig. 29.9    Pericardial cyst (*) located high in right upper 
paramediastinal area at the superior vena cava level. ( a ) 
T2-weighted axial fast spin-echo MR. ( b ) Axial CT. Note 
the cyst appears larger in MR obtained a few weeks later 

after the CT scan was done. In this unusual location, a 
pericardial cyst should be differentiated from broncho-
genic and thymic cysts       
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MR or CT is helpful in reaching a preoperative 
diagnosis. Although it resembles a pericardial cyst, 
the diagnosis of a diverticulum should be suspected 
when a complete wall cannot be identifi ed in all 
parts of the lesion. Treatment is similar to pericar-
dial cyst [ 42 ,  43 ].
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        There are approximately one million adult 
patients with congenital heart disease (CHD) in 
the United States and the number is increasing. 
With increasing survival of repaired CHD, it is 
more common to see both the cardiac and extra-
cardiac complications of surgical repair. 
Awareness of these common extracardiac fi nd-
ings will aid in making the appropriate diagnosis 
and may improve clinical management. 
Utilization of CT and MR can detect early 
changes in extracardiac organs. This chapter 
describes common extracardiac manifestations of 
congenital disease of the heart and reviews the 
CT and MR fi ndings in this group of patients. 
Imaging examples of pulmonary, abdominal, 
neurological, and thromboembolic complications 
will be presented. Patients with surgical single- 
ventricle palliative physiology (Fontan circula-
tion) present a unique spectrum of complications 
including restrictive lung function, plastic bron-
chitis, liver changes, thromboembolic disease, 
and protein-losing enteropathy. These complica-
tions will be emphasized. 

   Pulmonary Complications 

 Pulmonary complications in CHD are common. 
CHD patients are at greater risk of respiratory 
tract infections, airway obstruction, pulmonary 
hypertension, and thromboembolic complica-
tions. In these patients the normal interdependent 
relationship between the functions of the cardio-
vascular and respiratory systems can be lost. The 
ability of the heart to increase systemic and/or 
pulmonary blood fl ow is often limited, arterial 
PO 2  may be decreased by shunt lesions, and O 2  
delivery cannot meet the needs of the tissues. 

   Airway Obstruction 

 Airway obstruction in patients with CHD can be the 
result of an anomalous relationship between the tra-
cheobronchial tree and vascular structures or the 
result of extrinsic compression caused by dilated 
pulmonary arteries, left atrial enlargement, massive 
cardiomegaly, or intrinsic bronchial obstruction 
[ 1 ,  2 ]. Intrinsic airway fi ndings include cartilaginous 
defi ciency, bronchial stenosis, or mucus plugs [ 2 ]. 

 Cardiac anomalies which predispose to airway 
compression by markedly dilated pulmonary arter-
ies include ventricular septal defect (VSD), patent 
ductus arteriosus (PDA), atrial septal defect 
(ASD), interruption of the aortic arch, and tetral-
ogy of Fallot (TOF) [ 3 ]. In unrepaired CHD 
patients with left-to-right shunting of blood, 
increased pulmonary blood fl ow and venous return 
may result in left ventricular diastolic dysfunction 
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and dilated cardiomyopathy. CHD children with 
left-to-right shunt often experience respiratory 
symptoms, which can complicate the management 
in the preoperative and perioperative periods [ 2 ]. 
An important cause of respiratory insuffi ciency in 
such children is external compression by congeni-
tal anomalies of the confi guration of the great 

 vessels and enlargement of otherwise normal 
structures [ 2 ,  3 ]. Furthermore, pulmonary venous 
congestion leads to edema of the bronchiolar 
mucosa. This in turn leads to bronchiolar spasm 
and the creation of obstruction [ 4 ]. 

 Enlarged left atrium can result in widen-
ing of the tracheal bifurcation with or without 

  Fig. 30.1    Color-coded CT angiography of chest shows 
the left main bronchus ( LB ) surrounded by the left pulmo-
nary veins, branches of the left pulmonary artery ( LPA ), 
and the left atrium ( LA ). The LPA starts superior and 
immediately turns posterior to the left bronchus, and in 
the left lower lobe mainly remains posteriorly. The left 
superior pulmonary vein ( LSPV ) courses anterior to the 

left bronchus. At left paramedian level (sagittal 1), the left 
bronchus can easily be squeezed by enlarged vessels caus-
ing left lung or left lower lobe atelectasis. An enlarged LA 
can increase the bronchial compression by elevating the 
left pulmonary veins. Sagittal 2 image is obtained through 
left lower lobe branches.  DA  descending aorta,  LIPV  left 
inferior pulmonary vein       
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 compression of the main stem bronchi. Enlarged 
pulmonary arteries and the left atrium together 
can cause left bronchial compression (Fig.  30.1 ). 
Massive cardiomegaly can also compress the 
left main bronchus and in some cases results in 
chronic atelectasis and bronchiectasis of the left 
lower lobe. Malacia and stricture of airway can 
occur with chronic compression of tracheobron-
chial tree by anomalous aortic arch and vascu-
lar rings [ 5 ]. In pulmonary artery slings, the left 
pulmonary artery arises from the right pulmo-
nary artery and then passes leftward between 
the trachea and esophagus. This can result in 
 compression of the right main stem bronchus and 
distal trachea. Complete cartilaginous tracheal 
ring is common in patients with pulmonary artery 
slings (ring–sling complex). These cases are gen-
erally diagnosed and surgically repaired in new-
borns and infants. Rare cases can present for the 
fi rst time during adulthood [ 6 ]. Massive enlarge-
ment of the pulmonary arteries in Eisenmenger 
syndrome in association with severe compres-
sion of the trachea and main stem bronchi causes 
lobar atelectasis or emphysema.

      Plastic Bronchitis 

 In this rare, potentially life-threatening condition 
patients present with recurrent expectoration of 
branching, mucoid airway casts, which vary in 
size. It can be found in children with underlying 
cardiac defects particularly post-shunt proce-
dures with Fontan being the most common [ 7 ,  8 ]. 
Bronchial casts are acellular noninfl ammatory 
composed primarily of mucin and fi brin as com-
pared to the eosinophilic infl ammatory casts seen 
in the other conditions. The pathogenesis of plas-
tic bronchitis includes hypersecretion of airway 
mucus, abnormalities of pulmonary lymphatic 
drainage, and poor cardiac output [ 7 ,  9 ]. CT can 
demonstrate bronchial casts causing partial or 
complete obstruction of the central airways with 
associated atelectasis and consolidation. 
Bronchiectasis and obstructive hyperinfl ation are 
usually absent [ 10 ]. The airway and lung abnor-
malities rapidly improve after removal of the 
bronchial casts.  

   Parenchymal Changes 

 Pulmonary edema is a complication of many 
types of primary cardiovascular diseases [ 7 ]. 
Obstruction of pulmonary venous drainage 
increases capillary pressure and results in transu-
dation of fl uid. Disease states that lead to an 
increased right atrial pressure impair drainage of 
pulmonary lymphatics resulting in fl uid retention 
and, often, pleural effusions (right more than 
left). Left-to-right shunts increase pulmonary 
blood fl ow leading to water retention in the lungs. 

 Pulmonary emphysematous changes in CHD 
are usually led by airway obstruction. In a recent 
study by Nabo et al., the frequency of pulmonary 
emphysema in CHD patients with increased pul-
monary blood fl ow due to left-to-right shunting 
was assessed using MDCT [ 11 ]. The emphyse-
matous change was detected in 44 % of patients. 
The frequency of segmental emphysematous 
change in left side was higher than in right side 
(14.8 % vs. 6.5 %). The left main bronchus is sur-
rounded by the left pulmonary artery, left pulmo-
nary veins, and left atrium (Fig.  30.1 ). These 
anatomical features make the left lung vulnerable 
to develop lobar emphysema. Lobar emphysema 
due to extrinsic compression by vascular struc-
tures is often relieved by correction of the under-
lying cardiac or vascular defect [ 12 ]. 

 Palliative univentricular physiology (so-called 
Fontan physiology) is associated with passive, 
non-pulsatile drainage to the pulmonary arteries. 
Patients typically have congested, small lungs 
with a restrictive pattern of lung function. The 
reason why lungs are smaller is unclear but may 
be related to previous pleurodesis in some cases 
[ 7 ]. Alternatively, there may be an inherent 
degree of pulmonary hypoplasia due to the lack 
of pulsatile fl ow to stimulate lung growth. There 
is also a high risk of pulmonary embolic disease 
in this slow-fl ow state.  

   Pectus Excavatum 

 Pectus excavatum is the most common congeni-
tal chest wall malformation and is usually seen 
as an isolated congenital abnormality. However, 
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it is occasionally associated with cardiac abnor-
malities, such as Marfan’s syndrome or CHD 
(5–10 %) [ 13 ]. Cardiac or pulmonary compres-
sion can result is restrictive lung disease and 
decreased right ventricle function (Fig.  30.2 ). 
Cardiac compression can also contribute to post-
operative hemodynamic instability if the pectus 
deformity is left uncorrected during repair of the 
CHD. Common CHDs in association with pectus 
excavatum include VSD, ASD, TOF, double out-
let right ventricle, transposition of the great 
arteries, and aortic coarctation. Aortic aneurysm 
and dissection are not unusual presentation 
(Fig.  30.2 ).

      Intrapulmonary Vascular Collaterals 
and Shunts 

 Intrapulmonary systemic–pulmonary collaterals 
(SPC) develop frequently with a bidirectional 
cavopulmonary connections (BCPC) or Fontan 
circulation [ 14 ]. These systemic to pulmonary 
shunts usually develop between bronchial and 
pulmonary vessels causing arterial–arterial or 
venous–venous communications [ 15 ]. Both MR 
and CT angiography can show the extent of large 
collaterals. However microscopic communica-
tions are diffi cult to see directly. The mechanism 
for the development of collateral vessels in 

  Fig. 30.2    CT images in two different patients with 
Marfan’s syndrome and pectus excavatum.  Upper row  is a 
22-year- old male with severe pectus excavatum causing 
right ventricle outfl ow tract narrowing and right atrium 
dilatation ( RA ). Aortic root view shows mild counter-

clockwise rotation of the aortic valve.  Lower row  demon-
strates aortic aneurysm and focal dissection in a 
24-year-old male.  AA  ascending aorta,  AV  aortic valve,  N  
noncoronary sinus,  R  right coronary sinus       
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 univentricular cases is unknown. Post-Fontan 
patients typically have passive, non-pulsatile 
drainage to the pulmonary arteries. This slow- 
fl ow state may lead to the development of sys-
temic to pulmonary collateral vessels. Vascular 
endothelial growth factor and or lack of hepatic 
venous effl uent may also play a role [ 15 – 18 ]. 
SPC develops more in the lung with less pulmo-
nary arterial fl ow. Left-to-right shunting via SPCs 
competes with volume-unloading effect of 
Fontan. This can contribute to increasing cyano-
sis, diastolic heart failure, and increased pulmo-
nary artery pressure [ 19 ,  20 ]. Measurement of the 
magnitude and evaluation of hemodynamic con-
sequences of these shunts are then important. The 
magnitude of SPC fl ow can be large and may 
approach 20–25 % of pulmonary venous return 
and 18–21 % of aortic output [ 21 ]. Evaluation of 
shunt can be diffi cult using routine CT or MR 
angiographic methods, but it can reliably be 
assessed with phase-contrast MR [ 19 ,  20 ]. It is 
possible to quantify APC blood fl ow by 
 subtracting the pulmonary arterial from the pul-
monary venous blood fl ow volume for each lung. 
For this purpose, Whitehead and colleagues [ 19 ] 
used two-dimensional phase-contrast MR veloc-
ity mapping to noninvasively quantify SPC in 

single- ventricle patients after superior BCPC. 
Using this method, multiple measurements 
should be performed at each pulmonary artery 
and vein levels. For correct quantifi cation of the 
fl ow volumes during different phases of cardiac 
cycle, the phase-contrast sequence should have 
enough temporal resolution (i.e., 20 or more 
reconstructed phases per cardiac cycle). 
Appropriate velocity encoding (VENC) setting is 
required for correct venous and arterial fl ow anal-
ysis. Due to complex anatomy complete analysis 
may not be achieved in all patients. Newer 4D 
velocity mapping technique may be more reliable 
and even faster than two- dimensional velocity 
acquisition for quantitative analysis of systemic 
and pulmonary perfusion including SPC after 
palliation of single-ventricle physiology [ 21 ]. 

 After palliative corrective surgery of TOF 
with pulmonary atresia, it is not uncommon to 
fi nd enlarged bronchial arteries and chest wall 
collaterals (Fig.  30.3 ). Hemoptysis can result 
from rupture of these collaterals in to the airways. 
These enlarged bronchial arteries may be part of 
major aortopulmonary collaterals (MAPCAs) 
developing in patients with pulmonary atresia 
and VSD (i.e., tetralogy of Fallot with pulmonary 
valve atresia) [ 22 ]. Enlarged intercostobronchial 

  Fig. 30.3    A 35-year-old male with repaired tetralogy of 
Fallot presented with hemoptysis. Coronal maximum 
intensity pixel and color-coded multilayer CT angiography 
images are shown. Enlarged systemic collateral arteries 

( green arrows ) arising from the descending thoracic aorta 
(bronchial), ascending cervical artery, left internal mam-
mary artery, and celiac trunk supplying the lungs ( red ves-
sels ). Pulmonary arteries are relatively small ( dark blue )       
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arteries can be identifi ed in 85 % and subclavian 
artery chest wall collaterals are seen in 50 % of 
MAPCAs [ 23 ]. For TOF with pulmonary atresia 
and MAPCAs, a staged surgical approach is usu-
ally used. The operative sequence begins with a 
central aortopulmonary shunt followed by unifo-
calization of aortopulmonary collateral arteries 
depending on the source and distribution of pul-
monary blood fl ow. Embolization may be neces-
sary for severe hemoptysis, and stenosis can be 
corrected with balloon angioplasty and stenting 
[ 24 ,  25 ]. With CT angiography the extent of 
bronchial collaterals, stenotic segments, and in 
selected cases the bleeding site can be detected.

   Venovenous collateral vessels can develop 
between the two cava, the bronchial veins and the 
caval system, and the upper extremities veins and 
the pulmonary veins or the left atrium (Fig.  30.4 ).

     Pulmonary Arteriovenous 
Malformations 
 Pulmonary arteriovenous malformations 
(PAVM), also referred to as pulmonary arterio-
venous fi stulas (PAVF), can occur after superior 
cavopulmonary anastomosis [ 26 ] (Fig.  30.5 ). 
Surgical connection of the superior vena cava 

(SVC) to the right pulmonary artery as classi-
cally described by Glenn was initially consid-
ered a satisfactory means of palliation for 
various forms of cyanotic CHD. Substantial 
morbidity and mortality from the late onset of 
ipsilateral PAVMs lead to modifi cation of the 
procedure in which the classic Glenn procedure 
was replaced by BCPA. Although physiologi-
cally similar to the classic Glenn operation, 
BCPA has been shown to cause bilateral rather 
than ipsilateral PAVMs under certain condi-
tions, but at a lower incidence [ 26 ,  27 ]. The 
main reason for the lower incidence may be that 
the BCPA is usually performed as part of a 
staged univentricular palliation, with most 
patients proceeding to incorporation of the infe-
rior vena cava (IVC) and hepatic venous fl ow 
into the pulmonary circulation, namely, comple-
tion Fontan operation within 1–3 years. An 
exception to this pattern is the population of 
patients with polysplenia syndrome and azygos 
continuation of an interrupted IVC. Such 
patients commonly develop PAVMs after a 
Kawashima procedure (BCPA in the setting of 
azygos continuation of an interrupted IVC to the 
SVC) [ 28 ] (Fig.  30.5 ). In this procedure most of 

  Fig. 30.4    A 17-year-old female with repaired double out-
let right ventricle status post-Fontan with hemoptysis and 
hypoxemia and mild cyanosis. Coronal CT images after 
injection of contrast into left arm are shown. CT shows par-
tial occlusion of the left brachiocephalic vein ( BCV ) and 
extensive mediastinal venous collateral ( collat .) formation. 
There is a relatively large connection of venous collaterals 

with the right superior pulmonary vein ( RSPV ) causing 
early fi lling of the left atrium ( LA ) indicating a right-to-left 
shunt. Note the left superior vena cava ( LSVC ) is opacifi ed 
and appears ligated. The right superior vena cava ( RSVC ) is 
connected to the right pulmonary artery ( PRA ). The inferior 
vena cava ( IVC ) fl ow is directed to the left pulmonary vein 
( LPV ) by a conduit. Dextrocardia exists       
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the systemic venous (85 %) return to the pulmo-
nary circulation, while the hepatic and coronary 
sinus venous return remains to the right atrium 
[ 28 ]. The PAVMs seen in this population are 
similar to the hepatopulmonary syndrome seen 
in children with end-stage liver disease. In other 
words, exclusion of hepatic blood fl ow from the 
pulmonary blood fl ow contributes to the devel-
opment of PAVM. In cases of bilateral SVC 
connections to the left and right pulmonary 
arteries, the relatively decreased pulmonary cir-
culation on the opposite side to the IVC fl ow 
often results in increased AVMs on that side 
(right side greater than left) [ 29 ].

   The primary consequence of PAVMs is 
decreased systemic oxygen saturation due to 
right-to-left shunting. Resolution of PAVMs after 
hepatic vein inclusion into the cavopulmonary 
circulation has been reported [ 30 ]. In this proce-
dure, the hepatic veins are taken off of the atrium 
with a cuff of atrial tissue and anastomosed to the 
underside of the ipsilateral pulmonary artery with 
an extracardiac conduit (13–18 mm) or using a 
lateral caval tunnel constructed with a PTFE 
(Gore-Tex; W.L. Gore & Associates, Newark, 
DE) patch [ 30 ]. 

 CT fi ndings include the presence of abnor-
mally enlarged pulmonary vessels extending to 
the periphery of the lung with the PAVM forming 
a small tangle of vessels (Fig.  30.5 ). The use of 
thick-slab (4–20 mm) maximum intensity projec-
tions (MIPs) and volume-rendering reconstruc-
tions can help detecting and characterizing 
PAVMs on CT [ 31 ].  

   Palliative Pulmonary Vascular Shunts 
 Surgical palliation for neonates and children with 
diminished pulmonary artery blood fl ow is usu-
ally accomplished with systemic–pulmonary 
artery shunts. TOF is the most common CHD 
cases who had a palliative shunt procedure in the 
past (70 %) [ 32 ]. In complex CHD, this proce-
dure is performed before cavopulmonary connec-
tion. In CT or MR angiographic assessment of 
this group of adult CHD patients, it is not uncom-
mon to see the remnant of the shunt after surgical 
closure or embolization or rarely an intact sys-
temic–pulmonary artery shunt (Fig.  30.6 ). In 
some cases with history of modifi ed or classic 
Blalock–Taussig shunts distortion and stenosis 
(up to 20 %) of the pulmonary artery at the site of 
the shunt anastomosis can be seen [ 33 ,  34 ].

  Fig. 30.5    Coronal and color-coded volume-rendered CT 
images of chest demonstrate extensive arteriovenous mal-
formations (AVM) mainly in the right lower lobe in a 
patient with bidirectional cavopulmonary connections/
Kawashima procedure presented with hypoxemia. Right 

AVMs did not resolve after hepatic vein inclusion into the 
left pulmonary circulation. Multiple coil embolizations of 
the AVMs had been performed before this study. 
Pulmonary artery branches are colored in  pink        
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      Pulmonary Hypertension 
 Pulmonary hypertension is defi ned as mean pul-
monary artery pressure greater than 25 mmHg 
at rest, or as pulmonary vascular resistance 
greater than 3 Wood units. According to the 
current WHO classifi cation [ 35 ], pulmonary 
hypertension is divided into fi ve classes: (1) 
pulmonary arterial hypertension (idiopathic, 
veno-occlusive, etc.), (2) secondary to left heart 
diseases, (3) associated with lung diseases and/
or hypoxemia, (4) secondary to chronic throm-
botic and/or embolic disease, and (5) miscella-
neous. Pulmonary hypertension associated with 
CHD is commonly assigned to the fi rst category 
[ 36 ]. The likely mechanism behind the devel-
opment of pulmonary hypertension in CHD, as 
in idiopathic pulmonary hypertension, is mul-
tifactorial. Vasoconstriction, proliferative and 
obstructive remodeling of the pulmonary vascu-
lar bed, infl ammation, and thrombosis all appear 
to be involved [ 35 ,  37 ]. If pulmonary vascular 

 resistance increases to the point where pulmo-
nary artery pressure exceeds systemic blood 
pressure, right ventricular diastolic and systolic 
function decrease acutely and can rapidly prog-
ress to right ventricular dilation, dysfunction, and 
failure [ 38 ,  39 ]. Among Eisenmenger patients, 
the response of the right ventricle tends to resem-
ble idiopathic pulmonary hypertension in those 
with pretricuspid defects (ASD) causing atrial 
and right ventricle dilatation [ 39 ]. However, in 
Eisenmenger patients secondary to a large VSD, 
the right ventricle is able to sustain an elevated 
afterload over a much longer period of time and 
becomes hypertrophied [ 38 ]. The rate of pro-
gression of pulmonary arterial disease in patients 
with large VSDs and PDAs is generally faster. A 
large ASD may also induce an increase in pulmo-
nary arterial pressure but at much slower rate and 
only rarely result in severe pulmonary hyperten-
sion early in life (Fig.  30.7 ). Eisenmenger syn-
drome demonstrates pulmonary vascular changes 

  Fig. 30.6    Extracardiac palliative systemic–pulmonary 
shunts. ( a ) Classic Blalock–Taussig anastomotic shunt is 
seen between the left subclavian artery ( red arrows ) and 
left pulmonary artery ( LPA ) in a patient with repaired 

tetralogy of Fallot. ( b ) Left pulmonary artery ( LPA ) par-
tially thrombosed aneurysm ( green arrow ) possibly at the 
site of a closed shunt in a patient with repaired tetralogy. 
 AA  ascending aorta,  DA  descending aorta       
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on CT which is similar to idiopathic pulmonary 
hypertension. These changes include centrilobu-
lar ground- glass opacities, mosaicism, and neo-
vascularity [ 40 ]. Neovascularity due to enlarged 
bronchial arteries and intercostal systemic 
collaterals are more common in patients with 
Eisenmenger syndrome especially in posttricus-
pid communications [ 41 ] (Fig.  30.8 ). However, 
there is no correlation between these fi ndings 
and severity of pulmonary hypertension [ 40 ]. 
Mosaic attenuation due to pulmonary hyperten-
sion can be optimally seen on minimum-inten-

sity projection reconstructions CT angiographies 
(Fig.  30.9 ) [ 42 ]. In the presence of severe pulmo-
nary hypertension, intrapulmonary hemorrhage 
can be life- threatening. In mild cases, pulmonary 
hemorrhage may resolve in a few days.

          Thromboembolic Complications 

 Eisenmenger syndrome typically results in 
severe dilation of the pulmonary arteries, slug-
gish fl ow, and mural thrombus formation of the 

  Fig. 30.7    Typical fi ndings of Eisenmenger syndrome in a 
patient with large atrial septal defect ( arrows ). Enlarged 
pulmonary arteries, dilated hypertrophic right ventricle, 

and dilated right atrium are evident. The left atrium is 
mildly dilated and left ventricle is normal in size       

 

30 Extracardiac Complications



688

central pulmonary arteries affecting 20–30 % 
of patients [ 43 ,  44 ]. Pulmonary artery calcifi ca-
tions are seen more frequently in patients with 
pulmonary thrombosis. Women and patients 

with lower oxygen saturations are at the highest 
risk of developing thrombosis [ 44 ]. Thrombosis 
of the central pulmonary arteries may be the 
source for peripheral pulmonary thrombi and 

  Fig. 30.8    Coronal CT images show systemic to pulmo-
nary collaterals (SPC) in Eisenmenger syndrome. These 
collaterals develop between bronchial and/or chest wall 
intercostal arteries on the systemic side and the intrapa-
renchymal pulmonary arteries ( green arrows ).  Upper row  

images show multiple tortuous small collateral arteries 
best shown in the left lower lung extending to the chest 
wall ( green arrows ).  Lower row  images show enlarged 
bronchial arteries ( red arrows ) along the right bronchus 
( RB )       
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pulmonary infarction leading to hemoptysis. 
CT angiography of chest can provide informa-
tion about the size of pulmonary arteries and 
the presence of in situ thrombosis, as well as 
right ventricular dimensions and function and 
associated cardiac or extracardiac lesions. It is 
shown by MRI that pulmonary arterial throm-
bosis among adults with Eisenmenger syn-
drome relates to older age, biventricular 
dysfunction, and slow pulmonary artery blood 
fl ow rather than degree of cyanosis or coagula-
tion abnormalities [ 45 ]. 

 Thrombosis of the right-sided circulation and 
chronic pulmonary embolic disease are compli-
cations of single-ventricle palliative procedures 
with an incidence of 5–16 % [ 46 ] (Figs.  30.10  
and  30.11 ). The increased risk of thromboem-
bolic complications in this patient population is 
thought to be multifactorial. Ligation of the pul-
monary trunk results in a blind cul-de-sac distal 
to the pulmonary valve where thrombi can form. 
The pulmonary blood fl ow after these proce-
dures is passive and dependent on the transpul-
monary gradient between the pulmonary artery 
and left atrium. The classic Fontan circuit is 
associated with right atrial dilatation and slow 
fl ow, increasing the risk of atrial thrombus [ 47 ] 
(Fig.  30.10 ). Though the lateral tunnel and extra-
cardiac conduit Fontan modifi cations result in 
better streaming of blood fl ow between the IVC 
and pulmonary artery, the risk of thromboembo-
lism is still high [ 48 ,  49 ].

    Infected systemic to pulmonary shunts (aorto-
pulmonary and ventriculopulmonary) may pro-
duce septic pulmonary emboli [ 50 ]. The 
development of right-to-left shunts can lead to 
systemic embolism from a clot in the systemic 
vein. 

 When evaluating for intravascular thrombosis, 
fi rst-pass imaging with CT or MR angiography is 
the ideal method to evaluate for intravascular fi ll-
ing defects. However, a high prevalence of vari-
ant vascular anatomy in this patient population, 
such as bilateral SVCs or interrupted IVC with 
polysplenia, can cause mixing of contrast and 
unopacifi ed blood resulting in pseudo-fi lling 
defects that can limit evaluation for intravascular 
thrombus (Fig.  30.12 ). To keep mixing artifacts 
at a minimum, the site of intravenous contrast 
injection should be carefully selected based on a 
patient’s known vascular anatomy. Simultaneous 
injection of contrast agent from more than one 
site, e.g., simultaneous injection of contrast agent 
from both an upper and a lower extremity vein to 
adequately opacify the Glenn and Fontan cir-
cuits, can help avoid pitfalls due to mixing arti-
facts when performing fi rst-pass imaging [ 51 ]. 
Dual-phase imaging, with a second set of images 
in the equilibrium phase, can also help circum-
vent this problem. While this is done routinely 
with MR angiography, a case-by-case decision 
has to be made with CT angiography to keep the 
radiation exposure as low as reasonably 
possible.

  Fig. 30.9    Mosaic attenuation of the lungs in Eisenmenger 
syndrome. ( a ) Maximum intensity pixel. ( b ) Three- 
dimensional minimum-intensity pixel. ( c ) Coronal thin 

slab minimum-intensity pixel. Note improved demonstra-
tion of the abnormal perfusion with minimum-intensity 
pixel technique       
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      Paradoxical Embolism 

 The risk of paradoxical embolism in CHD is high 
and can be related to intracardiac or extracardiac 
shunts. Paradoxical embolism can be associated 

with cerebral infarct, brain abscess, fat embo-
lism after trauma, and limb ischemia [ 52 ,  53 ]. 
In this regard CT and MR have crucial role in 
diagnosis of the primary cause and secondary 
complications of paradoxical embolism. Direct 

  Fig. 30.10    MR images show a large right atrial mural 
thrombus ( red arrows ) in a 50-year-old male with tricus-
pid atresia, status post classic atriopulmonary Fontan. The 
anastomosis between the right atrium ( RA ) and main pul-
monary artery ( MPA ) is shown by green arrows. The right 
atrium (RA) is massively enlarged. A large mural throm-
bus is shown along the lateral wall of right atrium ( red 
arrows ). Pulmonary emboli were confi rmed on chest CT 

angiography (not shown). The right ventricle is hypoplas-
tic and a large ventricular septal defect is seen. The tricus-
pid valve is absent. The MPA was disarticulated distal to 
the pulmonary valve (not shown). The blind pouch of 
MPA could also be a hidden location for thrombus forma-
tion. It was clear in this patient. Coronal and three-dimen-
sional ( 3D ) images of a right heart MR angiography 
( MRA ) are presented.  LV  left ventricle,  RV  right ventricle       
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 assessment of an intracardiac shunt is mainly 
performed by echocardiography and MRI; for 
extracardiac shunts, CT or MR is commonly per-
formed. However, given the widespread use of 
cardiac CT for other indications, it has recently 
gained momentum for the analysis of intracar-
diac shunts. An indirect diagnosis of an intracar-
diac shunt can also be performed by transcranial 
Doppler sonography. 

 Similar to patients with patent foramen ovale 
(PFO), non-cyanotic intracardiac shunts includ-
ing ASD, VSD, and PDA, along with precipitat-
ing hemodynamics, can result in paradoxical 
embolism [ 52 ]. In a retrospective study, Bannan 
et al. demonstrated that 14 % of patients undergo-
ing ASD closure for an indication of signifi cant 
left-to-right shunt presented with paradoxical 
embolism [ 52 ]. This incidence may be higher 
than expected, and a diagnosis of paradoxical 
embolism should be considered more frequently 
in patients with ASD and cryptogenic stroke 
[ 52 ]. Cyanotic CHDs typically encompass mul-
tiple or severe structural abnormalities that allow 
large volumes of venous blood to shunt directly 
into the systemic circulation. Paradoxical embo-
lism can complicate the problems in patients with 
TOF, Eisenmenger syndrome, transposition of 

the great arteries, and truncus arteriosus 
[ 54 – 57 ]. 

 In repaired CHD, the presence of residual 
intracardiac shunts can increase the risk of para-
doxical embolism. Patients with transposition of 
the great arteries and concomitant baffl e leaks 
may have an increased risk of paradoxical embo-
lism [ 58 ] (Fig.  30.13 ). It is important to exclude 
baffl e leak if the patient is scheduled for intracar-
diac lead placement [ 59 ,  60 ]. A potential site of 
interatrial communication may be seen by car-
diac CT through enlarged Thebesian veins pass-
ing along superior interatrial muscle bundle 
(Bachmann) between the right and left atrial 
appendages (Fig.  30.14 ).

    As explained earlier in this chapter, PAVMs 
are known complication after some types of 
cavopulmonary anastomoses due to the diversion 
of normal hepatic venous fl ow from the pulmo-
nary circulation that may lead to additional com-
plication including paradoxical embolism [ 61 ]. 
The risk for paradoxical embolism following a 
Fontan procedure with or without fenestrations 
has been documented [ 62 ]. Paradoxical cerebral 
embolus can originate on the sutures crossing the 
fenestration, and it is more common in large 
(>4 mm) fenestrations [ 63 ,  64 ]. 

  Fig. 30.11    A 22-year-old male with tricuspid atresia, 
status post bidirectional cavopulmonary connection 
(BCPC) and intracardiac Fontan presented with shortness 
of breath. CT angiography showed multiple pulmonary 

emboli ( arrows  in  b ). A large thrombus is shown in a 
dilated coronary sinus ( arrow  in  a ). The right atrium ( RA ) 
is moderately dilated.  IVC  inferior vena cava,  LPA  left 
pulmonary artery,  SVC  superior vena cava       
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 One important role of CT or MR in the evalu-
ation of paradoxical embolism is to exclude any 
anomalous venous drainage which may remain 
undetected in previous imaging studies using 
echocardiography. Among the list of congenital 
causes of right-to-left shunting, anomalous drain-
age of the left SVC into the right atrium and 
fenestrated coronary sinus should be investi-
gated. A persistent left SVC usually drains into 

the coronary sinus is usually an incidental fi nding 
of no physiological signifi cance. In less than 
10 % of cases, however, the persistent left SVC 
will drain into the left atrium, either directly or 
through an unroofed coronary sinus, creating a 
right-to-left shunt [ 65 ] (see Fig.   26.11    ). 

 Large collateral mediastinal veins causing a 
visible right-to-left shunt (systemic to pulmonary 
venous shunt) and paradoxical embolism can 

  Fig. 30.12    Pseudothrombus of right pulmonary artery 
( red arrows ) due to streaming of nonenhanced inferior 
vena cava ( IVC ) fl ow. In a patient with bidirectional Glenn 
and extracardiac Fontan ( green  structure) for pulmonary 
atresia. Axial CT scans and color-coded images are pre-
sented. Injection of contrast is performed in the right arm 
causing severe enhancement of the superior aspect of 
right pulmonary artery (shown in  blue  in color images). 

The inferior margin remained nonopacifi ed ( red arrows ) 
due to streaming of noncontrast blood of the IVC entering 
the right pulmonary artery ( RPA ) by extracardiac Fontan 
tunnel ( green  structure). To avoid this problem simultane-
ous contrast injection into the upper and lower extremity 
veins may be necessary.  LPA  left pulmonary artery,  MPA  
main pulmonary artery,  SVC  superior vena cava       
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develop with stenosis, thrombosis, or absence of 
the left brachiocephalic vein and severe stenosis 
or occlusion of the SVC [ 66 ]. The collateral 

venous pathways frequently extend between the 
left brachiocephalic vein and left atrium through 
an arcade comprising the left superior intercostal 

  Fig. 30.13    A 24-year-old male with transposition of 
great arteries status post-Mustard operation evaluated for 
the cause of brain infarction. MRI of brain showed 
embolic infarct in the distribution of middle cerebral 
artery ( yellow arrow ) and CT scan of the abdomen showed 
anterior splenic infarction ( white arrows ). A large baffl e 

defect was shown by MRI ( red arrows ) which subse-
quently closed with a transcatheter Amplatzer device 
(shown in CT of chest).  IVC  inferior vena cava,  MRA  
magnetic resonance angiography,  RA  right atrium,  RV  
right ventricle,  SAX  short axis,  SVC  superior vena cava       

  Fig. 30.14    A 32-year-old female status post-Mustard for 
transposition of great arteries (TGA) showing an intact 
baffl e ( green arrows ) on both four-chamber ( 4ch ) CT and 
left ventricle outfl ow view of post agitated saline contrast-
enhanced echocardiography ( echo ). Echo also showed 
early entrance of the bubbles into the systemic atrium but 
could not fi nd the reason. A CT was ordered. CT showed 
a small shunt between medial wall of the right atrial 
appendage ( RAA ) and the left atrial appendage ( LAA ) 

lumen through enlarged Thebesian veins passing along 
Bachmann bundle ( large arrow ). Thebesian veins are 
common around the superior cavoatrial junction and 
within the interatrial muscle bundle. In this patient these 
small vessels are markedly enlarged possibly due to 
chronically increased right atrial pressure.  A  aortic valve, 
 AA  ascending aorta,  LA  left atrium,  LV  left ventricle,  MPA  
main pulmonary artery,  RA  right atrium,  RV  right ventri-
cle,  SVC  superior vena cava       
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vein or left vertical vein and a pulmonary vein to 
the left atrium. These collateral pathways can 
best be shown by CT (Fig.  30.4 ). 

 MR and CT have been used for the assessment 
of ASDs before and after transcatheter closure of 
the defect and demonstrated some advantages 
over transesophageal echocardiography [ 67 ,  68 ]. 
For example, the presence of a short limbus 
which can be easily shown with CT scan may 
interfere with appropriate placement of the clo-
sure device and can increase complications such 
as dislodgment of closure device or injury of 
adjacent structures such the aortic root.  

   Hepatic Complications 

 Hepatic complications are common in CHD and 
usually occur secondary to persistent chronic 
passive venous congestion or decreased cardiac 
output due to the underlying cardiac disease 
[ 69 ]. Chronic passive systemic venous conges-
tion in the Fontan circulation results from the 
absence of normal right ventricular pumping, 
increased systemic ventricular end diastolic 
pressure, higher transpulmonary gradient, or ste-
nosis within the Fontan pathway. The spectrum 
of liver disease includes passive congestion, 
dilation of hepatic sinusoids, portal and sinusoi-
dal fi brosis, cirrhosis, and rarely hepatocellular 
carcinoma [ 70 ,  71 ]. 

 In CT or MR imaging hepatic perfusion pat-
terns are generally classifi ed as reticular and 
zonal enhancement patterns [ 71 – 73 ]. In reticular 
pattern diffuse patchy enhancement during por-
tal venous phase is seen which can be more pro-
nounced in the periphery of liver. Liver margin 
can be smooth or irregular. Zonal enhancement 
is identifi ed by reticular pattern limited to the 
liver periphery with preservation of normal 
enhancement in the liver center. Zonal enhance-
ment correlates with lower hepatic vein pres-
sures and a lower likelihood of cardiac cirrhosis, 
whereas reticular enhancement is commonly 
associated with extensive hepatic fi brosis [ 71 ]. 
This appearance is similar to the hepatic conges-
tion seen in chronic obstructive venous outfl ow 
conditions such as Budd–Chiari syndrome and 
constrictive pericarditis. Hypervascular nodules 
occur frequently when there is congestive hepa-
topathy. This form of regenerative nodules has 
an imaging appearance similar to that of focal 
nodular hyperplasia of the liver. Patients with 
nodules have higher mean right atrial pressures 
[ 74 ]. Single-ventricle patients have higher inci-
dence of nonalcoholic cirrhosis than those with-
out a CHD (4 % vs. 0.3 %) [ 68 ]. There have been 
increasing reports of hepatocellular carcinoma 
in Fontan hepatopathy and correlates with the 
duration of the Fontan circuit [ 74 – 76 ]. 
Regenerative nodules are usually peripherally 
located and measure less than 2 cm in size 

  Fig. 30.15    MRI of abdomen in a patient with bidirec-
tional Glenn. Situs inversus is seen. ( a ) Arterial phase MR 
angiography shows multiple enhancing liver nodules con-
sistent with nodular hyperplasia. Also shown is mild retic-

ular enhancement of the liver. ( b ) T2-weighted MR shows 
homogenous liver parenchyma. The spleen appears nor-
mal. Azygos continuation of inferior vena cava was 
documented       
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(Fig.  30.15 ). The lesions are typically isointense 
to liver on precontrast images, enhancing on 
arterial phase with no washout on portal and 
equilibrium phases and retain contrast on 
delayed images obtained 1–3 h after injection of 
gadolinium- BOPTA (Multihance ® ) or 30 min 
after injection of gadoxetate disodium (Eovist ® ). 
In contrast, hepatocellular carcinoma washes out 
contrast and becomes hypointense on delayed 
images [ 72 ,  73 ].

      Protein-Losing Enteropathy 

 Protein-losing enteropathy is a rare but life- 
threatening complication after the Fontan opera-
tion [ 77 ]. It is characterized by hypoalbuminemia 
secondary to the excessive loss of proteins from 
the intestinal lumen. In a multicenter study of 
114 children with protein-losing enteropathy 
after the Fontan procedure, the median age at 
diagnosis was 11.7 years [ 78 ]. Clinical manifes-
tations include peripheral edema, ascites, pleural/
pericardial effusions secondary to hypoalbumin-
emia, diarrhea secondary to malabsorption, and 
hypocalcemia.  

   Neurological Changes in CHD 

 Recent MR studies have demonstrated a high 
prevalence of preoperative and postoperative 
brain injury in neonates with CHD [ 79 – 83 ]. 
Cerebral lesions occur in 30–50 % of neonates 
and consist of focal ischemic lesions (stroke), 
white matter injuries (WMI), and intraventricu-
lar hemorrhages; delayed brain maturation also 
may occur. Multiple factors are likely to contrib-
ute to brain injury in patients with CHD [ 80 ]. In 
the past, attention has largely been focused on 
methods of surgery and perfusion strategies 
adopted at the time of operation [ 82 – 85 ]. It is 
now recognized that variation in intraoperative 
management fails to account for the majority of 
variability in neurodevelopmental outcomes. 
More recently the focus has expanded to include 
preoperative events and prenatal brain develop-
ment [ 79 ]. 

 The predominant preoperative cerebral MR 
abnormality is WMI, with infarction, hemor-
rhage, and abnormalities of maturation also seen 
[ 81 ,  82 ,  86 ]. MR spectroscopy reveals elevated 
brain lactate in 50 % [ 82 ]. WMI is the most com-
mon type of injury after surgery in young infants 
with CHD and has been associated with 
 hypoxemia and hypotension [ 76 ]. WMI has also 
been described before surgery and is sometimes 
labeled periventricular leukomalacia [ 82 ,  83 ]. 
Periventricular leukomalacia is necrosis of the 
cerebral white matter adjacent to the lateral ven-
tricles in premature infants and may evolve into 
cystic lesions over time. This type of damage 
could be different from WMI. The WMI described 
before and after surgery in term infants with 
CHD does not appear to undergo the same radio-
logic and clinical evolution as periventricular 
leukomalacia in premature infants. Resolution of 
these lesions is common 4–6 months after sur-
gery. Both conditions, however, relate to the vul-
nerability of immature oligodendrocytes to 
ischemic injury during the fi rst few weeks of life 
[ 83 ,  87 ]. 

 Many brain studies have focused on children 
with transposition of the great arteries (TGA) 
because this condition is common, has relatively 
standard anatomy and surgical repair, and is rarely 
associated with genetic syndromes. Despite the 
fact that repair has a low mortality and is usually 
straightforward, longitudinal follow- up studies 
have demonstrated neurodevelopmental and 
learning diffi culties in school-aged children who 
underwent the arterial switch operation in infancy. 
Approximately one-half have defi cits in at least 
one domain and one-third require remedial aca-
demic assistance [ 79 ,  80 ]. McQuillen et al. [ 88 ] 
reported preoperative MRI abnormalities in 40 % 
of infants with TGA, with the predominant 
injury—in contrast to other groups with CHD—
being arterial ischemic stroke (75 %). In these 
infants, brain injury was strongly associated with 
balloon atrial septostomy (BAS). However, a 
more recent study by Beca et al. showed no asso-
ciation between BAS and brain injury in infants 
with TGA [ 89 ]. Another common pattern in MRI 
of TGA infants is WMI in 30 % of patients. There 
seems a trend toward increased brain injury in 
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TGA with an intact interventricular septum com-
pared with TGA with a ventricular septal defect 
(38 % vs. 8 %) [ 89 ]. Neurologic defi cits are com-
mon after the Norwood procedure for hypoplastic 
left heart syndrome and in patients with Fontan 
operation. Although preoperative MRI usually 
shows brain lesions in 23 % of patients, postop-
erative MRI demonstrates new or worsened isch-
emic and WMI lesions in 73 % of patients 

(Fig.  30.16 ). The use of deep hypothermic circu-
latory arrest (DHCA) seems to play a role in poor 
neurologic and developmental outcome [ 90 ]. The 
long-term functional impact of these lesions is not 
clear. Previous studies of patients after the Fontan 
operation have reported IQ scores lower than pop-
ulation norms. With newer staged approach to 
Fontan earlier in life, neurodevelopmental out-
come appears to be in normal range, although 

  Fig. 30.16    Various neurological complications in adult 
patients with congenital heart disease. ( a ) T2-weighted MRI 
shows brain volume loss in a 53-year-old female with unre-
paired tetralogy of Fallot (TOF). ( b ) T2-weighted MRI 
shows multiple white matter degenerative lesions in a 
50-year-old male with repaired TOF. ( c ) Diffusion-weighted 

MRI shows right middle cerebral cortical infarct and left 
ganglionic lesion due to paradoxical emboli through a baffl e 
defect after atrial switch for transposition of great arteries. 
( d ) CT shows extensive intracranial hemorrhage a few days 
after cardiac catheterization for the assessment of arteriove-
nous malformation in a 21-year-old post-Fontan patient       
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 performance remains lower than the general pop-
ulation [ 91 ].

   Follow-up MR studies have shown cerebral 
abnormalities in 20 % of adolescents with cor-
rected CHD likely acquired during the neonatal 
period [ 92 ]. On MRI, the majority of fi ndings 
involve mild white matter changes, such as small 
patchy T2 hyperintensities in the deep white mat-
ter of the corona radiata and at the border of the 
frontal gray matter and white matter. Diffuse 
T2 hyperintensity is not common, but vary-
ing degrees of white matter atrophy as well as 
periventricular or cortical volume loss can be 
seen leading to ventricular enlargement or punc-
tual cystic lesions. Some patients may show 
poststroke changes involving cortical defects 
with adjacent enlargement of the subarachnoid 
space, corresponding to a vascular distribution 
(Fig.  30.16 ). Follow-up MR study has shown 
that the frequency of brain lesions in adults is 
less than neonates with CHD [ 92 ]. It appears that 
a considerable proportion of the focal changes 
seen in the neonatal period becomes less vis-
ible over time and that the only visible residue 
of these acute changes could be the white matter 
volume loss. The lower incidence of brain lesions 
in MR studies of adolescents with CHD may also 
be attributed to patients with less severe forms 
of CHD compared with populations in neonatal 
MRI studies. Overall, the more common fi nding 
in repaired CHD patients in school-age group is 
brain volume loss not the signal changes. 

 As explained earlier thromboembolic lesion 
including those from paradoxical embolism may 
be the cause of additional brain damage in older 
patients with CHD (Fig.  30.16 ). Brain abscesses 
are reported in cyanotic CHD with the tetralogy 
of Fallot being the most common. Abscess are 
usually in frontal and parietal lobes and multiple 
in one-third of cases [ 93 ].     
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        Magnetic resonance imaging (MRI) has become 
an established method of cardiovascular imaging 
in many clinical situations. In recent years, newer 
MRI techniques have been developed allowing 
both morphology assessment and functional eval-
uation of patients with congenital heart disease 
(CHD) [ 1 ,  2 ]. Furthermore, it has been shown 
that MRI is superior to echocardiography for 
certain anatomic regions due to acoustic window 
limitations, particularly in the pulmonary artery 
branches and the aortic arch in adult patients. 
MRI is currently established as the gold stan-
dard for measurements of ventricular volumes 
as well as for blood fl ow analysis [ 3 – 6 ]. These 
advantages coupled with the freedom from ioniz-
ing radiation make MRI an attractive noninvasive 
imaging tool for patients with CHD [ 7 ]. 

 The number of patients with CHD who require 
pacemakers [ 8 – 12 ], implantable cardioverter 
defi brillators (ICD) [ 13 – 15 ], and biventricular 
resynchronization pacing [ 16 – 23 ] is constantly 
increasing. These trends raise a crucial clini-
cal problem because MRI scans are generally 

 contraindicated in patients who have implanted 
cardiac devices. The concern for performing MRI 
in the setting of implantable cardiac devices is 
related to the potential for current induction in 
leads within the scanner [ 24 ,  25 ], force and torque 
exerted upon ferromagnetic components [ 26 ], and 
heating and tissue damage at the lead-tissue inter-
face [ 27 ,  28 ]. In addition, MRI electromagnetic 
inference may result in inappropriate pacing sec-
ondary to tracking, inhibition of pacing, inappro-
priate ICD shocks, and/or programming changes 
with ultimately unpredictable pacing and anti-
tachycardia behaviors [ 29 ]. Nevertheless, some 
patients with CHD that have undergone device 
implantation stand to derive signifi cant clinical 
benefi t from MRI in comparison to other imaging 
alternatives. Therefore, strategies for safe perfor-
mance of MRI in this population of cardiac device 
recipients are necessary. Importantly, most of the 
studies to date addressed the risk of MRI in the 
setting of implanted cardiac devices in patients 
without CHD. Their results, however, appear to be 
relevant to the adult CHD population. At the same 
time, there are additional unique considerations 
that must be taken into account when planning 
an MRI examination for the CHD patient with an 
implantable device. For example, due to abnormal 
venous structures and the risk of systemic embolus 
from residual intracardiac shunting, many CHD 
patients undergo epicardial rather than endocardial 
pacing or defi brillator lead/patch implantation. 
As a result, the studies, which included a limited 
number of cases with epicardial leads, cannot be 
 generalized to all patients with CHD. 
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 The American Heart Association and European 
guidelines discourage, in general, the use of MRI 
in patients with implanted devices. However, they 
do not defi ne the procedure as absolutely con-
traindicated [ 30 ,  31 ]. Therefore, the decision of 
performing MRI in patients with cardiac devices, 
including those with CHD, should be made on 
an individual basis. Importantly, the MRI must 
be performed under unique conditions, applying 
strict safety measures and documenting informed 
consent. Individualized risk assessment, the pres-
ence of specialized personnel with adequate 
emergency medical equipment and expertise, 
continuous monitoring during the procedure, and 
thorough follow-up are essential. 

    MRI Safety Protocol 

 Over the past decade, we have developed and 
tested a protocol for noncardiac and cardiac MR 
imaging of patients with permanent pacemakers 
or ICDs. So far, we have safely performed nearly 
1,000 MRI examinations using this protocol 
[ 32 ]. It comprises several steps including device 
selection based on previous in vitro and in vivo 
studies [ 26 ], device programming to minimize 
inappropriate activation or inhibition of brady- or 
tachyarrhythmia therapies, and patient monitor-
ing (Fig.  31.1 ). In general, ferromagnetic devices 
in a magnetic fi eld are subject to static and gra-
dient magnetic fi eld-induced force and torque. 
Therefore, we include only patients with leads that 
were implanted 6 weeks or more prior to referral 
for MRI to avoid risk of lead or generator move-
ment in magnetic fi eld. To avoid the risk of heat-
ing, it would be rational to exclude patients with 
epicardial and/or abandoned leads. Depending 
on their length and confi guration (i.e., loops), 
retained segments may be prone to signifi cant 
temperature rises than leads that are attached to 
pulse generators and can cause electrical currents 
and additional susceptibility artifacts. Also, pace-
maker-dependent ICD recipients are excluded 
from MRI scans at our institution. In pacemaker-
dependent patients, pacemaker programming is 
changed to an asynchronous mode (DOO/VOO) 
in order to avoid electromagnetic  interference 

(EMI)-induced inappropriate  inhibition of  pacing. 
In non-pacemaker- dependent patients, we pro-
gram the device to an inhibited pacing mode 
(DDI/VVI) to avoid EMI-induced inappropri-
ate tracking. Other pacing functions, including 
tachyarrhythmia monitoring and therapies, and 
rate response mode are also disabled. During the 
examination, we monitor patients continuously 
using ECG, blood pressure, and pulse oximetry. 
Additionally, the patient is asked to report any 
symptoms using the in- room speaker system. 
At the end of the scan, we interrogate the device 
and reprogram it to baseline settings. Up to now, 
the primary clinically signifi cant event attribut-
able to MRI that we have detected is power-on 
reset, with an incidence of up to 1.5 % [ 32 ]. Other 
minor changes in device parameters including 
lead sensing and capture thresholds have also 
been detected. Such lead parameter changes, in 
our experience, were clinically nonsignifi cant and 
did not require any alteration in device program-
ming or need for system revision.

       MRI in Patients with CHD 
and Cardiac Devices 

 Pulver and colleagues have recently published their 
experience in MRI scanning of patients with CHD 
and implanted cardiac devices using a 1.5-T mag-
net [ 33 ]. They performed 11 MRI scans in eight 
patients who had undergone device placement 
for sinus node dysfunction, long QT syndrome, 
and complete heart block. All patients were non-
pacemaker dependent, three of them had dual-
chamber devices, and most had epicardial leads. 
Four of these scans were cardiac, and the rest were 
non-thoracic scans. Inappropriate pacing or signifi -
cant changes in generator or lead parameters were 
absent. The authors concluded that MRI could be 
safely performed in patients with CHD despite 
having predominantly epicardial leads [ 33 ]. 

    Thoracic Scans 

 An important aspect of MRI imaging in patients 
with CHD is related to image quality when 
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 performing cardiac MR scans. In patients with 
implantable devices, metal susceptibility arti-
facts may potentially limit the image quality 
especially in higher magnetic fi elds such as 

3-T magnets. Metal artifacts due to magnetic 
susceptibility effect or induction of eddy cur-
rents by radio- frequency pulses appear as bands 
with increased or decreased signal in the vicin-

  Fig. 31.1    Safety protocol for MRI in patients with 
implanted cardiac devices.  AF  atrial fi brillation,  ATP  anti- 
tachycardia pacing,  DDI  dual-chamber inhibited pacing 
without atrial tracking,  DOO  dual-chamber asynchronous 

pacing,  ICD  implantable cardioverter defi brillator,  PPM  
pacemaker,  VOO  ventricular asynchronous pacing,  VVI  
ventricular inhibited pacing (Adapted from Nazarian et al. 
[ 32 ] with permission)       
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ity of the leads or generators. On delayed post-
contrast images, artifactual increased signal may 
be confused with hyperenhancing myocardial 
scars [ 24 ]. In our experience, these artifacts can 
be reduced by selecting imaging planes per-
pendicular to the plane of the device generator, 

shortening the echo time, and using spin echo 
and fast spin echo sequences (Fig.  31.2 ). In gen-
eral, compared to balanced steady-state free-pre-
cession (SSFP) sequence, spoiled fast gradient 
echo sequence demonstrates fewer artifacts from 
metallic devices. This is likely related to shorter 

  Fig. 31.2    Thoracic MRI of a patient status post complete 
repair of tetralogy of Fallot and implanted dual-chamber 
pacemaker. Volume-rendered reconstruction shows left 
pulmonary artery stenosis ( red arrows ) and the right ven-

tricle outfl ow tract patch ( RVOT ). Cine MR images in 
short axis ( SAX ), four chamber ( 4ch ), and right ventricle 
( RV ) two chamber ( 2ch ) showing the lead artifacts in the 
right atrium( RA ) and RV ( blue arrows )       
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echo times used in the later sequence. Pulver and 
 colleagues have reported that in their experience, 
in patients with CHD, all MRIs yielded diagnostic 
quality images with no evidence of major artifacts 
despite having predominantly epicardial leads 
[ 33 ]. They used routine MR sequences for their 
cardiac cases. Mild atrial lead artifact was seen in 
SSFP cine imaging, but double inversion recovery 
black blood series were essentially artifact- free. 
Notably, artifacts from leads and pacemaker gen-
erators are minimal in size. Moreover, left-sided 
ICD generators are the primary cause of image 
distortion in device recipients [ 34 ].

       MRI-Conditional Cardiac Devices 

 Given the increased clinical need for MRI scans 
in patients with implantable cardiac device, 
implantable cardiac device manufacturers have 
developed devices that are specifi cally designed 
to be safe in the MRI environment. These “MRI- 
conditional” devices pose no known hazards 
when MRI is performed using a specifi c device 
programming and detailed monitoring condi-
tions [ 35 ]. Recently, the United States Food and 
Drug Administration (FDA) approved the Revo 
MRI SureScan Pacing System (Medtronic, Inc., 
Minneapolis, MN), one of the MRI-conditional 
pacing systems [ 36 ]. Additional MRI-conditional 
devices are available outside of the United States. 
These devices include the Accent MRI (St Jude 
Medical, St. Paul, MN) [ 37 ], Evia and Estella 
(Biotronik, Berlin, Germany) [ 38 ], as well as 
Lumax 740 (Biotronik, Berlin, Germany) [ 38 ]. 
Of note, these devices are approved for MRI only 
when attached to specifi c leads (e.g., CapSureFix 
(Medtronic, Inc., Minneapolis, MN), Tendril MRI 
(St Jude Medical, St. Paul, MN), and Linoxsmart 
(Biotronik, Berlin, Germany)) and when the MRI 
fi eld strength is limited to 1.5 T. 

 Several modifi cations were made in these 
devices in order to make them “MRI condi-
tional.” Due to manufacturer proprietary designs, 
not all changes are disclosed. However, these 
changes include design features to minimize the 
use of ferromagnetic materials. Changes in the 
lead conductor design and fi ltering are used to 

alleviate heating. The use of a Hall sensor rather 
than a reed switch results in more predictable 
pacemaker performance within the MRI envi-
ronment [ 39 ]. Other changes include modules 
to simplify MRI safe device programming. For 
example, in the Revo MRI SureScan Pacing 
System (Medtronic, Inc., Minneapolis, MN), the 
MRI mode streamlines the choice between asyn-
chronous and non-stimulation modes, increases 
pacing output to 5.0 V at 1.0 ms during MRI, and 
enables MRI mode programming only after sys-
tem integrity has been checked and approved. 

 The fi rst feasibility study for such an MRI- 
conditional device included 107 patients. During 
this study, patients underwent implantation of the 
EnRhythm MRI-conditional device or a conven-
tional dual-chamber device. The authors reported 
no complications during the follow-up period 
[ 40 ]. They observed, however, a trend towards 
lower successful cephalic vein access when using 
MRI dedicated leads compared to conventional 
leads (60.0 % vs. 68.4 %, respectively). Also, sub-
clavian vein access was used more frequently in 
patients with MRI-conditional leads (40.0 % vs. 
31.6 %, respectively,  p  = NS). Finally, there was 
no difference in fl uoroscopy time (6.0 ± 3.6 min 
vs. 6.6 ± 3.8 min), overall procedure times 
(71.7 ± 27.6 min vs. 76.9 ± 30.3 min), or duration 
of hospitalization. This study suggested that the 
EnRhythm MRI-compatible pacemaker is safe 
and could be used for cardiac pacing. Following 
this study, a larger-scale randomized prospec-
tive multicenter study was performed. The study 
included 464 patients and recruited both pace-
maker-dependent and non-pacemaker- dependent 
patients [ 39 ]. Twelve weeks following the proce-
dure, 211 patients underwent MRI examination 
using a 1.5-T scanner. Other technical parameters 
included a maximum specifi c absorption rate of 
2 W/kg and a maximum gradient slew rate of 
200 T/m/s. During these scans, the isocenter was 
limited to extra-thoracic region (above the supe-
rior surface of C1 vertebra and below the inferior 
surface of the body of T12). Device interrogation 
was performed before MRI, immediately after 
MRI, 1 week after MRI, and at 1 month after MRI. 
No events were reported during MRI examina-
tions, and no device-related adverse events were 
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attributable to MRI. There were no differences 
between the study groups with regard to pace-
maker measurements including capture thresh-
old, sensitivity, and impedances. Importantly, 
since this study was limited to specifi c isocen-
ter locations, the results cannot be generalized 
to assess safety of this MRI-conditional system 
with MRI isocenter in the thorax (between C1 
and T12 vertebra). This study led to the approval 
of the Revo MRI Pacemaker System with 5086 
MRI CapSureFix MRI Pacing Leads (Medtronic) 
and the SureScan Software (Medtronic) as “MRI 
conditional” by the United States FDA [ 41 ].   

    Future Directions 

 The currently approved MRI-conditional devices 
were assessed and approved for conditional use 
in 1.5-T MRI scanners. Higher fi eld strengths are 
increasingly used in the clinical setting and offer 
improved signal-to-noise ratio (SNR), spatial res-
olution, image quality, and diagnostic strength. 
Gimbel and colleagues observed no arrhythmias 
or signifi cant changes in device parameters with 
3.0-T MRI in 14 patients with cardiac devices. 
Minor observed events did include, however, one 
patient with a burning sensation in his chest [ 42 ] 
and two cases of inhibition of pacing during the 
scan related to both EMI-induced output inhibi-
tion [ 43 ] and possibly the magnetohydrodynamic 
effect (i.e., the inhibition of pacing due to cur-
rent induction from the to-and-fro motion of MRI 
induced charged ions contained in aortic blood) 
[ 44 ]. Future studies to examine the safety of pre-
forming 3.0-T MRI in patients with implanted 
MRI-conditional cardiac devices are warranted. 

 The use of currently approved MRI- 
conditional devices excludes isocenter localiza-
tion between C1 and T12 vertebra. The thoracic 
isocenter restriction could potentially decrease 
the image SNR and resolution. Since high SNRs 
are required for various thoracic scans, includ-
ing assessment for myocardial viability, blood 
vessels, vascular malformation, and existence of 
shunts, it is highly important to study the safety 
of MRI-conditional devices with MRI isocen-
ter located in the thorax and to characterize 

the extent of artifacts related to the implanted 
device system. 

 The population of patients that qualify for 
ICD and/or CRT devices, including those with 
CHD, is growing. Many such patients will 
benefi t from an MRI scan at some point after 
the implant procedure.    Hence, it is essential to 
develop MRI-conditional ICD and/or CRT sys-
tems. The “MR-pro” (Lumax 740, Biotronik, 
Germany) was recently approved in Europe. The 
data regarding these newly approved devices has 
not yet been published. 

 MRI-conditional technologies represent inno-
vation that could facilitate the use of MRIs in 
patients who require pacemaker or ICD systems. 
The availability of such technology will surely 
benefi t patients with CHD.Hence, additional 
studies are needed to investigate safety in the 
setting of higher static magnetic fi eld strengths, 
serial MRI examinations, image isocenter located 
between C1 and T12, and abandoned or epicar-
dial leads.     
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   Aortic coarctation.    See  Coarctation of aorta 
   Aortic stenosis 

 aortic valve area , 187–189  
 bicuspid aortic valve disease , 189–190  
 clinical assessment , 183  
 cusps , 185, 186  
 grading severity , 189  
 LVOT , 187, 188  
 MRI and CT studies , 184, 185  
 phase-encoding direction , 185, 187  

   Aortic valve area 
 BAV , 189  
 description , 187  
 techniques , 187–188  

   ARCAPA.    See  Anomalous right coronary artery from the 
pulmonary artery (ARCAPA) 

   Arrythmogenic right ventricular cardiomyopathy/
dysplasia (ARVC/D) 

 cardiac sarcoidosis , 406–407  
 clinical manifestations , 401  
 Cor Adiposum , 407–408  
 CT images 

 delayed enhancement, myocardial fi brosis , 405  
 dialation, RV , 404  
 evaluation, arrhythmia and RV enlargement , 

404–405  
 implantable cardioverter defi brillator , 404  
 myocardial fat and wall thinning , 406  

 DCM and valvular causes, right heart failure , 407  
 diagnosis, 2010 international task force 

Criteria , 401  
 differentiation, Uhl’s anomaly , 408–409  
 fi brofatty replacement , 401, 402  
 histologic feature , 401  
 MRI 

 Cine imaging , 402, 403  
 LGE , 403–404  
 post-contrast images , 402  
 RV myocardial fat and wall thinning , 403, 405  
 RVOT , 402  
 syncope and non-sustained ventricular 

tachycardia, Holter ECG , 404  
 pathogenesis and defi nition , 400  
 prevalence , 401  
 progression , 401  
 right ventricular outfl ow tract (RVOT) tachycardia , 

406  
 saccular aneurysms , 401–402  
 symptomatic ventricular arrhythmias and sudden 

death , 400–401  
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 triangle dysplasia , 401  
   ARSA.    See  Aberrant right subclavian artery (ARSA) 
   ARSA, left aortic arch 

 clinical symptoms , 532  
 imaging, CXR , 532  
 Kommerell diverticulum , 530  
 tetralogy of Fallot , 531  
 treatment , 532  

   Arterial supply and anatomical variants 
 ostial atresia , 139, 141  
 RVOT , 139, 142  
 Vieussens’ arterial ring , 138, 140  

   Arterial switch 
 baffl e leaks , 235  
 baffl e stenosis , 234  
 cardiac transplantation , 239  
 caval baffl e limbs , 234  
 MR angiography images , 237  
 neoaortic root , 238  
 neurologic complications , 238  
 operative trauma , 237–238  
 paradoxical embolus and cerebrovascular event , 236  
 pulmonary arterial blood fl ow , 235  
 RVOT and pulmonary arteries , 239  
 tricuspid valve function , 240  

   Arterial switch operation (ASO) , 124  
   Arterial system 

 aberrant right subclavian artery , 17–18  
 CoA , 18  
 IAA-B , 17  
 PDA , 18  
 pharyngeal arch arteries , 17  

   ARVC/D and ventricular arrhythmia , 400–401  
   Ascending aorta and aortic root 

 CT and MRI , 177–178  
 sinotubular junction , 178  
 visualization , 179  

   ASD.    See  Atrial septal defects (ASD) 
   ASO.    See  Arterial switch operation (ASO) 
   Asplenia 

 cardiovascular anomalies , 291  
 characteristics , 290  

   Associated fi ndings with PFO 
 atrial septal aneurysm 

 Hanley’s diagnostic criteria , 311  
 probability of paradoxical embolism , 311  

 chiari network 
 with dedicated CT of the right heart , 311  
 defi nition , 310  

 persistent Eustachian valve (EV) in adults 
 fi nding in CT or MRI , 311  
 large atrial septal aneurysm , 311  
 prominent Eustachian valve (EV) , 312  

   Atrial septal defects (ASD) , 14, 28–29, 268–269, 305, 
679  

   Atrial switch surgery , 499.     See also  Transcatheter 
interventions and CHD 

   Atrial venous system 

 posterosuperior view of the heart , 640  
 septal views of the right and left atria , 641–642  
 veins of the LA wall 

 Bachmann bundle , 640  
 septal veins of the LA , 639  

 veins of the RA wall 
 atrioventricular node region , 641  
 sinoatrial node region , 641  
 small intramural venous tunnels , 641  
 venous tunnels , 641  

 venous drainage of the left and right atrial walls , 640, 
643  

   Atrioventricular septal defect (AVSD) 
 anatomo-imaging correlation 

 anatomic specimen and transthoracic 
echocardiography , 355  

 aortic unwedging and gooseneck deformity , 358  
 atrioventricular septal defect with two valve 

orifi ces , 358, 359  
 AVSD with two separate valves , 354  
 characteristic of cardiac anomaly , 354  
 common atrium , 359  
 connection of common AV valve to the ventricular 

mass , 352  
 double orifi ces , 359  
 four-chamber cine MRI , 352  
 four-chamber CT , 353  
 integrity of atrial septum , 351  
 partial obstruction , 356  
 problems of clinical diagnosis , 356  
 Rastelli classifi cation , 355  
 tetralogy of Fallot , 359  
 transthoracic echocardiography , 357  

 atrioventricular canal defect , 347  
 endocardial cushion defect , 347  
 imaging techniques 

 “blind spots” , 351  
 cine MR sequences , 351  
 color Doppler , 350  
 echocardiography , 350  
 multislice CT , 351  
 three-dimensional transthoracic echocardiography 

(3DTTE) , 350, 351  
 morphology and classifi cation 

 “common valve” variant , 349, 354  
 comparison between mitral  (m)  and tricuspid  (t)  

valves in normal heart and , 348  
 diagnosis of AVSD , 349  
 embryonic heart , 349  
 pathological features , 349  
 “two valve” morphology , 349  

 ostium primum atrial septal defect , 347  
 persistent embryonic atrioventricular canal , 347  
 terminology , 347  

   Atrioventricular septal defects (AVSD) , 16  
   AVSD.    See  Atrioventricular septal defect (AVSD) 
   Azygos or hemiazygos continuation of (IVC).    See  

Azygos system and IVC 
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   Azygos system and IVC 
 abnormal position or connections or absence of the 

azygos vein 
 azygos lobe of the right lung apex , 587  
 left azygos lobe , 587  

 azygos and hemiazygos continuation of the IVC 
 imaging features , 586  
 inferior vena cava (IVC) , 588  
 left-sided IVC , 587  

 embryology 
 anastomoses , 586  
 caudal-cranial order , 586  

 normal azygos system , 587  

    B 
  Babu-Narayan, S.V. , 42, 199–221, 245, 553–570  
   Baffl e and RV function 

 angiography , 241  
 dual injection technique , 241  

   Balanced steady-state free precession (bSSFP) 
 and CE-MRA , 205  
 cine imaging , 201  
 and coronary arteries , 216  
 and fat suppression , 214  

   Balloon aortic valvuloplasty , 507  
   Balloon pulmonary valvuloplasty , 506–507  
   Bannan, A. , 691  
   BAV.    See  Bicuspid aortic valve (BAV) 
   Beca, J. , 6985  
   Beghetti, M. , 568  
   Beinart, R. , 701–706  
   Bicuspid aortic valve (BAV) 

 anteroposterior orientation , 183, 184  
 defi nition , 183, 184  
 MRI , 182–183  
 phenotype , 183  
 raphes , 183, 185  
 stenotic and orifi ce , 183, 185  

   Bjork surgery , 167–168  
   Björk, V.O. , 483  
   Black-blood fast spin-echo (BB-FSA) 

sequence , 669  
   Blalock-Taussig shunt , 296  
   BMI.    See  Body mass index (BMI) 
   Body mass index (BMI) , 94, 97–98  
   Bonhoeffer, P. , 446  
   Bottega, N.A , 253, 657  
   Bradlow, W.M. , 553–570  
   Branchial arch.    See  Right aortic arch 
   Branch pulmonary artery stenosis , 213  
   Bright-blood balanced steady-state free precession 

(b-SSFP) , 670  
   Broberg, C.S. , 245  
   Buchner, S. , 173–196  
   Budd–Chiari syndrome , 694  
   Budoff, M.J. , 94  
   Buechel, E.R. , 46  
   Burkhart, H.M. , 431–448  

    C 
  Calcium score , 182, 186  
   Campbell, M.J. , 23–47  
   Capelli H. , 328  
   Cardiac chamber anatomy 

 looping , 263  
 RA , 263  
 semilunar valve , 263  
 ventricular morphology , 263  

   Cardiac computed tomography (CCT) imaging 
 anatomy , 280  
 anterior oblique projection , 282  
 cavopulmonary anastomosis , 280, 281  
 coronary arteries , 281  
 echocardiography , 280  
 Fontan circuit , 280, 281  
 image acquisition , 280  
 PA anatomy , 281  
 portal phase , 280  
 segmental approach , 280  
 UAVC , 262, 280  
 veno-venous and arteriovenous , 281  
 vessel anatomy , 279  

   Cardiac CT 
 angiography , 133  
 ECG , 158  
 and MR , 131  

   Cardiac CT and CHD.    See  Computed tomography (CT) 
imaging 

   Cardiac magnetic resonance (CMR) 
 adult Fontan patient 

 artifacts , 493  
 description , 492  
 fenestration closure , 492  
 Fontan circuit , 494, 495  
 Fontan circulation , 494  
 gadolinium contrast , 494–495  
 Glenn anastomosis and branch pulmonary 

arteries , 492  
 myocardial fi brosis , 495  
 myocardial function , 493  
 palliation , 494  
 quantifi cation techniques , 493–494  
 single ventricle imaging protocol , 493  
 stenting arteries , 492–493  

 anatomies , 262  
 chest X-ray , 261–262  
 GRE imaging , 262  
 univentricular heart   ( see  Univentricular heart) 

   Cardiac MRI examination 
 ASD , 28–29  
 axial oblique images , 29  
 CAD , 25  
 cine MRI , 28  
 congenital heart disease , 23  
 DE-CMR , 41–43  
 diastolic function , 35  
 ejection fraction , 34  
 Fontan circuit , 41  
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 GRE , 28  
 heart syndrome , 29  
 imaging modality , 23  
 morphology imaging , 24–27  
 myocardial deformation , 36  
 myocardial mass , 34  
 phase contrast MRI , 36–38  
 pulmonary valve , 30  
 regurgitation , 39  
 right heart structures , 30  
 shunting , 38–39  
 stenosis , 39–40  
 stress imaging , 43–47  
 tetralogy of Fallot , 35  
 ventricular systolic function , 33  
 ventricular volumes/functional assessment , 32  
 VVI , 36  

   Cardiac MR in patients with implantable arrhythmia 
devices 

 American Heart Association and European 
guidelines , 702  

 MRI safety protocol 
 asynchronous mode (DOO/VOO) , 702  
 with implanted cardiac devices , 703  
 inhibited pacing mode (DDI/VVI) , 702  
 lead sensing and capture thresholds , 702  
 risk of heating , 702  

 strategies for safe performance of MRI , 701  
   Cardiac resynchronization therapy (CRT) 

 coronary CTA , 660  
 CT angiography, before CRT , 662  
 mechanical barriers , 653  
 segmental classifi cation of the venous tributaries , 660  
 unfavorable anatomical factors , 648  
 variants of coronary sinus (CS) morphology , 654  

   Cardiac shunts 
 and ASD   ( see  Interatrial communications, 

classifi cation) 
 interatrial communications 

 ASDs, types , 305, 306  
 Holt-Oram syndrome , 305  
 ostium primum , 305  
 ostium secundum , 305  
 sinus venosus defects , 305  

 and PDA   ( see  Patent ductus arteriosus (PDA)) 
 and VSD   ( see  Ventricular septal defect (VSD)) 

   Cardiac surgery , 1, 5  
   Cardiac valves 

 Ebstein’s anomaly , 17  
 semilunar valves , 17  

   Cardiac vein classifi cation 
 diameter of the coronary veins , 655  
 epicardial coronary veins , 636  
 Greater-Cardiac Vascular System (CVS) , 636, 637  
 smaller-CVS , 636  

   Cardiopulmonary bypass (CPB) , 433–434  
   Cardiovascular magnetic resonance (CMR) 

 aortic assessment , 214  
 branch pulmonary artery , 203, 205  

 CE-MRA , 202  
 cine imaging , 201  
 3D bSSFP imaging , 202  
 late contrast enhancement , 203, 207  
 LGE imaging , 202–203  
 MAPCAs , 214  
 multislice imaging , 201  
 multislice stacks , 203  
 phase-shift velocity mapping , 201–203  
 preoperative coronary artery assessment , 200  
 pulmonary regurgitation fraction , 203, 206  
 RV-PA cine views , 203, 204  
 stenosis , 213  
 ventricular function assessment and interaction , 

209–213  
   Cascade, P. , 525–549  
   CCA.    See  Conventional coronary angiography (CCA) 
   CCT imaging.    See  Cardiac computed tomography (CCT) 

imaging 
   CDMI.    See  Color Doppler myocardial imaging (CDMI) 
   CE-MRA.    See  Contrast-enhanced MR angiography 

(CE-MRA) 
   Cervical aortic arch (Gothic aortic arch) 

 associations , 542  
 clinical presentation , 542  
 imaging , 542  
 incidentally detected , 543  
 pathology , 542  
 treatment , 542  

   Chang, P. , 107–127  
   Chan, R.H.M. , 373–395  
   CHD.    See  Congenital heart disease (CHD) 
   CHD and computer-based simulation.    See  CHD and 

virtual surgery, examples 
   CHD and virtual surgery.    See  Virtual surgery in CHD 
   CHD and virtual surgery, examples 

 predictive simulation 
 coarctation of the aorta, approaches , 521  
 3D model , 521  

 preoperative planning 
 complex intra-and extra cardiac malformations , 

519  
 operative situs of patient with VSD , 520–521  
 prototype , 522  
 virtual cardiotomy , 520  

 training and teaching 
 heart specimens , 521  
 time required , 522  

   Children and CHD.    See  Pediatric CHD 
   Classifi cation of pulmonary venous anomalies , 573, 574  
   Classifi cation of systemic venous anomalies , 573  
   CMR.    See  Cardiovascular magnetic resonance (CMR) 
   CoA.    See  Coarctation of Aorta (CoA) 
   Coarctation of aorta 

 aortic coarctation or focal atresia , 548  
 associations , 543  
 “black-blood” inversion recovery , 546  
 clinical presentation , 544  
 CT images , 547  
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 Coarctation of aorta (cont.) 
 differential diagnosis, pseudocoarctation , 547–548  
 ED with abdominal pain , 544  
 genetic syndromes , 543  
 imaging , 544  
 Interrupted Aortic Arch (IAA) , 548  
 MRI , 545  
 pathology and embryology , 542  
 pseudocoarctation of the aorta , 548  
 treatment , 546  

   Coarctation of Aorta (CoA) , 18  
   Collaterals, Fontan imaging 

 aortopulmonary , 278  
 systemic-to-pulmonary , 278–279  
 TCPC , 278  
 venous , 279  

   Color Doppler myocardial imaging (CDMI) , 122–123  
   Complete vascular ring , 535  
   Computed tomography (CT) and ARVC/D , 404  
   Computed tomography (CT) and magnetic resonance 

imaging (MRI) for pericardium , 670, 673  
   Computed tomography (CT) imaging 

 catheter angiography , 77  
 development 

 spatial resolution , 84  
 temporal resolution , 84  
 z-axis coverage , 84  

 dual-source CT , 83  
 ionizing and cumulative radiation , 78  
 large volume coverage CT , 82, 83  
 medical management and surgical procedures , 78  
 multi-slice CT , 82  
 pediatric patients, CHD , 98–101  
 protocols, CHD patients   ( see  CT imaging protocols, 

CHD patients) 
 radiation dose   ( see  Radiation dose reduction, CT) 
 single-slice helical CT , 80, 81  
 spatial resolution , 78, 79  
 state-of-the-art CT systems , 82  
 temporal resolution 

 beating heart and coronary arteries , 78, 79  
 dual-source CT system , 80  
 gantry rotation time , 79–80  
 scan data, heart cycle , 80  
 shutter speed , 80, 81  

 transthoracic echocardiography , 77  
 visualization, heart , 77  
 Z-axis coverage speed , 80  

   Congenital abnormalities of major mediastinal venous 
structures.    See  Congenital thoracic venous 
anomalies 

   Congenital abnormalities of the right ventricular (RV) 
myocardium 

 ARVC/D   ( see  Arrythmogenic right ventricular 
cardiomyopathy/dysplasia (ARVC/D)) 

 description , 399  
 echocardiography , 399  
 imaging techniques 

 CT , 400  

 initial investigation, dysfunction , 400  
 MRI , 399–400  

 Uhl’s anomaly   ( see  Uhl’s anomaly) 
   Congenital heart disease (CHD) 

 angiography , 23  
 and CE MRA , 55–67  
 and CI imaging   ( see  Computed tomography (CT) 

imaging) 
 classifi cation , 1–2  
 coronary artery disease , 46  
 DE-CMR , 42  
 description , 1  
 electrophysiology ablation procedures , 200  
 and Fontan procedure   ( see  Fontan patients) 
 heterogeneous group , 217  
 heterotaxy syndromes , 27  
 historical perspective , 1  
 incidence , 3–4  
 MRI   ( see  Magnetic resonance imaging (MRI) and 

CHD) 
 and MRI , 77  
 and NCE MRA , 67–72  
 patient populations , 4–5  
 pediatric   ( see  Pediatric CHD) 
 prevalence , 2–3  
 surgery, adults   ( see  Surgery, CHD) 
 TGA , 225  

   Congenital heart disease (CHD) , 701  
   Congenital heart diseases.    See  Embryology of the heart 
   Congenital heart surgery , 5  
   Congenitally corrected transposition of the great arteries 

(ccTGA) 
 aneurysm , 249  
 aneurysmal membranous septum , 249  
 cardiac veins , 253–254  
 coronary arteries , 251–253  
 description , 247  
 diagnosis , 250–251  
 morphology , 247–248  
 postsurgical , 251  

   Congenital pericardial anomalies 
 absence of pericardial tissue , 671–675  
 anatomy 

 normal pericardium on CT , 667, 668  
 paracardial (mediastinal) fat , 667  
 refl ections of the serosal layers , 667  
 superior aortic recess , 667  

 imaging 
 black-blood fast spin-echo (BB-FSA) sequence , 669  
 bright-blood balanced steady-state free precession 

(b-SSFP) , 670  
 cine MR views in systole and diastole , 671  
 ECG-gated methods , 669  
 heart show pericardial recesses , 669  
 pericardial cyst , 670  

 pericardial cyst and diverticulum , 675–677  
   Congenital thoracic venous anomalies 

 anomalies   ( see  Pulmonary vein anomalies; Systemic 
venous anomalies) 
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 imaging techniques 
 balanced steady-state free precession (b-SSFP) , 575  
 contrast-enhanced MR angiography , 575  
 CT, advantages and disadvantage , 574  
 CT technique , 574  
 MRI, preferred for noncontrast imaging of venous 

system , 575  
 phase-contrast MRI fl ow measurements , 576  

   Continuous wave (CW) Doppler , 111, 122  
   Contrast-enhanced (CE) MRA 

 blood-pool contrast agents 
 axial, sagittal and coronal reformatted images , 

63–64  
 gadofosveset trisodium , 63  
 GBCAs , 62–63  

 contrast administration 
 effects, contrast bolus , 57, 59  
 gadobenate dimeglumine , 59, 60  
 image quality , 57, 59, 60  
 K-space and image space , 57, 58  
 T2-star effects, rapid GBCA injection , 56–58  

 ECG triggering , 60, 61  
 GBCAs , 55  
 high spatial resolution 

 anatomical structures, CHD , 55, 56  
 maximum intensity projection , 55, 57  

 parallel imaging , 60, 62  
 thoracic vasculature , 55  
 time-resolved   ( see  Time-resolved CE MRA) 
 3.0T SNR 

 RF wavelength, water protons , 61  
 SAR , 61, 62  
 T1 effects, GBCA , 61  

   Conventional coronary angiography (CCA) , 92  
   Cook, S.C. , 46  
   Cordiac MR techniques 

 partial anomalous pulmonary venous return 
(PAPVR) , 312  

 protocol 
 aortic and pulmonary fl ow quantifi cation , 316  
 cine imaging , 313  
 direct imaging of the shunt , 316–317  
 morphological imaging , 312–313  
 MR angiography (MRA) , 314  
 PC velocity-encoding (VEC) , 314  
 phase-contrast (PC) techniques , 313  
 positioning , 312  
 Qp/Qs ratio assessment , 313  
 septum secundum ASD , 317  
 shunt quantifi cation , 314–315  
 technical considerations , 315–316  
 TEE , 314  
 VEC MR of secundum ASD , 315  
 velocity-encoded imaging , 313–314  

   Coronary anomalies, clinical implications 
 classifi cation schemes 

 anatomic classifi cation of coronary artery 
anomalies , 613  

 criteria , 612  

 clinical presentation 
 anatomic schemes , 612  
 “benign” anomalies , 612  

 incidence 
 anomalous origin of RCA , 611  
 of specifi c coronary anomalies , 611  

   Coronary artery anomalies and CHD 
 bicuspid aortic valve 

 aorta and proximal coronary 
arteries , 628  

 aortic valve surgery , 628  
 mitral valve prolapse , 629–630  
 tetralogy of Fallot (TOF) , 621, 624, 625  
 transposition of the great vessels 

 adult with complete TGA , 623  
 “inverted” or “mirror image” , 622  
 Planche classifi cation system in 

dextro-transposition of the great 
vessel , 627  

 potential kinking and/or distortion , 626  
   Coronary artery anomalies, imaging techniques 

 coronary CTA 
 advances , 606  
 disadvantage , 607  
 ECG gating , 606  
 “padding” , 606  
 “R-R interval” , 606  
 temporal and spatial resolution , 606–607  

 coronary MRA 
 advantage of coronary MRA , 605  
 dark-blood and bright-blood techniques , 604  
 intravenous iodinated contrast , 605  
 limiting factors , 605–606  
 maximum intensity projection (MIP) algorithm , 

604  
 MR-compatible metallic implants or 

clips , 606  
 MR techniques in evaluation , 605  
 noninvasive 3-dimensional technique , 604  
 suppression of respiratory artifacts , 604  

 image interpretation 
 Isotropic voxels , 607  
 maximum intensity projections (MIP) , 608  

 traditional techniques , 603–604  
 coronary MRA and CTA , 604  
 noninvasive tests , 603  

   Coronary artery embryology.    See  Normal coronary artery 
anatomy 

   Coronary sinus, anomalies of 
 anomalous fi stulous communication , 661  
 classifi cation , 657  
 CS septal defects , 657  
 split coronary sinus (CS) , 659  

   Coronary sinus retrograde cardioplegia perfusion 
delivery 

 distribution of RCP , 662  
 method of myocardial protection , 660  
 ostial atresia/stenosis of the CS , 662  
 venous drainage anomalies , 659  
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   Coronary sinus tributaries 
 characteristics of the epicardial veins , 645  
 coronary sinus boundaries 

 anatomic variants of the length and size , 655  
 localization of the CS-GCV junction , 653  
 mechanical barriers for venous intervention , 653, 655  
 variants of coronary sinus (CS) morphology , 654  
 Vieussens at the CS-GCV junction , 655  

 great cardiac vein (GVC) 
 aberrant drainage , 649  
 inferior interventricular vein , 649  
 myocardial bridges , 649  
 ramus intermedius , 648  

 imaging methods 
 anterior interventricular vein , 648  
 cadaveric heart, views , 646  
 color-coded CT angiography , 644  
 common variants of the right ventricle  (RV),   646  
 conus veins , 647  
 higher radiation dose in CT , 648  
 high-speed rotational coronary venography , 644  
 levophase of coronary angiography , 644  
 MRI and CT, advantages , 644  
 retrograde venography via the CS , 643  

 inferior interventricular vein 
 fusiform aneurysmal dilatation , 650  
 variants of , 649, 650  
 variants of the , 649  

 left posterior (posterolateral) and left marginal veins 
 anastomosis of the epicardial veins , 651  
 identifi cation of potential anatomic factors , 650  
 target veins used for CRT , 651  

 oblique vein of the left atrium (Marshall) 
 activation in atrial tachyarrhythmias , 652  
 location , 652  

 phasic variation of coronary veins 
 image, evaluation of , 656  
 Windsock CS morphology , 656  

 small cardiac vein , 651  
 valves of coronary veins , 652  
 ventricular septal veins , 652  

   Coronary veins 
 atrial venous system 

 veins of the LA wall , 639–641  
 veins of the RA wall , 641–642  

 cardiac vein classifi cation , 636–637  
 and CHD 

 abnormal arrangement of coronary venous return , 
657  

 congenitally corrected transposition of the great 
arteries , 656  

 device implantation , 656  
 Eustachian ridge , 657  
 roles of CRT and radiofrequency ablation , 656  
 unusual coronary venous system , 658  

 coronary veins and congenital heart disease , 656–657  
 CRT   ( see  Cardiac resynchronization therapy (CRT)) 
 development of 

 cardiac veins , 636  
 coronary sinus (CS) , 635  

 retrograde cardioplegia perfusion delivery , 660–663  
 smaller-CVS (Thebesian vessels) , 637–639  
 tributaries   ( see  Coronary sinus tributaries) 

   Coronary venous system (CVS) imaging.    See  Coronary 
veins 

   Coronary vessels 
 arterial switch operation , 240  
 juxtacommissural origin , 240  
 LAD , 240  
 retropulmonary course , 241  

   CPB.    See  Cardiopulmonary bypass (CPB) 
   Crean, A.M. , 361–370  
   CT and MR use in detection of changes in extracardiac 

organs.    See  Extracardiac complications 
   CTCA.    See  CT coronary angiography (CTCA) 
   CT coronary angiography (CTCA) , 84, 86, 92  
   CT imaging in children with congenital heart disease 

(CHD).    See  CT imaging protocols, CHD 
patients 

   CT imaging in pediatrics with congenital heart disease (CHD) 
 infants (0–12 months old) , 99, 100  
 patient information and preparation 

 factors , 98  
 information , 99  
 painful sensations , 99  

 radiation dose issues , 101  
 school age and older (6+ years) , 100  
 toddlers and preschool children , 100, 101  

   CT imaging protocols, CHD patients 
 contrast agent application , 88–90  
 ECG-synchronized CT , 86–88  
 image reconstruction and post processing 

 DVR , 91, 92  
 image reconstruction technique , 90  
 MIP , 90–91  
 MPR , 90  

 non-ECG-synchronized CT , 85–86  
 patient preparation , 85  
 recommendations, ECG synchronization , 88, 89  

   CW Doppler.    See  Continuous wave (CW) Doppler 
   Cyanotic heart disease , 2, 5  

    D 
  Dabizzi, R.P. , 252  
   Damien, K. , 499–512  
   DCRV.    See  Double-chambered right ventricle (DCRV) 
   Dearani, J.A. , 431–448  
   Debl, K. , 173–196  
   Defect and vascular occlusion 

 coronary artery fi stulae 
 adverse outcomes , 505  
 high output congestive heart failure, CT coronary 

angiogram , 505  
 surgical and transcatheter closure , 504  

 other lesions 
 coil occlusion , 507  
 device occlusion , 507  
 intrapulmonary arteriovenous malformations 

(AVMs) , 507  
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 Osler-Weber-Rendu syndrome , 507  
 persistent ductus arteriosus 

 orientation of the arterial duct with age , 503  
 transcatheter ASD closure with an Amplatzer 

septal occluder , 504  
 ruptured sinus of valsalva aneurysms 

 rupture , 506  
 SoVA , 505  

 transcatheter atrial septal defect closure 
 Amplatzer septal occluder , 503  
 ASD , 500  
 Gore septal occluder , 503  
 large bilobed coronary artery fi stula , 502  
 procedural complications , 503  
 transcatheter pulmonary valve replacement , 502  

 transcatheter ventricular septal defect closure 
 hemodynamically, signifi cant shunts , 503  
 indications for interventional procedures , 505  
 perimembranous defects , 503  
 “sucking” , 503  

   Delayed enhancement CMR (DE-CMR) 
 ACHD , 41  
 congenital aortic stenosis , 43  
 gadolinium , 41  
 QRS morphology , 42  
 single-ventricle patients , 43  
 SSFP imaging , 41  

   De Leval, M.R. , 483  
   DeRoo, S. , 525–549  
   Detterich, J. , 107–127  
   Developmental origins of the heart 

 cardiac crescent , 9  
 cell lineage tracings , 9  
 looping heart tube , 9  
 primitive heart tube , 9  
 proepicardium , 10  

   Development of coronary arteries , 19–20  
   Development of pulmonary veins 

 normal and abnormal , 18  
 TAPVR , 19  

   Diagnosis of HCM.    See  Hypertrophic cardiomyopathy 
(HCM) 

   Dillman, J.R. , 525–549  
   3D imaging of the cardiovascular anatomy of the chest.  

  See  3D modeling, virtual surgery in CHD 
   4-dimensional (4D MRI) MR fl ow analysis.    See  

Magnetic resonance imaging (MRI) and CHD 
   Dipyridamole , 44  
   Direct volume rendering (DVR) , 91, 92  
   3D modeling, virtual surgery in CHD 

 generic modeling , 516, 517, 519  
 image acquisition 

 accurate model for simulation , 517  
 3D MRI , 518  
 end-diastolic scan , 517  
 MDCT and MRI , 518  

 image segmentation 
 marker-based segmentation algorithm , 518  
 segmented, myocardium and blood pool , 518  

 patient-specifi c modeling , 516, 517, 519  

   Dodge-Khatami, A. , 45  
   Doppler imaging and cardiology 

 anatomic structure , 110  
 cardiac applications , 111  
 color fl ow imaging , 111–112  
 CW Doppler , 111  
 detection, signals , 110  
 velocity, moving blood cells , 110  

   DORV.    See  Double outlet right ventricle (DORV) 
   Double aortic arch 

 associations , 540  
 clinical symptoms , 539  
 3D CT angiography images , 541  
 embryology , 540  
 “four-vessel sign” , 541  
 imaging , 540  
 pathology and embryology , 538  
 treatment , 541  

   Double-chambered right ventricle (DCRV) 
 RVOT stenosis , 145, 150  
 and VSD , 145  

   Double inlet left ventricle 
 AV connection , 259, 268  
 CMR late gadolinium , 277  
 delimitation , 268  
 pulmonary stenosis , 268  

   Double inlet right ventricle 
 AVSD , 263  
 CMR assessment , 269  

   Double outlet right ventricle (DORV) 
 arteries , 151–152, 155  
 clinical presentation and surgical treatment approach , 

148–149  
 postoperative , 150–151  
 Taussig-Bing heart , 150  
 VSD , 148–149  

   Dual-energy CT, pediatric CHD 
 evaluation pulmonary embolism and lung perfusion , 

413, 414, 419  
 evaluations , 411  
 radiation dose , 413  
 regional lung perfusion and ventilation , 413  
 tube voltages , 413  

   Dual injection technique , 241  
   Dual-source CT , 83  
   Dussik, K.T. , 107  
   DVR.    See  Direct volume rendering (DVR) 

    E 
  Ebstein anomaly 

 clinical presentation and treatment options 
 associated factors , 368  
 atrial and/or ventricular arrhythmias , 368  
 PFO/ASD closure , 368  
 severe atrialisation of the right ventricle , 368  
 symptomatic newborns with Ebstein anomaly , 367  
 tricuspid valve and secundum atrial defect , 367  

 signifi cant tricuspid valve incompetence , 361  
 tricuspid valve septal leafl et , 361  
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   Ebstein anomaly, embryology and morphology 
 associated cardiac malformations 

 great arteries (cc-TGA), congenitally corrected 
transposition , 364  

 mild Ebstein anomaly and severe pulmonary 
hypertension , 365  

 severe Ebstein anomaly , 364  
 Wolff-Parkinson-White syndrome , 365  

 differential diagnoses 
 tricuspid valve dysplasia , 365, 366  
 Uhl’s anomaly , 365, 366  

 displacement of the right atrioventricular junction , 361  
 atrialised right ventricle, and functional right 

ventricle , 362  
 cardiac CT, apical displacement , 362, 363  
 steady-state free-precession cine images , 362  
 three-dimensional reproduction of the heart , 362  

 morphology of the tricuspid valve leafl ets 
 functional integrity of tricuspid valve , 363  
 stenosis or regurgitation , 363  

   Ebstein anomaly, imaging techniques 
 associated lesions , 368  
 cardiac CT 

 intravenous injection of contrast , 370  
 radiation dose , 370  
 visualisation of the position of the tricuspid valve , 

369  
 cardiac magnetic resonance imaging (CMR) , 368–369  

 axial imaging , 369  
 limitations , 369  

   Ebstein, W. , 363  
   ECG-based tube current modulation , 95–96  
   ECG-synchronized CT 

 high-pitch helical prospectively gated CT , 88  
 prospective ECG triggering 

 adults, newborns and infants , 86–87  
 dual-step mode , 87  
 “step-and-shoot mode” , 86–88  

 retrospective ECG gating , 86, 87  
   Echocardiographic imaging in ACHD 

 advanced cardiac imaging , 126–127  
 description , 107  
 echo application, CHD   ( see  Echocardiography and 

CHD) 
 US , 107–112  

   Echocardiography and CHD 
 cardiac catheterization , 112  
 color and spectral Doppler 

 ALCAPA , 122  
 evaluation, blood fl ow , 122  
 heterotaxy syndrome , 121–122  
 limitations , 122  
 modifi ed Bernoulli equation , 119  
 velocity scale , 119  

 2-dimensional 
 segmental approach , 112–113  
 “sweeps” , 113  
 TEE , 113, 114  
 three-level cardiac segmentation approach , 112  

 ICE and IVUS , 124–126  
 TDI , 122–124  
 TEE , 118–119  
 temporal and spatial resolution , 112  
 TTE , 113–118  

   Echo imaging and adult congenital heart disease 
(ACHD).    See  Echocardiographic imaging in 
ACHD 

   Echo imaging and cardiology , 126–127  
   Edler, I. , 107  
   Edwards hypothetical double arch concept , 526  
   Eisenmenger’s syndrome.    See also  Pulmonary 

hypertension (PH) in CHD 
 clinical pathophysiology and course 

 medial hypertrophy and smooth muscle 
proliferation , 562  

 multisystem disorders , 562  
 survival with a long asymptomatic period , 562  

 CMR for congenital anatomy 
 acquisition of cines for RV and LV , 563  
 contrast-enhanced MR angiography , 563  
 measurements of right and left ventricular mass , 

564  
 pulmonary arterial thrombus , 564  
 pulmonary artery stiffness , 565  
 septal fl attening , 563  
 in situ thrombus , 565  

 historical perspective , 562  
 right ventricular adaptive remodelling 

 idiopathic pulmonary arterial hypertension , 562  
 pulmonary stenosis , 562  

   Eisenmenger syndrome , 1, 2, 5, 686  
   Eisenmenger, V. , 562  
   Ellis, K. , 672  
   Embryology and anatomy of RVOT , 131  
   Embryology, cardiac shunts.    See also  Cordiac MR 

techniques 
 anatomic variations of the interatrial septum , 309  
 arial septum 

 components of the interatrial septum , 307, 308  
 fl oor of the fossa ovalis , 307  
 patent foramen ovale (PFO) , 307  

 Eustachian and Thebesian valves , 307  
 patent foramen ovale (PFO) 

 atrial septal aneurysm (ASA) , 309  
 risk of stroke , 308  
 shunting through , 308  
 transesophageal echocardiography (TEE) , 309  

 PFO shunt, imaging modalities 
 bidirectional shunt , 310  
 CT techniques for coronary angiography , 310  
 MRI , 309  
 short axis images , 310  

 right omphalomesenteric vein , 306, 307  
 septum primum , 306  
 septum secundum , 306, 307  

   Embryology of the cardiovascular system , 8  
   Embryology of the heart 

 and congenital heart diseases 
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 arterial system   ( see  Arterial system) 
 arteries , 10  
 ASD , 14  
 atrioventricular canal , 10, 12  
 AVSD , 16  
 cardiac valves , 17  
 description , 10  
 development of coronary arteries , 19–20  
 development of pulmonary veins , 18–19  
 DORV , 12  
 normal and abnormal looping , 10, 11  
 outfl ow tract , 13  
 PTA , 13  
 TGA , 13  
 TOF , 13–14  
 univentricular heart , 14  
 VSD , 14–16  

   Endocardial cushion defect , 347  
   Epidemiology, CHD , 1–5  
   Espinola-Zavaleta, N. , 347–359  
   Extracardiac complications 

 airway obstruction , 679–681  
 hepatic complications , 694–695  
 intrapulmonary vascular collaterals and shunts , 

682–684  
 neurological Changes in CHD , 695–697  
 palliative pulmonary vascular shunts , 685  
 paradoxical embolism , 690–694  
 parenchymal changes , 681  
 pectus excavatum , 681–682  
 plastic bronchitis , 681  
 protein-losing enteropathy , 695  
 pulmonary arteriovenous malformations (PAVM) , 

684–685  
 pulmonary complications , 679  
 pulmonary hypertension , 686–687  
 thromboembolic complications , 687–690  

    F 
  Fast spin echo (FSE) , 265  
   Fogel, M.A. , 276  
   Fontan imaging 

 anastomosis , 271, 272  
 atriopulmonary , 271, 272  
 CMR , 271  
 collaterals , 278–279  
 conduit fl ow , 271, 275  
 extracardiac , 271, 274  
 lateral tunnel , 271, 273  
 liver disease , 279, 280  
 myocardial fi brosis , 279  
 PA 

 anatomy , 275  
 atriopulmonary , 274–275  
 CE MRA , 274, 275  
 dobutamine stress , 274  
 endothelial dysfunction , 274  

 PC velocity mapping , 271–274  

 RAs , 271, 272  
 SSFP , 271, 273  
 systemic venous anatomy , 275–277  
 thrombus , 278  
 total cavopulmonary , 271, 274  
 tricuspid atresia , 271, 273  
 venous drainage and obstruction , 278  

   Fontan operation , 482  
   Fontan palliation , 5  
   Fontan patients 

 imaging 
 CMR , 492–495  
 MDCT , 486–491  

 palliation and single ventricle physiology , 481  
 procedure , 481–486  

   Fontan procedure 
 anastomosis , 483  
 anomalous venous drainage , 484, 486  
 cavopulmonary shunt , 481  
 clinical outcomes , 485–486  
 CMR   ( see  Cardiac magnetic resonance (CMR), adult 

Fontan patient) 
 completion , 484–485  
 early techniques , 483  
 genesis, single ventricle palliation , 481  
 long-term complications , 483  
 maintenance, pulmonary artery continuity , 483  
 MDCT   ( see  Multidetector cardiac computed 

tomography (MDCT), Fontan palliation) 
 modifi cations, total cavopulmonary connections , 483, 

485  
 operation , 482–483  
 pulmonary arteriovenous malformations , 484, 487  
 surgical treatment , 483  

   François, C.J. , 55–72  
   Fratz, S. , 42, 45, 245  
   FSE.    See  Fast spin echo (FSE) 

    G 
  Gadolinium-based contrast agents (GBCAs) 

 gadobenate dimeglumine , 59, 60  
 gadofosveset trisodium , 63  
 ionizing radiation , 59  
 k-space images , 65  
 T2-star artifact , 57  

   GBCAs.    See  Gadolinium-based contrast agents (GBCAs) 
   Geiger, J. , 451–474  
   Geleijns, J. , 94  
   Gerbode defect , 328  
   Glatz, A.C. , 38  
   Glenn, W. , 481  
   Goldman, M.E. , 308  
   Goo, H.W. , 411–426  
   Gradient-recalled echo (GRE) , 28, 262  
   GRE.    See  Gradient-recalled echo (GRE) 
   Greil, G.F. , 515–522  
   Greutmann, M. , 1–5  
   Grosse-Wortmann, L. , 39, 494  
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    H 
  Hagiwara, N. , 399–409  
   Haramati, L.B. , 285–301, 591, 592  
   Harris, M.A. , 41, 43  
   HCM.    See  Hypertrophic cardiomyopathy (HCM) 
   Heng, E.L. , 199–221  
   Hepatic complications, extracardiac complications 

 Budd–Chiari syndrome , 694  
 chronic passive systemic venous congestion , 694  
 hepatocellular carcinoma in Fontan hepatopathy , 694  
 liver margin , 694  

   Hepatopulmonary syndrome , 685  
   Hertz, C.H. , 107  
   Heterotaxy syndromes 

 asplenia 
 cardiovascular anomalies , 291  
 characteristics , 290  

 gastric fundus , 290  
 polysplenia , 289  

 cardiovascular anomalies , 290  
 characteristics , 290  

 spleen and liver , 290  
   Hibbeln, J. , 499–512  
   Hijazi, Z. M. , 499–512  
   Hjortdal, V.E. , 46  
   HLHS.    See  Hypoplastic left heart syndrome (HLHS) 
   Ho, M.L. , 591  
   Ho, S.Y. , 131–168, 309  
   Husmann, L. , 86  
   Hypertrophic cardiomyopathy (HCM) 

 defi nition , 373  
 description , 373  
 diagnosis , 373  
 differentiation 

 hypertensive heart disease , 391–392  
 metabolic and infi ltrative cardiomyopathies , 

392–393  
 focal myocardial , 373, 374  
 LV hypertrophy   ( see  Left ventricular (LV) 

hypertrophy) 
 LVNC   ( see  Left ventricular noncompaction (LVNC)) 
 mitral valve leafl ets anatomy , 382  
 outfl ow tract obstruction , LV, 375  
 papillary muscles 

 abnormalities , 380, 381  
 anatomy, cardiac MR , 380, 381  
 CMR , 381, 382  
 LVOT obstruction , 380, 382  
 mass , 380  

 planning, surgical myectomy   ( see  Surgical 
myectomy) 

 prevalence , 373  
 RV hypertrophy , 375  
 stress perfusion CMR , 390  
 tissue characterization, LGE   ( see also  Late 

gadolinium enhancement (LGE) and HCM) 
 ICD therapy , 384  
 maximal wall thickness and LV mass index , 386, 

388  

 myocardial fi brosis , 384, 386  
 observation , 386, 387  
 pathophysiology , 384, 386  
 risk, adverse events , 387, 389, 390  
 risk stratifi cation algorithms, SCD , 384, 385  
 SSFP cine images , 386–387  

 and young athlete’s heart 
 cessation, systemic training , 391  
 characteristics , 391  
 long-term training , 390–391  
 physiological changes , 390  
 sudden death , 390  

   Hypoplastic left heart syndrome (HLHS) 
 Fontan conversion and arrhythmia , 444, 445  
 independent associations , 279  
 meaning , 443  
 neoaortic root aneurysm , 444  
 Norwood operation , 261  
 pathologic specimens , 443  
 surgical management , 443–444  
 TCPC , 470  
 transplantation , 444  

    I 
  IAA-B.    See  Interrupted aortic arch type B (IAA-B) 
   ICD implantable cardioverter defi brillator , 701, 703  
   Imaging and HCM.    See  Hypertrophic cardiomyopathy 

(HCM) 
   Imaging in management of PH in CHD 

 assessment of treatment and prognosis 
 APAH-CHD population , 561–562  
 repeatability of CMR , 561  

 cardiac computed tomography 
 angiogram , 558  
 cardiac remodelling , 558  
 enlarged central pulmonary arteries , 559  
 high-resolution CT fi ndings , 558  
 plexogenic arteriopathy , 558  
 pulmonary veno-occlusive disease, CT , 559  

 cardiovascular magnetic resonance (CMR) 
 Fick method , 560  
 gold standard assessments , 559  
 late gadolinium enhancement pattern , 560  
 mechanism for late gadolinium enhancement in 

RV-LV insertion , 560  
 surface-rendered data , 559  

 diagnosis 
 Doppler interrogation , 557  
 ESC guidelines , 557  
 multimodality imaging in APAH-CHD , 557  
 right ventricular dilatation , 557  
 survival curves , 557  

 guiding intervention , 561  
   Imaging of aortic arch and associated structures.    See  

Aortic arch and associated structures, 
imaging 

   Imaging of AVSD.    See  Atrioventricular septal defect 
(AVSD) 
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   Imaging planes, UAVC 
 extracardiac fi ndings , 265–266  
 fast spin echo , 265  
 FSE , 265  
 intracardiac anatomy , 266  
 PA , 266  
 situs , 264  
 SSFP , 265  
 vessel anatomy , 264  

   Interatrial baffl e leak , 499.     See also  Transcatheter 
interventions and CHD 

   Interatrial communications, classifi cation 
 ASD closure 

 Amplatzer septal occluders and cardioseal device , 
324  

 MDCT scans , 324  
 MR and CT , 324  
 surgical , 323  

 atrioventricular septal defect (ASD) 
 anterior and rightward displacement of the aorta , 

322  
 common AV junction , 322–323  
 complete and partial , 321  
 left ventricle outfl ow tract (LVOT) , 322  
 parachute-type or double-orifi ce “mitral” valve , 322  
 primum ASDs , 322  
 single atrium, left atrial isomerism, and 

dextrocardia , 322  
 fenestrated (unroofed) coronary sinus 

 fenestrated (unroofed) CS , 323  
 partial CS fenestration , 323  
 unroofed coronary sinus (CS) , 323  

 secundum ASD 
 type one, intact limbus , 318  
 type two, superior limbus of the fossa ovalis , 318  

 sinus venosus defects 
 abnormal vena cava , 319  
 abnormal venoatrial communications , 318  
 CT and MRI , 320  
 diagnosis of inferior variant , 321  
 hemodynamic abnormality , 320  
 imaging diagnosis , 320  
 right heart enlargement , 320  
 superior and inferior variants , 319  

   Interrupted aortic arch (IAA) , 548  
   Interrupted aortic arch type B (IAA-B) , 17–18  
   Intracardiac echo (ICE) 

 baffl e limbs , 126  
 Fontan fenestration , 126  
 invasive vascular requirement , 126  
 noncoronary cardiac interventions and 

electrophysiologic studies , 125  
 percutaneous ASD closure , 125  

   Intrapulmonary vascular collaterals and shunts, 
extracardiac complications 

 bidirectional cavopulmonary connections (BCPC) or 
Fontan circulation , 682  

 intrapulmonary systemic–pulmonary collaterals 
(SPC) , 682  

 left-to-right shunting via SPCs , 683  
 major aortopulmonary collaterals (MAPCAs) , 683  
 repaired tetralogy of Fallot presented with 

hemoptysis , 683  
 velocity encoding (VENC) setting , 683  
 venovenous collateral vessels, development of , 684  

   Intravascular ultrasound (IVUS) 
 anatomic and hemodynamic evaluation , 124–125  
 ASO , 124  
 cardiac catheterization , 124, 125  
 coronary arterial catheterization , 124  
 invasive vascular requirement , 126  
 percutaneous coronary interventions , 124  
 vessel structures , 124  

   Ismat, F.A. , 252  
   Isolated coronary anomalies, anomalies of origin and 

course 
 absent left main , 612, 613  
 anomalous coronary ostium at an improper sinus 

 anomalous RCA form the left sinus of Valsalva , 615  
 surgical coronary revascularization, AHA 

guidelines , 616  
 anomalous coronary ostium outside the aortic sinuses 

 additional sites , 615  
 ALCAPA , 614  
 ARCAPA , 615  
 limited 2-dimensional visualization , 614  
 potential paths for anomalous coronary artery , 616  

 single coronary artery 
 collateral circulation , 618  
 defi nition , 616  
 modifi ed Lipton classifi cation , 616  
 signifi cance and risk , 617  
 type IIIC , 620  
 type L-I , 619  
 type R-IIS , 620  

   Isovolumic contraction time (IVCT) , 123  
   IVCT.    See  Isovolumic contraction time (IVCT) 

    J 
  Jatene procedure , 233–234  
   Johnson, T.R. , 481–495  
   Juan, L.J. , 361–370  
   Jung, B. , 98  

    K 
  Kafka, H. , 592  
   Kari, F.A. , 183  
   Kartagener syndrome , 288  
   Kawashima, Y. , 484, 491  
   Kenny, D. , 499–512  
   Khairy, P. , 259–282  
   Kimura, F. , 399–409  
   Kislinskiy, S. , 515–522  
   Kontzialis, M. , 285–301  
   Kreutzer, G.O , 483  
   Krichenko, A. , 337  

Index



722

    L 
  LaBounty, T.M. , 98  
   LAD.    See  Left anterior descending (LAD) 
   Larson, D.B. , 99  
   Lasalvia, E.A. , 43  
   Late gadolinium enhancement (LGE) and HCM 

 ICD therapy , 384  
 maximal wall thickness and LV mass index , 386, 388  
 myocardial fi brosis , 384, 386  
 observation , 386, 387  
 pathophysiology , 384, 386  
 risk, adverse events , 387, 389, 390  
 risk stratifi cation algorithms, SCD , 384, 385  
 SSFP cine images , 386–387  

   Late gadolinium enhancement (LGE) imaging 
 enhancement patterns, gadolinium , 216, 220  
 gadolinium , 202–203  
 ischaemic heart disease , 203  
 right ventricle , 216, 220–221  
 R-wave gating , 202  
 tachyarrhythmia , 216, 219  
 VSD patching and suturing , 216  

   Left anterior descending (LAD) , 240  
   Left superior intercostal vein (LSICV) , 579.     See also  

Systemic venous anomalies 
   Left ventricular (LV) hypertrophy 

 characterization, apical HCM , 375  
 CMR , 373–375  
 concentric , 373, 374  
 echocardiography weaknesses , 375, 376  
 focal areas , 375  
 mass , 374, 375  
 outcomes , 375  
 outfl ow tract obstruction (LVOT)   ( see  Left 

ventricular outfl ow tract (LVOT)) 
 short-axis slices , 374  
 SSFP cine imaging , 374  

   Left ventricular noncompaction (LVNC) 
 description , 394  
 echocardiography , 394, 395  
 genetic heterogeneity , 394  
 guidelines , 395  
 hypothesis , 394  
 treatment , 395  

   Left ventricular outfl ow tract (LVOT) 
 anatomy 

 aortic valve , 177–178  
 ascending aorta and aortic root , 178–180  
 cardiac conduction system , 176  
 CT , 175  
 hypertrophy , 179, 181  
 MRI , 176  
 systolic function , 179, 181  

 and aortic valve , 174  
   Left ventricular outfl ow tract obstruction (LVOTO) 

 anatomy and hemodynamic effects , 374, 380  
 aortic stenosis   ( see  Aortic stenosis) 
 BAV , 182–185  
 calcium score , 182, 186  
 clinical management , 379–380  
 description , 173  

 different phenotypic expressions , 375, 377  
 Doppler echocardiography , 378–379  
 elevation, systolic pressures , 377  
 embryology 

 BAV , 173–174  
 outfl ow tract , 173  
 right and left coronary , 174  
 valvulogenesis , 173  

 heart failure (HF) symptom , 379  
 identifi cation , 379  
 imaging techniques 

 cardiac MRI and CT , 174  
 2D and 3D , 175  
 SSFP , 174  
 velocity of fl ow , 175  

 limiting factor , 379  
 LVOT   ( see  Left ventricular outfl ow tract (LVOT)) 
 pathophysiology , 377  
 phase contrast (PC) MR , 377–378  
 SAM-septal contact , 374, 377, 379  
 SSFP sequences , 377  
 subvalvular 

 aortic regurgitation , 193  
 aortic stenosis , 194  
 aortic valve and subvalvular membrane , 194–195  
 echocardiography , 193  
 fi bromuscular and tunnel type , 192  
 genetic predisposition , 192  
 grading and treatment , 195  
 hypertrophic cardiomyopathy , 191–192  
 LVOT , 194  

 supravalvular , 195–196  
 treatment 

 bioprosthetic pulmonary valve , 191, 192  
 echocardiography , 189–190  
 left ventricular hypertrophy , 190  
 left ventricular mass regression , 191  
 LVOT , 193  
 pulmonary homograft conduit , 191, 193  
 Ross procedure , 191, 192  

 types , 173, 174  
 valvular , 181–182  

   Leipsic, J. , 96  
   Leschka, S. , 77–101  
   Low-dose CT, pediatric CHD , 415  
   Lun, K. , 336  
   LV hypertrophy.    See  Left ventricular (LV) hypertrophy 

    M 
  Magee, A.G. , 274, 275, 278  
   Magnetic resonance angiography (MRA) 

 CE MRA , 55–67  
 NCE , 67–72  

   Magnetic resonance imaging (MRI) and CHD 
 adults , 452  
 advantages, 4D MRI technique , 459–560  
 anatomic assessment , 453  
 aortic and pulmonary valve disease , 453–456  
 aortic valve disease , 457  
 birth defect-related deaths , 451  
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 cardiovascular , 451  
 3D cardiovascular hemodynamics , 456  
 2D Cine PC , 457  
 description , 452  
 4D fl ow analysis , 457  
 early treatment and ongoing care , 451  
 ECG-gated and time-resolved 2D (CINE) SSFP 

sequences , 453  
 expert guidelines , 451  
 fl ow data analysis , 457–459  
 gadolinium contrast-enhanced MR angiography 

(CE MRA) , 456  
 measurements , 453  
 multiple 2D CINE phase-contrast , 453  
 PC sequence , 456  
 protocols , 453  
 radiation , 451  
 respiratory gating , 457–458  
 right ventricle , 453  
 standardized quantifi cation , 451–452  
 TCPC   ( see  TCPC/Fontan) 
 TGA after arterial switch repair   ( see  Transposition of 

the great arteries (TGA)) 
 TOF   ( see  Tetralogy of Fallot (TOF)) 
 TTE and TEE , 451  
 vascular anatomy, 3D contrast-enhanced MR 

angiogram (MRA) , 452–453  
 visualization, three-directional blood fl ow , 459  
 work fl ow , 452  

   Major aortopulmonary collateral arteries (MAPCAs) , 214  
   Mantini, E. , 657  
   MAPCAs.    See  Major aortopulmonary collateral arteries 

(MAPCAs) 
   Marcotte, F. , 259–282  
   Marcus, F.I. , 401  
   Marfan’s syndrome or CHD , 682  
   Markl, M. , 451–474  
   Maron, M.S. , 373–395  
   Mason, D. , 603–630  
   Massoudy, P. , 225, 240  
   Maximum intensity projection (MIP) , 90, 91  
   McQuillen, P.S. , 695  
   Meave-Gonzalez, A. , 347–359  
   Milo, S. , 141  
   MIP.    See  Maximum intensity projection (MIP) 
   Mirror image branching.    See  Right aortic arch 
   Mitral atresia , 259, 261  
   Mitral valvuloplasty , 507  
   Mohiaddin, R.H. , 553–570, 592  
   Mongeon, F.-P. , 259–282  
   Morphogenesis of the cardiovascular system 

 atrioventricle , 7, 8  
 cardiac crescent , 7, 8  
 great vessels , 7, 8  
 heart , 7  
 looping , 7, 8  
 outfl ow tract , 7, 8  
 primitive heart tube , 7, 8  

   Morphogenesis of the heart , 10  
   Morphology and classifi cation of AVSD.    See  

Atrioventricular septal defect (AVSD) 

   Morphology imaging of ACHD 
 atrioventricular and ventriculo-arterial , 27  
 cine imaging/functional assessment , 27  
 gadolinium contrast , 25  
 multi-slice bSSFP , 26  
 multi-slice morphology imaging , 25–26  

   Mosegaard, J. , 515–522  
   Moulaert, A.J. , 328  
   MPR.    See  Multiplanar reformation (MPR) 
   MR and RVOT , 134  
   MRI-conditional cardiac devices 

 device interrogation , 705  
 EnRhythm MRI-compatible pacemaker , 705  
 EnRhythm MRI-conditional device , 705  
 MRI isocenter in the thorax , 706  
 Revo MRI SureScan Pacing System , 705  

   MRI in patients with CHD and cardiac devices 
 future directions 

 improved signal-to-noise ratio (SNR) , 706  
 “MR-pro” , 706  
 thoracic isocenter restriction , 706  

 MRI-conditional cardiac devices 
 device interrogation , 705  
 EnRhythm MRI-compatible pacemaker , 705  
 EnRhythm MRI-conditional device , 705  
 MRI isocenter in the thorax , 706  
 Revo MRI SureScan Pacing System , 705  

 thoracic scans 
 Fallot and implanted dual-chamber pacemaker , 

704  
 mild atrial lead artifact , 705  
 “MRI conditional” , 705  
 steady-state free-precession (SSFP) sequence , 704  
 3-T magnets , 703  

   MRI safety protocol 
 asynchronous mode (DOO/VOO) , 702  
 with implanted cardiac devices , 703  
 inhibited pacing mode (DDI/VVI) , 702  
 lead sensing and capture thresholds , 702  
 risk of heating , 702  

   Multidetector cardiac computed tomography (MDCT), 
Fontan palliation 

 angiography , 486, 488–489  
 aortopulmonary collaterals , 490  
 automatic tube current modulation , 487–488  
 Bolus tracking, IVC/SVC , 489  
 calcifi cation and metallic artifacts , 488  
 cardiovascular motion , 487  
 cyanosis , 486, 488  
 320 detector , 488  
 detect sources, cyanosis , 491  
 ECG gating , 486, 488  
 evaluation, postoperative vascular morphology , 486  
 limitation , 486–487  
 persistent respiratory symptoms, plastic bronchitis , 

490–491  
 pulmonary arteriovenous malformations (AVMs) , 491  
 pulmonary embolism , 490  
 radiation dose reduction , 487  
 right atrial appendage , 489–490  

   Multi-detector row CT (MDCT), pediatric CHD , 413  
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   Multiplanar reformation (MPR) , 78, 90  
   Multi-slice CT , 82  
   Muñoz-Castellanos, L. , 347–359  
   Muresian, H. , 635–663  
   Muscle bundles arrangement , 158–159  
   Myocardial deformation 

 tagging , 36  
 VVI , 36  

    N 
  Nabo, M.M. , 691  
   Natanzon, A. , 308  
   Nazarian, S. , 701–706  
   Nephrogenic systemic fi brosis (NSF) , 67  
   Neurological changes in CHD 

 deep hypothermic circulatory arrest (DHCA) , 696  
 MRI of TGA infants , 695  
 neurological complications in adult patients , 696  
 patchy T2 hyperintensities , 697  
 periventricular leukomalacia , 695  
 TGA infants , 695  
 WMI , 695  

   Non-contrast-enhanced MRA (NCE MRA) 
 cardiothoracic applications , 67  
 3D bSSFP , 67–69  
 4D Flow MR 

 data acquisition acceleration , 69, 70  
 fl ow quantifi cation , 70  
 particle traces/streamlines , 70–71  
 phase-contrast (PC) , 69  
 velocity profi les , 70, 72  
 VENC , 68  

 NSF , 67  
   Normal aortic arch 

 brachiocephalic (innominate) artery , 527  
 branching pattern , 528  
 morphology , 528  
 normal variants in aortic arch vessel branching 

 aberrant origin of vertebral artery , 529  
 anomalous brachiocephalic trunk , 529–530  
 bovine aortic arch , 528  
 vertebral arteria lusoria , 529  

   Normal coronary artery anatomy 
 defi nitions 

 coronary vessels , 609  
 nomenclature principle , 609  
 smaller arteries , 608  

 embryology 
 blood islands , 608  
 development of a blood vascular system , 608  
 development of coronary arteries , 608  

 Koch triangle , 609  
 normal variants 

 multiple coronary ostia , 609–610  
 myocardial bridging , 609–610  
 ramus Intermedius , 609  
 right superior septal perforator , 609  
 vasculature to the atrioventricular node , 609  

 vasculature to the inferior wall , 609  
 vasculature to the sinoatrial node , 609  

   Norwood, W.I. , 261  
   NSF.    See  Nephrogenic systemic fi brosis (NSF) 

    O 
  O’Donnell, D. , 406  
   Ohye, R.G. , 525–549  
   Oosterhof, T. , 42, 44, 212  
   Ostium primum atrial septal defect , 347  
   Outfl ow tract (OFT) , 131–132  

    P 
  PA.    See  Pulmonary artery (PA) 
   Palliative pulmonary vascular shunts, extracardiac 

complications 
 extracardiac palliative systemic–pulmonary 

shunts , 686  
 intact systemic–pulmonary artery shunt , 685  
 TOF , 685  

   Paradoxical embolism in CHD 
 intracardiac shunt, assessment of , 691  
 non-cyanotic intracardiac shunts , 691  
 paradoxical cerebral embolus , 691  
 PAVMs , 691  
 post-Mustard operation , 693  
 residual intracardiac shunts, presence of , 691  
 role of CT or MR in evaluation , 692  

   Park, C.B. , 431  
   Park, S.J. , 41  
   Partial anomalous pulmonary venous return (PAPVR).  

  See also  Pulmonary vein anomalies 
 anomalous right lung veins , 594  
 APVR of left upper lob , 594  
 APVR of right upper lobe , 596  
 asymptomatic left upper lobe PAPVR , 594  
 coronary sinus , 593–594  
 entire left upper lobe , 595  
 left upper lobe PAPVR , 591  
 premature atresia , 591  
 relationship of veins , 593  
 scimitar syndrome , 591, 595, 597  
 “vertical vein” , 593–594  

   Patent ductus arteriosus (PDA) 
 between the aorta and the main pulmonary artery , 340  
 calcifi ed duct , 338  
 calcifi ed duct and imaging of aorta , 338  
 CT and MRI , 337  
 Doppler echocardiography , 337  
 ECG-gated technique , 339  
 fi ndings of , 337  
 imaging diagnosis , 337  
 origin , 336  
 relation of the PDA with adjacent structures , 339  
 right heart enlargement , 338  
 turbulent fl ow through , 337  
 virtual endoscopy using CT , 339  
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   Patent foramen ovale (PFO) 
 atrial septal aneurysm (ASA) 

 Hanley’s diagnostic criteria , 311  
 probability of paradoxical embolism , 311  

 chiari network 
 with dedicated CT of the right heart , 311  
 defi nition , 310  

 persistent Eustachian valve (EV) in adults 
 fi nding in CT or MRI , 311  
 large atrial septal aneurysm , 311  
 prominent Eustachian valve , 312  

 risk of stroke , 308  
 shunt, imaging modalities 

 bidirectional shunt , 310  
 CT techniques for coronary angiography , 310  
 MRI , 309  
 short axis images , 310  

 shunting through , 308  
 transesophageal echocardiography (TEE) , 309  

   Pathophysiology of HCM.    See  Hypertrophic 
cardiomyopathy (HCM) 

   Paul, J.F. , 98  
   PC velocity mapping.    See  Phase-contrast (PC) velocity 

mapping 
   PDA.    See  Patent ductus arteriosus (PDA) 
   Pearson, A.C. , 311  
   Pectus excavatum, extracardiac complications 

 aortic aneurysm and dissection , 682  
 cardiac or pulmonary compression , 682  
 Marfan’s syndrome or CHD , 682  

   Pediatric CHD 
 airways   ( see  Airway abnormalities, pediatric CHD) 
 aorta , 416–417  
 cardiac defects, CT 

 anatomic features , 423  
 aortopulmonary window , 423  
 applications , 423  
 atrial situs , 424  
 AVSD , 424–425  
 DORV and TGA , 423, 425  
 malalignment defect , 425  
 semilunar valve , 423  
 TOF , 424, 425  
 tricuspid atresia , 425  
 truncus arteriosus , 423, 424  
 VCAC , 425  
 ventricular outfl ow tract obstruction , 423–424  

 congenitally malformed hearts , 411  
 coronary arteries , 422  
 CT scan techniques 

 cardiac , 411, 412  
 Cine CT , 413  
 dose reduction , 411  
 dual-energy , 413  
 dual-source spiral , 412  
 ECG-synchronized , 411–413  
 free-breathing , 413, 414  
 limitations , 413  
 MDCT , 413  

 non-ECG-synchronized spiral , 411  
 protocols , 411  
 target structure and child’s respiratin status , 

411, 412  
 description , 411  
 evaluation , 411  
 implications , 425  
 pulmonary artery , 417–419  
 pulmonary vein , 419  
 radiation dose   ( see  Radiation dose reduction, 

pediatric CHD) 
 systemic vein , 419–421  

   Percutaneous valve replacement , 147  
   Pericardial cyst 

 characterization , 669  
 and diverticulum 

 cysts, decompressed diverticulum , 676  
 located high in right upper paramediastinal area , 

676  
 pericardial coelomic cyst or diverticulum , 675  
 spring water cyst of the mediastinum , 675  
 video-assisted thoracic surgery (VATS) , 676  

   Pericardial diverticulum.    See  Pericardial cyst 
   Pericardial tissue absence 

 agenesis of right pleuropericardial membrane , 673  
 complete absence of the left pericardium , 672, 673  
 congenital absence , 672  
 heart structure, “teardrop” shaped , 674  
 incomplete absence of the right pericardium , 675  
 partial absence of the left pericardium , 674  
 partial defect , 672  
 pectus excavatum , 672  
 pericardial cavity , 671  
 symptomatic complete absence of pericardium , 675  
 systolic ejection murmurs , 673  

   Permanent pacemaker (PPM) , 443  
   Persistent embryonic atriventricular canal , 347  
   Persistent truncus arteriosus (PTA) , 13  
   Phase contrast MRI 

 aortic arch , 37  
 cine image location , 37  
 hemodynamic assessment , 36–37  
 PC-CMR , 37  
 VENC , 37  

   Phase-contrast (PC) velocity mapping 
 aortopulmonary collateral fl ow , 273–274  
 blood fl ow , 273  
 CMR , 271  
 PA , 273  
 pulmonary perfusion , 271  

   Phase-shift velocity mapping 
 aortic fl ow , 202  
 coronary arteries , 201  
 regurgitant fraction , 201  

   Phasic variation of coronary veins , 655–656  
   Pickhardt, O. , 675  
   Plastic bronchitis, extracardiac complications 

 bronchial casts , 681  
 pulmonary emphysematous changes in CHD , 681  
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   Polysplenia 
 cardiovascular anomalies , 290  
 characteristics , 290  

   Post-RVOT repair changes 
 aneurysmal morphology , 147, 151–152  
 conduits , 145–146, 151  
 percutaneous valve replacement , 147  
 RVOT , 145  
 sternotomy , 147  
 TOF , 145  

   PPM.    See  Permanent pacemaker (PPM) 
   Prakash, A. , 41, 278  
   Preim, U. , 42  
   Protein-losing enteropathy, extracardiac complications 

 complication after Fontan operation , 695  
 hypoalbuminemia , 695  

   PTA.    See  Persistent truncus arteriosus (PTA) 
   Pulmonarary atresia , 259, 269, 274  
   Pulmonary arteriovenous fi stulas (PAVF).    See  Pulmonary 

arteriovenous malformations (PAVM), 
extracardiac complications 

   Pulmonary arteriovenous malformations (PAVM), 
extracardiac complications 

 consequence , 684  
 CT fi ndings , 685  
 Fontan operation , 684  
 Kawashima procedure , 684  
 primary consequence of PAVMs , 685  
 superior vena cava (SVC) , 684  

   Pulmonary artery (PA) , 274–275  
   Pulmonary complications in CHD 

 limited functions , 679  
 risks , 679  

   Pulmonary hypertension, extracardiac complications 
 Coronal CT images, systemic to pulmonary 

collaterals (SPC) , 688  
 Eisenmenger syndrome , 686–687  
 mosaic attenuation , 687  
 mosaic attenuation of the lungs in Eisenmenger 

syndrome , 686  
 vasoconstriction, proliferative and obstructive 

remodeling , 686  
 WHO classifi cation , 686  

   Pulmonary hypertension (PH) in CHD 
 classifi cation 

 classifi cation of shunts in APAH-CHD , 554  
 Dana Point classifi cation , 554  
 developing PAH , 554  
 PAH associated with CHD (APAH-CHD) , 553  
 5-point framework, shunts in APAH-CHD , 555  
 shunts , 553  

 defi nition , 553  
 epidemiology and outcomes , 556  
 imaging in management   ( see  Imaging in management 

of PH in CHD) 
 pathophysiology and presentation 

 higher than normal blood fl ow , 554  
 medial hypertrophy and plexiform lesions , 555  
 post-tricuspid shunts , 555  
 symptoms of PH , 555  

 treatment 

 agents , 556  
 Eisenmenger’s syndrome , 556  

   Pulmonary infundibulum , 134  
   Pulmonary regurgitation and valvar assessments 

 biventricular mechanics , 207, 209  
 role , 205  
 RV systole , 206  
 stenosis , 206  
 tricuspid regurgitation , 207  

   Pulmonary stenosis (PS) 
 bicuspid/multicuspid valve , 141  
 “bottle-shaped” sinuses , 141  
 dome-shaped pulmonary valve , 144  
 hypertrophy , 142  
 regurgitation and pulmonary hypertension , 145  
 sinotubular junction , 140  

   Pulmonary valve 
 anterior conal branch , 138  
 sinuses , 136, 139  
 valvular leafl ets , 136  
 ventriculoarterial junction , 136–137  

   Pulmonary valve replacement (PVR) 
 percutaneous interventions , 444, 446  
 tricuspid valve (TV) regurgitation , 443  

   Pulmonary vein anomalies 
 anatomical variants 

 ablation purposes , 590  
 conjoined (common) pulmonary vein , 590  
 supernumerary pulmonary vein , 590  

 anatomy 
 pulmonary vein ostia , 588–589  
 superior pulmonary veins , 588  

 classifi cation , 573, 574  
 cor triatriatum 

 CT and transthoracic echocardiography , 599  
 diagnosis , 597  
 membranous structures , 598  
 patent foramen ovale , 597  
 right atrium , 598  

 embryology 
 abnormal pulmonary venous connections , 589  
 anomalous connections, sites , 589  

 partial anomalous pulmonary venous return 
(PAPVR) 

 anomalous right lung veins , 594  
 APVR of left upper lob , 594  
 APVR of right upper lobe , 596  
 asymptomatic left upper lobe PAPVR , 594  
 coronary sinus , 593–594  
 entire left upper lobe , 595  
 left upper lobe PAPVR , 591  
 premature atresia , 591  
 relationship of veins , 593  
 scimitar syndrome , 591, 595, 597  
 “vertical vein” , 593–594  

 pulmonary vein atresia, division , 591  
 pulmonary vein stenosis , 592  
 stenosis, atresia, and aneurysm , 591  
 total anomalous pulmonary venous connection 

(TAPVC) 
 CT, MRI , 596–597  
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 diagnostic imaging, advances , 597  
 preoperative assessment , 596–597  

 vascular collaterals , 591  
   PVR.    See  Pulmonary valve replacement (PVR) 

    R 
  RA.    See  Right atrium (RA) 
   Radiation dose reduction, CT 

 ALARA principles , 91  
 BMI and heart rate-based protocols , 98  
 CCA , 92  
 CTCA , 92  
 dedicated cardiac bowtie fi lters , 93–94  
 diagnostic capability , 91  
 individual adaptation, tube current and voltage 

settings , 97–98  
 iterative reconstruction , 96  
 protection, radiosensitive organs , 94  
 restriction of z-axis coverage , 93  
 selection, acquisition mode , 89, 96, 97  
 sequential cardiac scanning , 93  
 tube current 

 anatomy-based tube current modulation , 95  
 ECG-Based tube current modulation , 95–96  

 tube voltage , 94  
   Radiation dose reduction, pediatric CHD 

 cardiac CT , 413  
 ECG pulsing , 415  
 examination, cardiac CT , 413  
 low tube voltage , 415  
 multi-slice spiral CT , 415  
 settings, individual body size , 413, 415  
 tube current modulation , 415  

   Raff, G.L. , 98  
   Rathod, R.H. , 43, 279  
   Recent developments in CE MRA.    See   

Contrast-enhanced (CE) MRA 
   Recent developments in NCE MRA.    See  Non-contrast-

enhanced MRA (NCE MRA) 
   Redo cardiac surgery 

 3-D reconstruction CT, dilated ascending aorta , 436, 
437  

 sternotomy 
 cardiopulmonary bypass , 431, 432  
 resternotomy , 434  

 value, preoperative cross-sectional images , 436  
   Regadenoson, CMR stress testing , 44  
   Re-operation, CHD 

 axillary vessels , 432  
 cardiopulmonary bypass (CPB) , 433–434  
 communication , 432  
 cutdown technique, femoral cannulation , 432  
 description , 431  
 limiting dissection , 434  
 percutaneous cannula , 432, 433  
 pericardial substitute , 433  
 residual intracardiac shunts , 433  
 resternotomy , 434  
 risks, mortality and morbidity , 432  
 sternal retractor , 434, 435  

   Repaired CHD and extracardiac complications.    See  
Extracardiac complications; Paradoxical 
embolism in CHD 

   Resternotomy 
 cardiac catheterization , 438  
 CPB , 433, 434  
 deep hypothermia , 435  
 hazardous , 439  
 heart and great vessels separation , 434, 435  
 mortality , 431  
 residual intracardiac shunts , 441  
 risk , 436, 439  

   Right aortic arch 
 aberrant left subclavian artery (type ii) 

 aneurysmal Kommerell diverticulum , 536  
 associations , 536  
 clinical symptoms , 536  
 complete vascular ring , 535  
 imaging , 536  

 isolated left subclavian artery (type iii) 
 associations , 537  
 circumfl ex retroesophageal aorta , 538  
 clinical symptoms , 538  
 imaging , 538  
 pathology and embryology , 537  
 treatment , 538  

 mirror image branching (type i) 
 associations , 533, 534  
 clinical symptoms , 534  
 imaging , 534  
 pathology and embryology , 533  
 treatment , 534  

 and respiratory distress , 539  
   Right atrium (RA) , 271, 272  
   Right ventricle outfl ow tract (RVOT) 

 anatomical evaluation 
 arterial supply and anatomical variants , 137–142  
 conus medial papillary muscle , 136  
 CT angiography , 133  
 ECG gating , 133–134  
 moderator band , 135–136  
 pulmonary infundibulum , 134  
 pulmonary valve , 136–137, 139  
 RV , 134  
 septomarginal trabeculation , 134–135, 138  
 supraventricular crest , 134–137  

 Bjork surgery , 167–168  
 and cardiac arrhythmias , 165  
 cardiac progenitors , 131  
 and congenital heart disease (CHD) , 139  
 CT and MR , 131  
 formation , 131  
 functional analysis 

 endocardial borders , 157  
 imaging techniques , 156–157  
 muscle bundles arrangement , 158–159  
 myocardial scar , 164–165  
 quantifi cation , 156  
 RV dysfunction and tricuspid regurgitation , 164  
 and RV function , 160–162  
 stenosis , 158–161  
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 Right ventricle outfl ow tract (RVOT) (cont.) 
 hypertrophy , 199  
 infundibular septum , 132  
 morphological changes, adult CHD 

 congenital heart disease , 139–140  
 DCRV , 145, 150  
 DORV , 148–150, 154  
 post-RVOT repair changes , 145–147, 151–153  
 PS , 140–145  
 stenosis , 140  
 TOF , 143–144, 146–149  
 truncus arteriosus , 155–157  

 obstruction 
 akinetic regions , 199  
 and LVOT , 242  
 patch reconstruction , 212  
 and pulmonary arteries , 239  
 TGA , 465  

 OFT , 131–132  
 post-Ross outfl ow tract , 166–167  
 pulmonary regurgitation , 200  
 stroke volume , 207  
 systole , 206  

   Right ventricular dysfunction 
 ejection fraction , 244  
 Simpson method , 244  
 systole with diastole , 242–243  
 tricuspid and pulmonary valves , 245  
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   Rodbard , 481  
   Roest, A.A. , 44, 46  
   Rogalla, P. , 98  
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   SAR.    See  Specifi c absorption rate (SAR) 
   Saremi, F. , 131–168, 225–254, 305–340, 573–600, 

635–663, 667–677, 679–697  
   Schmitt, B. , 46, 279  
   Schulze-Neick, I. , 568  
   Segmental approach, UAVC 

 AV connection , 264  
 CMR imaging , 263–265  
 echocardiography , 263  
 outlet chamber , 264  
 protocols , 263  

   Sena, L. , 481–495  
   Septomarginal trabeculation , 134–135, 138  
   Septum secundum , 306, 307  
   Sievers, B. , 40  
   Sievers, H.H. , 183  
   Single-slice helical CT , 80, 81  
   Sinuses of Valsalva aneurysms (SoVA) , 505  
   Situs solitus totalis , 288  

   Smaller-CVS (Thebesian vessels) 
 enlarged Thebesian veins , 638  
 ex vivo CT of the heart , 639  
 sinusoids , 637  
 Thebesian veins , 637  
 tributaries of the smaller-CVS , 638  
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   Sorensen, T. S. , 515–522  
   Soto, B. , 328  
   SoVA.    See  Sinuses of Valsalva aneurysms (SoVA) 
   Specifi c absorption rate (SAR) , 61, 62  
   Specifi c CHD with pulmonary arterial hypertension 

 combined shunt , 570  
 co-morbidity , 568  
 post-tricuspid non-restrictive shunt lesions , 566  
 residual ventricular septal defect (VSD) , 569  
 Schulze-Neick and Beghetti new proposed 

classifi cation , 567  
 simple pre-tricuspid or post-tricuspid shunts, CT , 568  
 Van Albada and Berger proposed modifi cation , 566  

   Spindola-Franco, H. , 285–301  
   Spring water cyst of the mediastinum , 675  
   Srichai, M.B. , 603–630  
   SSFP.    See  Steady state of free precession (SSFP) 
   Steady state of free precession (SSFP) , 174, 271, 273  
   Stenting 

 coarctation of the aorta 
 aortic arch in a right posterior oblique projection , 

508–509  
 balloon angioplasty for coarctation , 507  
 coarctation in adults , 508  
 covered stents , 508  
 Gore-Tex covering , 508  
 post-stenting , 508  

 intracardiac baffl e stenting and other stenting 
procedures 

 congenital pulmonary vein stenosis , 510  
 recurrent obstruction , 510  

 pulmonary artery stenting 
 intimal stent ingrowth , 510  
 peripheral pulmonary artery stenosis , 508  
 stent embolization , 509  

 transcatheter interventions in adult congenital heart 
disease , 511  

   Stress CMR 
 ACHD , 42  
 dipyridamole , 44  
 performance , 43  
 pulmonary stenosis , 46  
 regadenoson , 44  

   Stress imaging 
 ACHD population , 46  
 adenosine , 45  
 CMR , 43  
 coronary artery disease , 47  
 Fontan operation , 46  
 perfusion imaging , 44  
 rest perfusion imaging , 44  

   Strig, S. , 46  

Index



729

   Sundaram, B. , 525–549  
   Superior vena cava (SVC) , 275  
   Supraventricular crest 

 muscular outlet/conal septum , 134, 137  
 right coronary artery , 134, 136  
 ventriculoinfundibular fold , 134–135  

   Surgery, CHD 
 cardiac surgery and and perioperative care , 431  
 classifi cation , 431  
 Ebstein malformation , 440–441  
 echocardiography 

 cross-sectional imaging, CT , 436  
 3-D reconstruction, cardiac catheterization , 437  
 function , 435  
 MRI , 436–437  
 planning , 435–436  

 functional single ventricle , 440  
 HLHS   ( see  Hypoplastic left heart syndrome 

(HLHS)) 
 homografts , 441–442  
 Mayo clinic experience , 448  
 percutaneous interventions 

 branch pulmonary artery stenosis , 446–447  
 pulmonary venous baffl e obstruction , 447–448  
 PVR , 444, 446  

 regurgitation 
 PPM , 443  
 tricuspid valve (TV) , 442–443  

 reoperation   ( see  Re-operation, CHD) 
 repeat operation , 431  
 residual intracardiac shunts , 441  
 Ross procedure , 439–440  
 TOF , 439  
 total correction , 431  
 truncus arteriosus/transposition, great arteries , 439  
 ultrasonography 

 cannulation sites , 439  
 peripheral cannulation and vascular access , 

438–439  
 preoperative evaluation , 439  

 US estimation , 431  
 valve procedures , 431  

   Surgical myectomy 
 CMR , 382  
 description , 382  
 evaluation, after alcohol septal ablation , 382, 383  
 LV apical aneurysms 

 adverse event , 383  
 fi brosis , 383  
 formation , 383  
 HOCM , 383  
 ICD implantation , 383  
 late gadolinium enhancement , 383, 385  
 prevalence , 382  
 SSFP images , 382, 384  
 stroke , 383, 385  
 ventricular rupture , 384  

 LV outfl ow tract orientation , 382  
 measurements, operative planning , 382  

   Surgical palliation 
 cavopulmonary anastomosis , 260  
 Eisenmenger syndrome , 260  
 extracardiac conduit , 260  
 Fontan operation , 260  
 hypoplasia , 261  
 pulmonary blood fl ow , 260  

   Sutherland, G.R. , 328  
   SVC.    See  Superior vena cava (SVC) 
   Systemic-to-pulmonary shunts, UAVC 

 aortopulmonary collaterals , 271  
 PA , 271  
 SSFP , 271  
 subclavian artery , 270–271  

   Systemic venous anomalies 
 anomalies of the right SVC 

 anatomy of the superior and inferior cavoatrial 
junctions , 578  

 anomalous low insertion , 577  
 patterns of left superior intercostal vein (LSICV) , 

579  
 superior vena cava (SVC) aneurysm , 579  
 varicoid veins of upper mediastinum , 578  

 classifi cation , 573  
 embryology 

 development of the cardinal veins , 577  
 superior intercostal vein (SICV) , 576  

 left brachiocephalic vein 
 abnormal regression of the anterior cardinal 

anastomosis , 583  
 circumaortic left brachiocephalic 

vein , 586  
 congenital aneurysm , 585  
 retroaortic left brachiocephalic vein , 585  

 left superior left intercostal vein (LSICV) collateral 
pathway 

 “aortic nipple” , 583  
 bridging venous pathway , 583  
 direct communication , 584  

 left SVC 
 bilateral SVCs , 581  
 cryptogenic stroke , 580  
 CT or MR , 582  
 double superior vena cava (SVC) system , 

478, 580  
 hemodynamic effects , 579, 583  
 isolated left SVC , 578  
 situs anomalies , 582  
 unrepaired tetralogy of Fallot (TOF) , 582  
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   TCPC/Fontan 
 CE MRA, aorta evaluation , 471  
 4D MRI , 471–472  
 double inlet left ventricle (DILV) , 470  
 double outlet right ventricle (DORV) , 470  
 HLHS , 470  
 isotropic 3D SSFP imaging, pulmonary artery 

stenoses , 471, 472  
 multi-planar anatomic imaging , 471  
 PC MRI , 471  
 procedure , 470  
 superior/inferior vena cava (SVC/IVC) , 471–472, 

474  
 survival rates , 471  
 three-dimensional blood fl ow visualization , 472, 473  
 unclear , 471  

   TDI.    See  Tissue Doppler imaging (TDI) 
   TEE.    See  Transesophageal echocardiography (TEE) 
   Tetralogy of Fallot (TOF) 

 adults, CHD 
 branch pulmonary artery stenting , 447  
 ventricular septal defect (PA/VSD) repair , 438, 

439  
 anatomy , 199  
 aortic overriding , 144, 148  
 CHD , 199  
 CMR   ( see  Cardiovascular magnetic resonance 

(CMR)) 
 complications and survival , 200  
 coronary arteries , 215–216  
 dextroposition , 144, 149  
 early interventions , 199–200  
 Eisenmenger complex , 144, 147  
 LGE CMR , 217–221  
 morphological lesions , 216  
 MRI and CHD 

 abnormal fl ow patterns and vortices, aorta , 463, 
464  

 2D CINE MRI , 460–461  
 4D fl ow MRI and RVOT , 461–462, 464  
 2D phase-contrast imaging , 462–463  
 ECG-gated SSFP sequences , 460  
 pulmonary artery dilatation , 463, 465  
 right ventricular dilatation , 461  
 surgical treatment , 460  

 phenotypic features , 144, 146  
 pulmonary atresia , 144  
 residual intracardiac shunts and RVOTO , 216  
 stenosis , 144  
 VSD , 143  

   Tetralogy of Fallot (TOF) , 424, 425  
   TGA.    See  Transposition of the great arteries (TGA) 
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   Thoracic and abdominal situs 

 atrial situs , 288  
 bulboventricular loop , 288  
 CHD incidence for visceroatrial situs , 288  
 determination of the bulboventricular loop , 286  
 determination of the cardiac situs , 285  

 D-loop , 285  
 Kartagener syndrome , 288  
 L-looping , 285  
 looping and horizontal shift of the cardiac apex , 287  
 segmental approach , 286  
 situs solitus totalis , 288  
 types of , 286  
 X-loop , 285  

   Three-dimensional (3D) simulation and CHD.    See  3D 
modeling, virtual surgery in CHD 

   Thromboembolic complications, extracardiac 
complications 

 complications of single-ventricle palliative 
procedures , 689  

 dual-phase imaging , 689  
 Eisenmenger syndrome , 687  
 infected systemic to pulmonary shunts , 689  
 large right atrial mural thrombus , 690  
 with lower oxygen saturations , 688  
 pseudo-fi lling defects , 689  
 pseudothrombus of right pulmonary artery , 692  
 pulmonary artery calcifi cations , 688  
 risk for with lower oxygen saturations , 688  
 tricuspid atresia , 691  

   Time-resolved CE MRA 
 advantage , 64  
 k-space data contributes , 64, 65  
 lungs and pulmonary perfusion , 66  
 mask dataset , 65  
 sub-second temporal resolution , 64  
 temporal and spatial resolution , 66–67  
 vascular signal , 65  

   Tissue Doppler imaging (TDI) 
 CDMI , 122–123  
 color and spectral Doppler blood fl ow , 122  
 IVCT , 123  
 myocardium , 123  
 spatial resolution , 123  
 TDI-derived velocities , 123–124  

   Tobler, D. , 1–5, 361–370  
   TOF.    See  Tetralogy of Fallot (TOF) 
   Total anomalous of pulmonary venous return (TAPVR) , 
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   Total cavopulmonary connection (TCPC) , 278  
   TPVR.    See  Transcatheter pulmonary valve replacement 

(tPVR) 
   Transcatheter interventions and CHD 

 angioplasty and valvuloplasty , 506–507  
 atrial switch surgery , 499  
 case complexity , 499  
 preparation 

 adult congenital interventionalist , 500  
 high-risk preanesthesia clinic , 500  
 mustard procedure for transposition of great 

arteries , 500–501  
 pediatric and coronary interventionalists , 500  

 stenting   ( see  Stenting) 
 valve replacement   ( see  Transcatheter valve 

replacement) 
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 vascular occlusion   ( see  Defect and vascular 
occlusion) 

   Transcatheter pulmonary valve replacement (tPVR) , 499, 
510, 512  

   Transcatheter valve replacement 
 tPVR 

 Edwards SAPIEN valve , 511  
 expansion ratio of the stented valve , 511  
 Medtronic Melody valve , 511  
 right ventricular outfl ow tract (RVOT) , 511  

 transcatheter tricuspid valve replacement 
 dysfunctional tricuspid valve tissue prostheses , 

511  
 Edwards SAPIEN valve , 511  

   Transesophageal echocardiography (TEE) , 118, 119, 121, 
451  

   Transposition of the great arteries (TGA) 
 advantages, 4D MRI , 468  
 after arterial switch procedure , 467, 468  
 anatomically corrected malposition , 254  
 anatomic defi nitions , 225, 226  
 anterior and left lateral intrathoracic orientation , 226, 

228  
 aortic and pulmonary valve relationships , 226, 230  
 aortic insuffi ciency , 468, 469  
 arterial switch 

 operation , 465  
 procedure , 465, 466  

 atria and ventricles , 226, 227  
 ccTGA   ( see  Congenitally corrected transposition of 

the great arteries (ccTGA)) 
 commissural malalignment, aortic , 227, 230  
 complex postsurgical cardiovascular geometry , 465  
 coronary artery stenosis , 467–468  
 2D CINE SSFP imaging, ventricular function , 467  
 echocardiography , 465  
 heart morphology , 226, 229  
 helical fl ow patterns, left pulmonary artery , 468, 469  
 intra-atrial baffl e 

 boundaries , 229, 232  
 ductus arteriosus , 229, 231  
 IVC and SVC , 229, 233  
 mustard procedure , 229–230  
 pericardiectomy , 232  

 intra-atrial baffl es , 464  
 Jatene procedure , 233–234  
 Lecompte position, pulmonary , 465  
 meaning , 464  
 morphological characteristics, ventricles , 225, 227  
 patent ductus arteriosus , 227, 231  
 postsurgical , 227–228  
 postsurgical complications, arterial switch   ( see  

Arterial switch) 
 right ventricular dysfunction   ( see  Right ventricular 

dysfunction) 
 and RV function , 245  
 RVOT obstructions , 465  
 SSFP sequence , 465–467  
 stenosis , 465  

 time-resolved CE MRA , 465, 467  
 treatment , 464–465  
 VSD , 225  

   Transthoracic echocardiography (TTE) 
 apical views, ventricular septum , 117  
 atrioventricular canal defect , 118  
 caval and pulmonary venous , 114  
 depth, penetration , 118  
 Fontan patients , 114, 116  
 imaging plane and septal lie , 115, 116  
 infant and child heart disease , 113  
 short-axis view and septal motion , 116–117  
 subcostal view , 114, 115  
 suprasternal views , 118, 120, 121  
 xyphoid process , 113  

   Treatment options, Ebstein anomaly.    See  Ebstein anomaly 
   Trial septal defect closure , 499.     See also  Transcatheter 

interventions and CHD 
   Tricuspid atresia 

 ASD , 268–269  
 chambers , 267, 268  
 fast spin echo , 265, 268, 269  
 Fontan operation , 268  
 intracardiac morphology , 269  
 RA dilatation , 268  
 SSFP , 267, 268  
 VSD , 268–270  

   Tricuspid valve leafl ets.    See  Ebstein anomaly, 
embryology and morphology 

   Truncus arteriosus 
 hemitruncus , 155, 157  
 pulmonary arteries , 155  
 truncal valve , 155–156  

   TTE.    See  Transthoracic echocardiography (TTE) 
   Tulveski, I.I. , 45  

    U 
  UAVC.    See  Univentricular atrioventricular connection 

(UAVC) 
   Uemura, H. , 657  
   Uhl’s anomaly 

 arrhythmia and conduction disturbance , 408  
 cardiac transplantation , 408  
 characterization , 408  
 congestive heart failure, infancy/childhood , 408  
 differentiation, ARVC/D , 408–409  
 RV enlargement, Cine MRI , 408, 409  

   Ultrasound (US) imaging 
 Doppler echocardiography , 110–112  
 harmonic frequencies , 109–110  
 M-mode and 2-dimensional echo imaging , 109–110  
 noninvasive imaging modality , 108  
 piezoelectricity , 109  
 pulse-refl ect US method , 107–108  
 refl ection , 108  
 refraction , 108–109  
 sound waves , 108  
 transmission , 109  
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   Unbalanced common AV canal , 259  
   Univentricular atrioventricular connection (UAVC) 

 anatomic structures , 262–263  
 cardiac chamber anatomy , 263  
 characterization , 262  
 CMR assessment , 269, 270  
 crisscross , 269, 270  
 double-inlet ventricle , 268–270  
 imaging planes , 264–266  
 PA anatomy , 270  
 segmental approach , 263–264  
 septal defect , 270  
 SSFP , 267, 270  
 systemic-to-pulmonary shunts , 270–271  
 tricuspid atresia , 268–269  
 volumes and function 

 dominant ventricle , 268  
 double-inlet left ventricle , 267, 268  
 intracavitary thrombus , 266  
 lateral Fontan tunnel , 267, 268  
 morphology , 268  
 myocardium , 266  
 RA , 266  
 SSFP , 266, 267  
 systolic function , 266  
 tricuspid atresia , 267, 268  

 VSD , 270  
   Univentricular heart 

 CCT imaging , 279–282  
 CMR   ( see  Cardiac magnetic resonance (CMR)) 
 defi nition , 259  
 Fontan operation   ( see  Fontan imaging) 
 imaging and protocols 

 anatomy , 261  
 echocardiography , 261  
 pulmonary blood fl ow , 261  
 UAVC , 261, 262  

 physiology , 259  
 prevalence , 259–260  
 surgical palliation , 260–261  
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