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 Medicine in the Middle East dates back to at least 3000 BC, with ancient 
Persia being a center of learning. Thus, it is fi tting that modern Iran continues 
that tradition with this textbook,  Comprehensive Approach to Adult Congenital 
Heart Disease . Written by a group of Iranian scholars, primarily led by Anita 
Sadeghpour and Azin Alizadehasl, but with contributions from their Iranian 
colleagues as well, this book achieves in prose and videos exactly what its 
title says: a comprehensive discussion of congenital heart disease. The text 
rivals Western publications in accuracy and completeness. Beginning with 
discussions of epidemiology, embryology and fetal circulation, and normal 
and abnormal anatomy, the chapters continue through a detailed discourse of 
each congenital defect, including its clinical presentation, diagnostic workup, 
and treatment. Cardiac lesions are logically presented under headings of left 
to right shunts, cyanotic defects, valvular and vascular lesions, and a miscel-
laneous group. Between the detailed text and the many videos, readers will 
gain a thorough appreciation of congenital heart defects that now affect more 
adults than children. On a personal note, knowing the authors, I congratulate 
them in completing this text and demonstrating that medicine has the power 
to transcend divisive intrusions and unite doctors throughout the world in our 
common goal of caring for our patients.  

      IN ,  USA          Douglas     P.     Zipes  ,   MD       

   Foreword   



  



ix

 The past half century had witnessed remarkable improvement in the survival 
of patients with congenital heart disease (CHD). A recent estimate shows 
that, for the fi rst time in history, there are more adults living with CHD than 
children. That in combination with the current low surgical mortality rates 
has led to the belief that in the next decade, 1 in 150 young adults will prob-
ably have some form of CHD. Moreover, the complexity of the numerous 
lesions and the multitude of challenges that adult CHD patients face call for 
a multidisciplinary approach to care. This is indeed the essence of good adult 
CHD practice and the very focus of this training/educational book. 

 This book can serve as a forum for all cardiologists and cardiology train-
ees seeking further opportunities to immerse themselves in the fascinating 
and ever-evolving fi eld of adult CHD. This book, which presents some unique 
cases of complex lesions, whether corrected or non-corrected, endeavors to 
create a balance between the introduction of diagnostic tools such as history/
physical examination, electrocardiography, chest X-ray, echocardiography, 
computed tomography, cardiovascular magnetic resonance imaging, and 
catheterization on the one hand and the introduction of treatment choices on 
the other hand such that the reader can have the best possible guidance in the 
diagnosis and management of adult CHD. In addition, this book offers a com-
prehensive account of patients and their diagnostic and treatment modalities 
from the fi rst presentation to the latest follow-up. 

 There is no doubt, however, that this book has its own limitations and 
shortcomings, which will be hopefully addressed in the future editions, 
thanks to your invaluable support, contribution, and guidance.  

    Tehran, Iran Anita     Sadeghpour  ,   MD, FACC, FASE   
   Tehran, Iran Majid     Kyavar  ,   MD, FACC   
   Tehran, Iran Azin     Alizadehasl  ,   MD, FACC    
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catheter enters the right upper pulmonary vein before entering 
the right atrium (WMV 1,103 kb)

  Video 19.19  TEE in mid esophageal view showing direct communication 
between LSVC and LA associated with complete unroofed 
coronary sinus (WMV 224 kb)

  Video 19.20  Agitated saline contrast injection via the left anticubital vain 
in the same patient shows rapid LA opacifi cation via the per-
sistent LSVC to LA connection (WMV 560 kb)

  Video 19.21  Cardiac catheterization shows the persistent Left SVC fi lls 
unroofed CS and consequently LA and LV (AVI 5,723 kb)

  Video 20.1  The fi rst clue in the evaluation of PAPVC in the suprasternal 
view is a vessel parallel to the aortic arch with red color fl ow 
toward the innominate vein. This left vertical vein connect the 
left pulmonary veins to the innominate vein which fi nally 
drain to the SVC (WMV 1,919 kb)  

Video 20.2  The fi rst clue in the evaluation of PAPVC in the suprasternal 
view is a vessel parallel to the aortic arch with red color fl ow 
toward the innominate vein. This left vertical vein connect the 
left pulmonary veins to the innominate vein which fi nally 
drain to the SVC (WMV 556 kb)

  Video 20.3  The fi rst clue in the evaluation of PAPVC in the suprasternal 
view is a vessel parallel to the aortic arch with red color fl ow 
toward the innominate vein. This left vertical vein connect the 
left pulmonary veins to the innominate vein which fi nally 
drain to the SVC (WMV 556 kb)
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  Video 20.4  2D and color Doppler imaging study in the subcostal view show-
ing abnormal pulmonary venous drainage to the inferior vena 
cava (red color fl ow toward the IVC, opposite direction from the 
hepatic vein) suggestive for scimitar syndrome (WMV 331 kb)  

Video 20.5  2D and color Doppler imaging study in the subcostal view 
showing abnormal pulmonary venous drainage to the inferior 
vena cava (red color fl ow toward the IVC, opposite direction 
from the hepatic vein) suggestive for scimitar syndrome 
(WMV 450 kb)

  Video 20.6  2D and color Doppler imaging study in the subcostal view 
showing abnormal pulmonary venous drainage to the inferior 
vena cava (red color fl ow toward the IVC, opposite direction 
from the hepatic vein) suggestive for scimitar syndrome (AVI 
2,374 kb)

  Video 21.1  Transthoracic echocardiography in 4 chamber view showing 
enlarged right sided chambers, small left atrium, common pul-
monary venous chamber just behind the left atrium with no 
connection to the left atrium and associated ASD which is 
obligatory for TAPVC (WMV 200 kb)

  Video 21.2  Transthoracic echocardiography in 4 chamber view showing 
enlarged right sided chambers, small left atrium, common pul-
monary venous chamber just behind the left atrium with no 
connection to the left atrium and associated ASD which is 
obligatory for TAPVC (WMV 153 kb)

  Video 21.3  Transesophageal echocardiography in the long axis view 
showing the PVs confl uence connect to the vertical vein 
(WMV 778 kb)  

Video 21.4  In the selective pulmonary angiography the levophase study 
showing the anomalous pulmonary veins connection to the 
innominate vein. The contrast delineates the innominate vein 
connection to the SVC and right atrium (WMV 1,578 kb)  

Video 22.1  Transthoracic echocardiography in 4 chamber view showing 
multiple mid muscular VSD (Swiss cheese septum) associated 
with left heart enlargement (AVI 13,576 kb)  

Video 22.2  Left heart cardiac catheterization, LV injection shows subaor-
tic VSD (WMV 194 kb)

  Video 22.3  Percutaneous closure of VSD with no residual VSD after suc-
cessful percutaneous VSD closure (WMV 2,973 kb)

  Video 23.1  Complete AVSD with a common AV valve, large ostium pri-
mum type atrial septal defect’ and large inlet type inter-ven-
tricular septum defect (WMV 281 kb)

  Video 23.2  Complete AVSD with common AV valve and it’s fi ve leafl ets 
(superior bridging, left mural, inferior bridging, right mural 
and right antero-superior leafl ets) (WMV 394 kb)

  Video 23.3  Complete AVSD, Rastelli Type A, the superior bridging leafl et 
is attached to the crest of ventricular septum (MPG 790 kb)

  Video 23.4  Complete AVSD, Rastelli Type C in short axis and 4 chamber 
views, the superior bridging leafl et is attached to the papillary 
muscle on RV free wall (WMV 294 kb)
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  Video 24.1  Parasternal SAX view demonstrating 2D dropout between the 
left pulmonary artery (LPA) and descending aorta(DAO) sug-
gestive of PDA (MPG 2,708 kb)  

Video 24.2  Color Doppler fl ow imaging in parasternal short-axis view 
showing high velocity continuous turbulent fl ow entering to 
the pulmonary artery (PA) near the LPA origine. (MPG 2,770 
kb)

  Video 24.3  Suprasternal long axis view showing a large PDA between the 
LPA origin and proximal DAO (MPG 1,998 kb)

  Video 24.4  Large PDA in transesophageal echocardiography study (MPG 
1,750 kb)

  Video 24.5  The same patient with large PDA which is confi rmed by con-
tinuous turbulent fl ow in transesophageal echocardiography 
study (MPG 3,368 kb)

  Video 24.6  Suprasternal long axis view CFI study showing a large PDA 
between the LPA origin and proximal DAO (MPG 1,280 kb)  

Video 24.7  Right sided contrast injection (agitated saline injection ) in the 
antecubital vein showing the bubble transmission from pulmo-
nary artery to the descending aorta (DAO) in a patient with 
PDA and high pulmonary vascular resistance (MPG 1,440 kb)  

Video 24.8  Catheter passes from inferior vena cava (IVC) through right 
atrium (RA) and right ventricle (RV) into pulmonary trunk 
enters descending thoracic aorta via patent ductus arteriosus 
(PDA) (MPG 1,808 kb)

  Video 24.9  Arterial course and injection in the aortic arch at lateral view 
shows PDA (WMV 516 kb)

  Video 25.1  Transthoracic echocardiography in parasternal long axis and 
apical off axis view showing a large VSD, overriding truncul 
artery and the main pulmonary artery which arises from the 
posterolateral aspect of the truncus (all together are suggestive 
of Truncus Arteriosus type I) (MPG 930 kb)

  Video 25.2  Transthoracic echocardiography in parasternal long axis and 
apical off axis view showing a large VSD, overriding truncul 
artery and the main pulmonary artery which arises from the 
posterolateral aspect of the truncus (all together are suggestive 
of Truncus Arteriosus type I) (MPG 1,112 kb)

  Video 25.3  Transthoracic echocardiography in suprasternal view showing 
the trancul artery and the origine of the pulmonary artery and 
aortic arch that both arise from a single great artery (MPG 
4,300 kb)  

Video 25.4  Left ventriculography in LAO view shows large sub aortic 
VSD associated with origination of main PA from the aorta 
close the left coronary artery origin. (WMV 725 kb)

  Video 25.5  Injection at lateral view in anterior hypertrophied RV shows: 
No opacifi cation of RVOT and no pulmonary artery origina-
tion from RV, also there is large sub aortic VSD and origina-
tion of pulmonary artery from aorta. (WMV 1,231 kb)

  Video 26.1  Apical four chamber view in a typical Ebstein anomaly 
 showing increased apical displacement of septal TV leafl et 
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compared to the mitral leafl et insertion and tethered anterior 
TV leafl et. (MPG 732 kb)  

Video 26.2  Apical four chamber view and RV infl ow 2D study showing 
signifi cant apical displacement of both septal and posterior TV 
leafl et and normal attachment of anterior TV leafl et (AVI 
4,512 kb)

  Video 26.3  RV injection showing huge cardiomegaly, trilobe sign (RA, 
Arterialized RV and functional RV) and severe TR suggestive 
of Ebstein anomaly (WMV 1,028 kb)

  Video 27.1  Transthoracic echocardiography in four chamber view show-
ing tricuspid atresia (TA) as a fi bromuscular tissue in place of 
TV, associated with hypoplastic right ventricle (RV) (WMV 
193 kb)  

Video 27.2  Large defect in the interatrial septum (large ASD) which is an 
obligatory right to left shunt (WMV 185 kb)  

Video 27.3  Color fl ow imaging of the same patient showing a large ASD 
and small VSD (WMV 325 kb)

  Video 27.4  Tricuspid Atresia: Injection via arterial line in LV shows rudi-
mentary RV with coincident opacifi cation of aorta and pulmo-
nary artery suggestive for tricuspid atresia and VSD (WMV 
888 kb)

  Video 27.5  Tricuspid Atresia: Injection via arterial line in LV shows rudi-
mentary RV with coincident opacifi cation of aorta and pulmo-
nary artery suggestive for tricuspid atresia and VSD (WMV 
956 kb)

  Video 28.1  Transthoracic echocardiography in parasternal long axis view 
showing Overriding aorta on the crest of the ventricular sep-
tum and associated VSD (MPG 1,366 kb)  

Video 28.2  Typical parasternal short axis view in TOF patient showing 
anterocephal deviation of outlet septum with narrow RVOT 
and large sub aortic VSD (MPG 882 kb)  

Video 28.3  Color fl ow imaging of the same patient showing large nonre-
strictive VSD with bidirectional shun (MPG 914 kb)

  Video 28.4  Injection via venous catheter in severely hypertrophied RV 
showing coincident opacifi cation of aorta and pulmonary 
artery (due to VSD) and overrided aorta. Also there is infi nd-
ibular, valvular and supra valvular PS (WMV 916 kb)  

Video 28.5  Typical patient with history of repaired TOF now presenting 
with severe pulmonary regurgitation associated with aneurys-
mal RVOT and severe RV enlargement (AVI 2,771 kb)

  Video 29.1  Both great arteries arise from the RV (DORV) (AVI 6,562 kb)
  Video 29.2  Mitral-aortic discontinuity due to subarterial conus (conus in 

3D imaging is a circular tube of muscle (MPG 1,518 kb)
  Video 29.3  VSD which is found in most cases of DORV in a patient with 

D-loop ventricle Sub pulmonic VSD in DORV are suggestive 
of Taussig Bing anomaly (MPG 1,604 kb)  

Video 29.4  VSD which is found in most cases of DORV in a patient with 
D-loop ventricle Sub pulmonic VSD in DORV are suggestive 
of Taussig Bing anomaly (AVI 6,399 kb)  
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Video 30.1  Transthoracic echocardiography in 4 chamber view showing 
main ventricle with LV morphology (DILV), receiving two 
separate atrioventricular valves (WMV 356 kb)

  Video 30.2 Transthoracic echocardiography in parasternal long axis 
view showing DILV and transposition of great arteries (WMV 
325 kb)  

Video 30.3  Trans esophageal echocardiography in transgasteric short axis 
and long axis view showing main ventricle with LV morphol-
ogy (DILV) and Aorta arises from the rudimentary anterior 
chamber (MPG 1,200 kb)  

Video 30.4  Trans esophageal echocardiography in transgasteric short axis 
and long axis view showing main ventricle with LV morphol-
ogy (DILV) and Aorta arises from the rudimentary anterior 
chamber (MPG 1,258 kb)

  Video 30.5  Trans esophageal echocardiography in long axis view demon-
strating transposition of great arteries and severe pulmonary 
stenosis (MPG 1,108 kb)

  Video 32.1  Abdominal situs solitus (Aorta at the left and IVC at the right 
of the vertebra) in subcostal 2D echocardiography study as a 
part of segmental sequential approach (MPG 550 kb)

  Video 32.2  Transthoracic echocardiography in 4 apical chamber view 
showing atrial situs solitus, L-loop ventricle and atrioventricu-
lar discordance (MPG 686 kb)  

Video 32.3  Transthoracic echocardiography in 4 apical chamber view 
showing atrial situs solitus, L-loop ventricle and atrioventricu-
lar discordance (MPG 894 kb)  

Video 32.4  L-loop ventricle in short axis view (MPG 890 kb) 
 Video 32.5  Parallel great arteries in off axis view associated with ventricu-

loarterial connection (WMV 328 kb)  
Video 32.6  CCTGA, VSD, and PS: Vertical laying the intra ventricular 

septum, presence of VSD and PS and also laying the aorta in 
anterior position in lateral injection. In addition aorta is located 
on morphological trabeculated RV (WMV 1,310 kb)

  Video 32.7  CCTGA, VSD, and PS: Vertical laying the intra ventricular 
septum, presence of VSD and PS and also laying the aorta in 
anterior position in lateral injection. In addition aorta is located 
on morphological trabeculated RVE (WMV 1,610 kb)  

Video 33.1  Parasternal long axis view showing anterior located right ven-
tricle (RV) associated with transposed great arteries and ante-
rior located aorta (AO) (MPG 1,388 kb)

  Video 33.2  Parasternal long axis view showing anterior located right ven-
tricle (RV) associated with transposed great arteries and ante-
rior located aorta (AO) (MPG 1,896 kb)

  Video 33.3  Parasternal short axis view demonstrating dilated aorta (AO), 
hypoplastic pulmonary artery and anterior located AO associ-
ated with ASD (MPG 1,224 kb)

  Video 33.4  Apical 4 chamber view showing D-Loop ventricle associated 
with a large VSD (MPG 1,556 kb)

  Video 33.5  CMR reliably demonstrates the ventricular and arterial loop-
ing besides the ventricular size and function (AVI 3,887 kb)
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  Video 33.6  Transthoracic echocardiography in 4 chamber view showing 
pulmonary venous chamber drains to the morphologic RV and 
systemic venous chamber o the left ventricle with no obstruc-
tion in 2D study (WMV 1,006 kb)

  Video 33.7  Transthoracic echocardiography in 4 chamber view showing 
pulmonary venous chamber drains to the morphologic RV and 
systemic venous chamber o the left ventricle with no obstruc-
tion in 2D study (WMV 738 kb)  

Video 33.8  Patent systemic venous chamber with no leakage as demon-
strated in right hand contrast injection (WMV 308 kb)

  Video 33.9  Patent systemic venous chamber with no obstruction in 
SVC anastomosis. SVC anastomosis is patent if contrast 
injected into a peripheral arm vein promptly enters the SVA, In 
obstruction at the SVC, azygous or other collaterals to IVC 
will cause contrast to fi rst enter the IVC and then to SVA 
(WMV 1,425 kb)

  Video 34.1  Transesophageal echocardiography showing circular structure 
which is cross section of the lateral tunnel with signifi cant 
stagnant fl ow through it (WMV 96 kb)  

Video 34.2  Transesophageal echocardiography reveals patent SVC and 
IVC anastomosis an the whole Fontan circuit (MPG 2,612 kb)  

Video 34.3  Transesophageal echocardiography reveals patent SVC and 
IVC anastomosis an the whole Fontan circuit (MPG 784 kb)  

Video 34.4  Transesophageal echocardiography reveals patent SVC and 
IVC anastomosis an the whole Fontan circuit (MPG 2,428 kb)  

Video 34.5  CMR in a patient with lateral tunnel denotes signifi cant stasis 
with no thrombosis (WMV 247 kb)  

Video 35.1  Oval shape opening of the Bicuspid Aortic valve (BAV) in 
parasternal short-axis view, note the evaluation was done in 
systole (AVI 3,618 kb)  

Video 35.2  Transesophageal echocardiography showing thickened and 
calcifi ed BAV in short axis view (WMV 628 kb)  

Video 35.3  The catheter course is arterial; injection was performed in aor-
tic root and showed doming of AV cusps due to bicuspid aortic 
valve (WMV 422 kb)

  Video 35.4  Quadricuspid aortic valve in short axis and long axis trans-
esophageal echocardiography associated with signifi cant aor-
tic regurgitation (WMV 544 kb)  

Video 35.5  Quadricuspid aortic valve in short axis and long axis trans-
esophageal echocardiography associated with signifi cant aor-
tic regurgitation (WMV 333 kb)  

Video 36.1  Parasternal long-axis view showing a discrete fi brous ring 
encircling the left ventricular (LV) outfl ow tract with exten-
sion to the anterior MV leafl et (white arrows) (MPG 3,592 kb)

  Video 36.2  2D and color Doppler study in apical 5 chamber view demon-
strating the discrete subaortic membrane resulting turbulent 
fl ow in LVOT, Color fl ow Doppler study is helpful for identi-
fying the level of stenosis. In the subaortic stenois turbulent 
fl ow originate from the LVOT rather than either the AV annu-
lus or above the AV (MPG 3,662 kb)
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  Video 36.3  2D and color Doppler study in apical 5 chamber view demon-
strating the discrete subaortic membrane resulting turbulent 
fl ow in LVOT, Color fl ow Doppler study is helpful for identi-
fying the level of stenosis. In the subaortic stenois turbulent 
fl ow originate from the LVOT rather than either the AV annu-
lus or above the AV (MPG 3,314 kb)

  Video 36.4  Transesophageal echocardiography in long-axis view demon-
strating fi bromuscular ridge encircling the left ventricular 
(LV) outfl ow tract (white arrow) with extension to the anterior 
MV leafl et and aortic valve (MPG 1,436 kb)

  Video 36.5  Typical LVOT narrowing in subaortic stenosis in left ventricu-
lography (WMV 1,426 kb)  

Video 37.1  Color fl ow Doppler study is helpful for identifying the level of 
the stenosis. In the supra aortic stenois turbulent fl ow originate 
above the AV (MPG 2,576 kb)  

Video 37.2  Transthoracic 2D and color Doppler study in apical 5 chamber 
view showing a discrete membrane above the Aortic valve 
(AV) that turbulent fl ow begins above the AV (MPG 2,674 kb)

  Video 37.3  Transthoracic 2D and color Doppler study in apical 5 chamber 
view showing a discrete membrane above the Aortic valve 
(AV) that turbulent fl ow begins above the AV (MPG 2,674 kb)  

Video 38.1  Transthoracic echocardiography in suprasternal view showing 
the site of the CoA (AVI 9,529 kb)

  Video 38.2  Transesophageal echocardiography showing the CoA site in 
proximal of descending thoracic Aorta with a systolic turbu-
lent fl ow in color Doppler study (WMV 297 kb)

  Video 38.3  Transesophageal echocardiography showing the CoA site in 
proximal of descending thoracic Aorta with a systolic turbu-
lent fl ow in color Doppler study (AVI 2,496 kb)

  Video 39.1  Transthoracic echocardiography in short axis view showing 
aneurysmal dilation of right sinus of Valsalva with protrusion 
to the RVOT (AVI 4,942 kb)  

Video 39.2  Transesophageal echocardiography in short axis view revealed 
a “windsock” dilatation of the right sinus of Valsalva which is 
ruptured to the RA and color fl ow imaging showing continu-
ous systolic-diastolic fl ow (MPG 2,606 kb)

  Video 39.3  Transesophageal echocardiography in short axis view revealed 
a “windsock” dilatation of the right sinus of Valsalva which is 
ruptured to the RA and color fl ow imaging showing continu-
ous systolic-diastolic fl ow (MPG 2,308 kb)

  Video 39.4  Transesophageal echocardiography in long axis view revealed 
a “windsock” dilatation of the right sinus of Valsalva which 
is ruptured to the RVOT (white arrow) and associated VSD 
(yellow arrow) and color fl ow imaging showing continuous 
turbulent systolic-diastolic fl ow drains to the RVOT (AVI 
2,145 kb)
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  Video 39.5  Transesophageal echocardiography in long axis view revealed 
a “windsock” dilatation of the right sinus of Valsalva which is 
ruptured to the RVOT (white arrow) and associated VSD 
(yellow arrow) and color fl ow imaging showing continuous 
turbulent systolic-diastolic fl ow drains to the RVOT (AVI 
3,903 kb)

  Video 39.6  Aortic root injection revealed rupture sinus of Valsalva to the 
right ventricle (MPG 3,650 kb)

  Video 40.1  Transthoracic echocardiography in short axis view showing 
divided mitralorifi ce into two components (DOMV) (AVI 
9,086 kb)

  Video 41.1  Isolated mitral valve cleft as 2D defect in anterior mitral leafl et 
in four chamber transesophageal echocardiography (MPG 
3,316 kb)  

Video 41.2  The same patient with isolated mitral valve cleft as 2D defect 
in anterior mitral leafl et and color fl ow imaging confi rm the 
diagnosis and associated mitral regurgitation (AVI 6,344 kb)

  Video 42.1  2D echocardiography imaging of dome shaped and stenotic 
pulmonary valve in both transthoracic and transesophageal 
echocardiography (MPG 1,260 kb)

  Video 42.2  2D echocardiography imaging of dome shaped and stenotic 
pulmonary valve in both transthoracic and transesophageal 
echocardiography (AVI 4,265 kb)

  Video 42.3  2D echocardiography imaging of dome shaped and stenotic 
pulmonary valve in transesophageal echocardiography arch 
view image study (AVI 4,004 kb)

  Video 42.4  2D echocardiography imaging of dome shaped and stenotic 
pulmonary valve in transesophageal echocardiography arch 
view image study (AVI 2,923 kb)  

Video 42.5  Injection was done by venous catheter at later view and in the 
hypertrophied RV that showing doming in PV leafl ets and post 
stenotic dilation (WMV 656 kb)  

Video 42.6  Percutaneous valvuplasty was done and balloon perforation 
was occurred as a rare complication (WMV 922 kb)

  Video 44.1  Left PA origin stenosis detected in 2D echocardiography 
(WMV 375 kb)

  Video 44.2  The same patient with left PA origin stenosis by CFI study 
(WMV 391 kb)

  Video 45.1  Transthoracic echocardiography in 4 chamber shows an anom-
alous hypertrophied muscle bundle in mid portion of right 
ventricle (AVI 3,012 kb)

  Video 45.2  Transthoracic echocardiography short axis view showing anom-
alous hypertrophied muscle bundle in mid portion of right ven-
tricle suggestive of double-chamber RV (MPG 810 kb)  

Video 45.3  Transthoracic echocardiography short axis view showing anom-
alous hypertrophied muscle bundle in mid portion of right ven-
tricle suggestive of double-chamber RV (MPG 1,020 kb)  
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Video 45.4  Transesophageal echocardiography reveals anomalous hyper-
trophied muscle bundle in mid portion of right ventricle 
 suggestive of double-chamber RV with turbulent fl ow (MPG 
1,450 kb)

  Video 45.5  Transesophageal echocardiography reveals anomalous hyper-
trophied muscle bundle in mid portion of right ventricle sug-
gestive of double-chamber RV with turbulent fl ow (MPG 
1,272 kb)

  Video 45.6  Typicall perimembranous VSD which is found in more than 
75 % of patients with DCRV (AVI 2,293 kb)  

Video 45.7  Injection at lateral view in RV shows RV muscle band at mid 
portion. Also contrast passage from LV to RV in recirculation 
is seen via VSD (WMV 1,038 kb)

  Video 46.1  Parasternal long axis view showing a highly mobile redundant 
tissue attached to the mitral valve (MV) suggestive of acces-
sory tissue mitral valve (ATMV) (WMV 606 kb)

  Video 46.2  Large redundant accessory tissue mitral valve (ATMV) may 
appear as a cystic mass in transesophageal echocardiography 
(WMV 419 kb)  

Video 46.3  Accessory tissue mitral valve (ATMV) in long axis view of 
transesophageal echocardiography (WMV 438 kb)  

Video 47.1  Transthoracic echocardiography in 4 chamber view showing 
that all of the TV chordae tendinea attach to a single papillary 
muscle (MPG 954 kb)

  Video 47.2  Trans esophageal echocardiography in RV infl ow- out fl ow 
imaging of the same patient reveal, all of the TV chordae 
tendinea attach to a single dominant papillary muscle (MPG 
678 kb)  

Video 49.1  Huge left main coronary artery in transthoracic echocardiog-
raphy short axis view (MPG 1,024 kb)  

Video 49.2  Off axis transthoracic echocardiography showing coronary 
artery fi stulae with aneurysmal formation and continuous turbu-
lent fl ow which drains to the right ventricle (RV) (AVI 2,547 kb)  

Video 49.3  Off axis transthoracic echocardiography showing coronary 
artery fi stulae with aneurysmal formation and continuous tur-
bulent fl ow which drains to the right ventricle (RV) (MPG 
1,864 kb)  

Video 49.4  Off axis transthoracic echocardiography showing coronary 
artery fi stulae with aneurysmal formation and continuous tur-
bulent fl ow which drains to the right ventricle (RV) (MPG 
2,682 kb)

  Video 49.5  Left coronary angiography showing aneurysmal dilatation of 
left main and left anterior descending coronary artery with fi s-
tulization to the right ventricle (WMV 803 kb)  

Video 50.1  Transthoracic echocardiography in parasternal and 4 chamber 
view showing cortriatriatum with a small opening and signifi -
cant smoky pattern (WMV 146 kb)
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  Video 50.2  Transthoracic echocardiography in parasternal and 4 chamber 
view showing cortriatriatum with a small opening and signifi -
cant smoky pattern (WMV 138 kb)  

Video 50.3  Transesophageal echocardiography in 4 chamber view show-
ing cortriatriatum with a small opening and signifi cant smoky 
pattern (WMV 114 kb)

  Video 50.4  Transesophageal echocardiography in 4 chamber view show-
ing cortriatriatum with a small opening and signifi cant smoky 
pattern (WMV 161 kb)  

Video 51.1  Right hand agitated saline contrast study can differentiate PFO 
(left image) from PAVMs (right image) by the site and time of 
the bubble appearance in the left atrium (MPG 1,666 kb)

  Video 51.2  Right hand agitated saline contrast study can differentiate PFO 
(left image) from PAVMs (right image) by the site and time of 
the bubble appearance in the left atrium (WMV 607 kb)

  Video 52.1  Transthoracic echocardiography in short axis view showing 
“T” artifact at the edges of the defect suggestive for 
Aortopulmonary septal defect (WMV 316 kb)  

Video 52.2  Aortopulmonary septal defect in transthoracic echocardiogra-
phy in suprasternal (WMV 438 kb)  

Video 52.3  Aortopulmonary septal defect in transesophageal echocardi-
ography (MPG 784 kb)  

Video 52.4  Aortopulmonary septal defect in transesophageal echocardi-
ography (MPG 666 kb)  

Video 52.5  Aortopulmonary septal defect in cardiac catheterization 
(WMV 335 kb)  

Video 53.1  Criss cross heart in transthoracic echocardiography 4 chamber 
view (MPG 4,856 kb)

  Video 53.2  Ventricles are placed in a superoinferior position as right ven-
tricle (RV) superiorly and the left ventricle (LV) inferiorly 
placed (MPG 978 kb)

  Video 53.3  Criss cross heart in transesophageal echocardiography associ-
ated with ventricular superoinferior position (MPG 4,688 kb)

  Video 54.1  PFO in transesophageal echocardiography by 2D study in the 
middle area of the inter-atrial septum (MPG 4,856 kb)

  Video 54.2  PFO in transesophageal echocardiography by color fl ow imag-
ing (MPG 978 kb)

  Video 54.3  Agitated-saline injection into an ante-cubital vein showing 
many bubble passage from interatrial septum within three car-
diac cycles of their appearance in the RA suggestive of PFO 
(MPG 4,688 kb) 
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   Part I 

   Basic Principles and Practical Issues 
in Recognition and Evaluation 

of Congenital Heart Disease        



3A. Sadeghpour et al. (eds.), Comprehensive Approach to Adult Congenital Heart Disease,
DOI 10.1007/978-1-4471-6383-1_1, © Springer-Verlag London 2014

        Epidemiology and Defi nition 
of Adult Congenital Heart Disease 

  Congenital heart malformations are the most com-
mon cluster of birth defects  [ 1 ] . Congenital car-
diovascular disease (CHD) is defi ned as an 
anomaly in the cardiocirculatory structures or 
function that is present at birth time, even if it is 
diagnosed much later . The exact incidence of con-
genital heart malformations is diffi cult to defi ne 
precisely, partly because of diffi culties in defi ni-
tion.  Birth prevalence of CHD is overall presumed 
to be about 0.8 %, although this does not take into 
consideration local differences and the two most 

common cardiac abnormalities: the congenital, 
functionally bicuspid aortic valve and the prolapse 
of the mitral valve. There is a variation in the inci-
dence of CHD between 1.2 and 17 per 1,000  [ 2 ,  3 ] .  

  In the United States, now, there are more 
patients over 20 years old with CHD than under 
that age . The number of patients is rising to a rate 
of 5 % per year, with 1–1.3 million people in the 
United States. Extraordinary improvement in the 
survival rate of patients with adult congenital heart 
disease (ACHD) has happened during the past half 
century. Survival to adulthood is better because of 
improved fetal diagnoses, advances in neonatal and 
childhood intensive care, improved surgical tech-
niques, early complete surgical repair, and lower 
perioperative morbidity and mortality rate [ 2 ,  4 – 6 ]. 
Developments in diagnostic, interventional, and 
critical care services have resulted in the survival 
rate of about 90 % of these children to adulthood. 
 In fact, it is now predictable that for the fi rst time 
in history, there are more adults living with CHD 
than children. Given new surgical mortality rate 
of less than 5 %, one would suppose that in the 
next decade, nearly 1 in 150 young adults will have 
some degree of CHD. In particular, there are a 
considerable number of young adults with single- 
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ventricle physiology, systemic right ventricles, and 
complex intracardiac baffl es who are now entering 
adult life cycle and starting families  [ 6 – 8 ] .  

 Marelli et al. [ 9 ] showed the prevalence of CHD 
increased for children and adults from 1985 to 2000 
and also revealed a shift in the patients living with 
CHD to those older than 18 years of age. In 2000, 
there were approximately equal numbers of adults 
and children with severe CHD . The median age of 
all patients with severe CHD was 11 years in 1985, 
but 17 years in 2000. However, the prevalence of 
signifi cant CHD in adults increased by 85 %. In 
this research, at all ages, the most common malfor-
mations were conotruncal anomalies and atrioven-
tricular canal defects (AVCD) for severe CHD and 
atrial septal defect (ASD) and ventricular septal 
defect (VSD) for other CHD. The authors revealed 
that ASD was the most common congenital disease 
in adults . Consistent with what has been available 
in children, conotruncal anomalies, containing 
tetralogy of Fallot (TOF), were the most common 
signifi cant congenital lesions in adults. 

 Altogether, the most common anomalies seen 
in patients with adult CHD are ASD, coarctation 
of the aorta, pulmonary stenosis, aortic stenosis, 
Ebstein’s anomaly, TOF, and corrected transposi-
tion, and other common defects in adults are 
double-outlet RV, postoperative atrioventricular 
canal, subaortic stenosis, abnormal mitral valve, 
primum ASD, and single ventricle [ 4 ,  10 ,  11 ]. 

 So, given a prevalence of 0.3 % in CHD within a 
world population of about 4.4 billion adults, a total 
number of 13 million adult CHD survivors globally 
can be estimated. These patients are being followed 
up in more than 15,000 hospitals and medical clin-
ics around the globe. Nevertheless, a large number 
of them, equal to 30–60 %, are lost to follow-up and 
only a small percentage of ACHD patients appear 
to be receiving specialized care [ 5 ,  11 ]. 

 Variations in mortality between industrialized 
countries and the Third World are signifi cant and 
interesting (3 % vs. 20 %).  Overall mortality rate 
of CHD decreased by 40 % between 1979 and 
1997. However, the annual hospitalization rate of 
adults with CHD has more than doubled in the 
United States between 1998 and 2005. Also  during 
this period of time, hospitalization for adults with 
complex CHD increased up to 60 %  [ 12 ]. In one 

report, there were over 84,000 adult CHD hospital 
admissions in the United States during 2007 [ 13 ]. 
Seventeen thousand (20 %) patients were admitted 
with heart failure.  Fifty-four percent were women. 
The most common abnormalities noted were ASD, 
VSD, and aortic valve abnormalities. The mean 
interval of hospital stay among these patients was 
7.6 days . The patients admitted with heart failure 
had three times the risk of death, compared with 
the adult CHD patients admitted during the same 
time period without heart failure. Other comor-
bidities were common and contained arrhythmias, 
pulmonary artery hypertension, and renal failure. 

 Unfortunately, all countries in the world are 
not training enough physicians to deal with car-
ing for patients with adult CHD [ 13 – 15 ]. In addi-
tion, we have a major problem with patients’ shift 
from infancy to adult care and with the setting in 
which to do it. In a total population of 360 ACHD 
patients over the age of 19 in a Canadian study 
[ 14 ], 47 % of the patients were transferred suc-
cessfully to adult care. 

  Sex differences in the incidence of CHD at 
birth time are very well recognized. ASD, mitral 
valve prolapse, Ebstein’s anomaly, patent ductus 
arteriosus, and common atrium show a strong 
female dominance, while aortic valve stenosis, 
aortic coarctation, transposition of the great 
arteries, pulmonary and tricuspid atresia, and 
TOF occur more frequently in males  [ 3 ,  15 ,  16 ] .  

 The medical management of adults with CHD 
will continue to be a challenge because the numbers 
of the variety of these patients increase on a yearly 
basis, while the expertise and personnel remain lim-
ited and focused upon a very few specialized cen-
ters [ 2 ,  4 ,  10 ]. More higher risk of some major 
cardiac complications in males with CHD may 
explain the increased in mortality rate in men. 
Regional and local differences in quality of life 
between CHD patients have been described, and 
methodological variances may play a signifi cant 
role and also sociocultural differences warrant more 
attention. Socioeconomic consequences in CHD 
patients such as lower education, more joblessness, 
and fewer  connections might have a  different impact 
on quality of life in different countries and cultures 
[ 4 ,  17 – 20 ]. While race and culture are often diffi cult 
to differentiate from socioeconomic and other 
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 lifestyle issues, genetic factors certainly may play a 
role in the ethnic and racial differences of CHD.  In 
Asia, interestingly, relatively more right-sided and 
less left-sided lesions have been informed in previ-
ous studies  [ 2 ,  20 – 23 ]. In a large European investi-
gation of over 4,000 ACHD patients from 24 
countries, it was revealed that men are more likely 
to die from CHD than women [ 16 ]. Regarding the 
type of lesion and age, it was found that the accu-
mulative mortality rate within 5 years was greater in 
the man (4 %) than in the woman (3 %) population. 
However, meaningfully more men in this cohort 
study were smokers (90.8 % vs. 81.5 % women), 
which was shown to be a risk factor for higher mor-
tality rate [ 16 ,  17 ]. 

 A difference in the seasonal mortality of CHD 
patients was detected in a study of 231 deaths among 
8,595 CHD patients, though without achieving sta-
tistical signifi cance [ 11 ]. A tendency was seen with 
the highest cardiac mortality in fall (32.7 % vs. 
22.3 %, 23.2 %, and 21.8 % in winter, spring, and 
summer, respectively). Per season, the modes of 
death were equally disseminated [ 18 ]. This seasonal 
difference in mortality can be described by climatic 
factors, psychosocial factors, behavior changes, or 
concomitant infections. In the two reported studies 
by Zomer et al. [ 18 ,  22 ], over 25 % of cardiac mor-
tality rate was preceded by infection. 

 Geographical and regional differences in CHD 
incidence and prevalence can be described by 
variations in socioeconomic status, education, 
urbanism, climatic issues, ethnicity, and patient- 
related factors like comorbidities, culture, 
 lifestyle, and healthcare activities [ 20 – 24 ].  

    Classifi cation of Adult Congenital 
Heart Disease 

  Based on the need for the delivery of appropriate 
healthcare and pattern of visit, ACHD patients 
have been categorized as simple  (Table  1.1 ) , mod-
erate  (Table  1.2 ) , and great complexity  (Table  1.3 ) . 
Adult patients with simple CHD can frequently be 
attended to in the general medical community. 
Adults with CHD of moderate complexity must be 
seen regularly at adult CHD centers, and those 
with high-grade complexity should be seen 

 periodically at local ACHD centers  [ 6 – 8 ] . A study 
of general adult cardiologists in a recent study by 
Fernandes et al . [ 5 ].  revealed that only a small 
percentage of ACHD patients appear to be receiving 
specifi c care in accordance with the American 
College of Cardiology (ACC) Guidelines for the 
Management of ACHD (2008).  The study con-
fi rmed that the overwhelming majority of general 

   Table 1.1    Adult patients with 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 

  Modifi ed from Warnes et al. [ 6 ] 
  * These patients can usually be cared for in the general 
medical community  

   Table 1.2    Adults with congenital heart disease of mod-
erate complexity   

 Conduits, valved or nonvalved *  
 Cyanotic congenital heart (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/hemitruncus arteriosus 
 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. [ 6 ] 
  * These patients should be seen regularly at adult congeni-
tal heart disease centers  
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adult cardiologists (95 %) provided care to patients 
with adult CHD, with approximately half report-
ing caring for at least one patient with complex 
CHD.  Almost all the respondents (99.0 %) stated 
the desire for further information regarding the 
care of adults with CHD.  The most desired and 
anticipated means for receiving this information 
were continuing medical education programs 
(56.1 %) and Web- based resources (54.6 %).
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  2      Embryology 

           Azin     Alizadehasl       and     Maryam     Moradian     

     Most congenital heart defects lead to abnormal 
cardiac development, yet there is surprisingly 
little known about the central processes that 
occur in the heart. During the fi rst 20 days of 
growth, the human embryo has no any obvious 
cardiovascular structure. In the second month, 
the heart structure and great vessels fi nished their 
growth process. This wonderful developmental 
course transforms isolated angiogenic cell islands 
into a 4-chambered apparatus. Throughout this 
transformation, the single heart tube begins to 
beat at the 23rd day of development, and by 30 
days blood circulates in all parts of the embryo. 

 The cardiovascular system comprises the heart 
and vessels. The embryonic development of any 
organ, including the heart, is controlled by com-
plex processes: cell growth, migration, death, 
differentiation, and adhesion. The  precursors of 

the cardiovascular system are angiogenic cell 
clusters. Initially, these clusters shape twin tubu-
lar structures, which by 22 days of development 
attach in the midline on the ventral side of the 
embryo to shape up a single, slightly bent heart 
tube. Before cardiac looping, segments of the heart 
can be identifi ed, including the sinus venosus and 
also the atrium (left and right atria), the primitive 
ventricle (left ventricle), the bulbus cordis (right 
ventricle), and the truncus arteriosus (aorta and 
pulmonary arteries). At around 22 days, the heart 
tube initiates to fold ventrally and turn toward 
the right side, whereas the caudal atrial portion 
begins to bend in a posterosuperior direction 
(looping). Looping brings the future left ventricle 
leftward and the future right ventricle rightward. 
In order to separate the systemic and pulmonary 
circulations, the original single- chamber heart 
begins to be partitioned. The development of 
endocardial cushions at both atrioventricular and 
also conotruncal junctions starts at 26 days and 
leads to the septation of the heart. The superior 
and inferior cushions joined each other by the 
5th week, resulting in a right (tricuspid) and left 
(mitral) atrioventricular  orifi ce. The appearance 
of septum of the atria  initiates at 30 days with the 
downward growth of the septum primum, which 
leaves an open ostium primum. However, the 
ostium primum is  subsequently obliterated due 
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to the fusion of the septum primum along with 
the endocardial cushions. Meanwhile, the ostium 
secundum shapes up within the septum primum. 
At the end of the process, the septum secundum 
grows downward and lies at the right side of the 
septum primum, but an interatrial opening (i.e., 
the foramen ovale) remains until birth. The inter-
ventricular septum formation is the result of the 
dilation of two primitive ventricles (right and 
left conus swellings) with the opposition of the 
medial walls. At the distal portion of the cardiac 
tube, the bulbus cordis divides into subaortic and 
subpulmonary muscular conuses; the subpulmo-
nary conus lengthens and the subaortic conus 
resorbs, allowing the aorta to transfer posteriorly 
and to attach to the left ventricle [ 1 – 4 ]. 

 In 1942, Kramer theorized that there are three 
embryological areas: the conus, the truncus, and 
fi nally the pulmonary arterial sections. Every 
segment grows the two opposing edges of the 
endocardial tissue; the opposite pairs of the 
edges and those shapes up various segments 
encounter to make a septum separating the two 
outfl ow tracts and the aortopulmonary trunks [ 5 ]. 
The aortopulmonary septum is created by the 
rims separating the 4th (upcoming aortic arch) 
and the 6th (upcoming pulmonary arteries) aortic 
arches. Then, the truncus ridges are fashioned in 
the area where the semilunar (future aortic and 
pulmonic) valves are intended to be shaped, 
thereby forging the septum in the middle of the 
ascending aortic trunk and the main pulmonary 
artery [ 5 ]. 

    Atria 

 The atria of the developed heart can originate 
from more than one source. The appendages of 
the left and right atria (trabeculated portions) are 
shape up by the primitive atria, while the smooth 
posterior parts of the right and left atria are cre-
ated by the union of the venous vessels. The pos-
terior side of the left atrium is made by a 
combination of the pulmonary veins; on the other 

hand, the posterior smooth part of the right atrium 
originated from the sinus venosus. Then, the 
embryonic sinuatrium is separated into the left 
and right atria by developing downward from the 
roof of the septum primum toward the atrioven-
tricular canal, fusing with the cushions. Numerous 
perforations develop in the anterosuperior part of 
the septum primum. Thereafter, there is a supe-
rior enfolding of the roof of the atria, which has 
traditionally been called the septum secundum. 
The remnant of the septum primum makes the 
fossa ovalis. 

 The union of the endocardial cushions anteri-
orly and posteriorly splits the atrioventricular 
canal into tricuspid and mitral inlets. The inferior 
part of the atrial septum and superior part of the 
ventricular septum and portions of the septal leaf-
let of the tricuspid valve and also the anterior 
leafl et of the mitral valve are formed by the endo-
cardial cushions. The posterior leafl et of the 
mitral valve predominantly develops from a 
piece of the atrioventricular myocardium that 
protrudes into the lumen of the ventricle. The 
integrity of the intra-atrial septum depends on the 
growth of the septum primum and the superior 
enfolding and appropriate combination of the 
endocardial cushions. Atrial septal defects are 
the result of defi cits in the development of this 
course [ 1 ,  3 ,  7 ].  

    Ventricles 

 The division of the ventricles occurs as the 
cephalic development of the main ventricular 
septum results in its union with the endocardial 
cushions and the infundibular or conus septum. 
There are two mechanisms for intraventricular 
septal defects. These defects may occur due to a 
defi ciency in septal substance, malalignment in 
the components of the septum in different levels, 
discontinuation of their fusion, or sometimes the 
formation of a long conus, splitting the septal 
components. Isolated simple defects are pos-
sibly the result of the fi rst mechanism, whereas 
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 ventricular septal defects in tetralogy of Fallot 
and transposition complexes are a consequence 
of the latter two mechanisms [ 1 – 3 ,  7 ].  

    Pulmonary Veins 

 The pulmonary vein is documented as a canal 
entering the atrial component adjacent to the 
atrioventricular junction. After the closure of the 
interventricular communication, the pulmonary 
veins transfer to the roof of the left atrium. This 
communicates with the splanchnic plexus, form-
ing pulmonary venous drainage into the left 
atrium. However, anomalous pulmonary venous 
connections to the umbilicovitelline (portal) 
venous system or to the cardinal system (superior 
vena cava) result from the failure of the common 
pulmonary vein to develop or to establish com-
munications to the splanchnic plexus [ 5 – 8 ].  

    Great Arteries 

 While the six aortic arches appear consecutively, 
some parts of the arch system and dorsal aorta 
disappear at different times during embryogene-
sis. The fi rst, second, and fi fth groups of the 
paired arches regress totally. The proximal parts 
of the 6th arch develop the right and left pulmo-
nary arteries, and the distal left 6th arch develops 
the ductus arteriosus. The third aortic arch makes 
the connection between the internal and external 
carotid arteries, and the left 4th arch becomes the 
arterial portion between the left carotid and sub-
clavian arteries. Then, the proximal part of the 
right subclavian artery is formed by the right 
fourth arch. An abnormality in the regression of 
the arch system in a number of sites can create a 
wide variety of arch anomalies, for example, a 
failure of regression usually results in a double 
aortic arch malformation [ 6 ,  7 ].  

    Abnormal Development 

 Anomalies can result from defi ciencies in this 
basic developmental pattern. For example, a 
double- inlet left ventricle is detected when the 
tricuspid orifi ce does not align over the right ven-
tricle or when the various forms of persistent 
truncus arteriosus are caused by the failure of the 
truncus to divide into the main pulmonary artery 
and the aorta. The double-outlet anomalies of the 
right ventricle are created by the failure of either 
the subpulmonary or the subaortic conuses to 
resorb, or the resorption of the subpulmonary 
instead of the subaortic conus may give rise to the 
transposition of the great arteries [ 5 – 8 ].     
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  3      Fetal Circulation 

           Maryam     Moradian    

     In the fetal circulation, unlike in the adult circula-
tion, the placenta provides gas and metabolite 
exchange. And in addition, the right and left ven-
tricles are in a parallel circuit, rather than in a 
series circuit of a newborn or an adult. The duc-
tus venosus, foramen ovale, and ductus arteriosus 
are three cardiovascular structures that are unique 
to the fetus and are important for maintaining this 
parallel circulation. 

 Enriched with oxygen and nutrients, blood 
travels from the placenta to the liver through the 
umbilical vein (Fig.  3.1a , b). About less than half 
of this saturated blood goes in the hepatic circula-
tion, and the remainder of this blood bypasses the 
liver via the ductus venosus and reaches the right 
atrium (RA) via the inferior vena cava (IVC) 
(Fig.  3.2a , b).

    A functional sphincter regulates the fl ow of 
blood through the ductus venosus at the level of 
the umbilical vein. During the periodic contrac-
tions of the uterus, this sphincter closes, prevent-
ing sudden overloading of the heart. 

 In the IVC, the oxygenated blood from the 
placenta mixes with the deoxygenated blood 
recurring from the lower part of the fetal body. It 
thereafter enters the RA and favorably fl ows into 
the left atrium (LA) via the foramen ovale. This 
shunt allows normal development of the LA and 
the left ventricle (LV) because the development 
of the cardiac chambers is dependent on the fl ow 
of blood through them. In the RA, a small amount 
of blood mixes with the desaturated blood from 
the superior vena cava (SVC) and preferentially 
traverses the tricuspid valve into the right ventri-
cle (RV). However, due to the high pressure in the 
lungs, just a small portion of the blood passes 
through the pulmonary circulation and reaches 
the LA via the pulmonary veins. A signifi cantly 
larger part fl ows through the ductus arteriosus 
and goes into the descending aorta and thus 
directly into the large (systemic) circulation sys-
tem to perfuse the inferior part of the fetal body 
(Fig.  3.3 ).

   The left atrial blood enters the left ventricle 
and then to the ascending aorta (Fig.  3.4 ).

   Consequently, the upper part of the fetal body, 
containing the coronary arteries, cerebral  arteries, 
and superior extremity arteries, is perfused with 
blood that has a faintly higher PO2. Only a small 
volume of blood continues down via the isthmus 
to the descending aorta, mixing with the blood 
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that has been shunted through the ductus arterio-
sus. Next, it perfuses the lower portion of the 
body and fi nally returns to the placenta through 
the two umbilical arteries. 

 In the fetus, it is not possible to separate the 
output of the left and right heart sides because of 
the intracardiac and extracardiac shunts, and the 
output of RV is about 1.3 times of LV output. 
Thus, in the fetus due to the shunt-dependent cir-
culation, combined two ventricular outputs 
(CVO) are evaluated. About 45 % of CVO is 
directed to the placental circulation with only 
8 % of CVO entering the pulmonary circulation. 

 After birth, the transition from fetal to new-
born life involves the closure of the circulatory 
shunts and acute variations in pulmonary and 
systemic vascular resistance [ 1 – 3 ]. 

    Transitional Circulation 

 At birth, as the transition to postnatal life begins, 
many changes occur in the fetal cardiovascular 
system. The elimination of the low-resistance 
placental circulation leads to a dramatic fall in 
the venous return, and the closure of the ductus 

a

b

  Fig. 3.1    ( a ) Two-
dimensional fetal echocar-
diography, showing an 
oblique view of the umbilical 
cord with two arteries and 
a vein. ( b ) Doppler 
echocardiography, showing 
normal fl ow in the umbilical 
vein and umbilical artery. 
 UV  umbilical vein, 
 UA  umbilical artery       
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venosus takes place during the third to the tenth 
day after birth. Moreover, not only does sys-
temic vascular resistance increase but also pul-
monary vascular resistance falls and pulmonary 
blood fl ow increases in consequence of an 
expansion in the lungs. Concomitant with the 
fall in pulmonary vascular resistance, the shunt 
in the level of the ductus arteriosus becomes 
bidirectional, and when the pulmonary vascular 
resistance becomes lesser than systemic vascular 
resistance, the shunt over the ductus arteriosus 
reverses and also becomes left to right. The exact 

mechanism of ductal closure is not known, but 
the increase in neonatal blood oxygen and reduc-
tion in PGE2, produced in the placenta, lead to 
the constriction of the smooth muscle within the 
duct. Functional closure is then followed by ana-
tomical closure, eventually becoming the liga-
mentum arteriosum by endothelial and fi brous 
tissue proliferation. 

 The rise in the pulmonary blood fl ow leads 
to an increase in the pulmonary venous return to 
the LA. Also, the closure of the ductus  venosus 
results in a reduction in the venous return to 

a

b

  Fig. 3.2    ( a ) Transverse view 
of the fetal abdomen, 
showing the umbilical vein 
and a ductus venosus. (b) 
Doppler echocardiography, 
showing normal fl ow in 
the ductus venosus. 
 UV  umbilical vein, 
 DV  ductus venosus       
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the RA. Accordingly, LA pressure and volume 
increase suffi ciently to push the septum primum 
against the septum secundum. This initial closure 
of the foramen ovale happens within minutes to 
hours after birth. The anatomical closure of the 

foramen ovale happens later via tissue prolifera-
tion during the fi rst year, though it may remain 
probe patent. The umbilical arteries develop to 
umbilical ligaments attached to the internal iliac 
arteries above to the superior vesical arteries. The 

  Fig. 3.3    Three-vessel view, 
showing a ductus arteriosus 
 DA   ( vertical arrow ) 
extending to the descending 
aorta  DA  ( horizontal arrow ). 
 PA  pulmonary artery, 
 AO  aorta,  SVC  superior 
vena cava       

  Fig. 3.4    Longitudinal views 
of the ascending aorta and 
aortic arch.  AAO  ascending 
aorta       
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ductus venosus becomes a fi brous band named 
ligamentum venosum, which is seen in continu-
ation with the ligamentum teres (obliterated left- 
sided umbilical vein) [ 3 ,  4 ].  

    Neonatal Circulation 

 In postnatal life, cardiopulmonary adaptation to 
extrauterine life should be made. Gas exchange 
should be transferred to the lungs when the neo-
nate takes the fi rst breath. Meanwhile, the pul-
monary circulation initiates and the right and left 
hearts become completely independent of each 
other. During the fi rst week of life, pulmonary 
vascular resistance drops from the high fetal level 
to the low adult level. Over the fi rst weeks of life, 
the renovation of the pulmonary vasculature, 
containing the thinning of the vascular smooth 
muscles and recruitment of new vessels, takes 
place. This drop in pulmonary vascular resistance 
affects the timing of the clinical appearance of 
many congenital heart defects like ventricular 
septal defect. The left to right shunt through the 
ventricular septal defect will rise as pulmonary 
vascular resistance falls. As a result, in the fi rst 
few days of life, no murmur may be heard and 
the child would be asymptomatic. If pulmonary 
vascular resistance does not drop normally after 
birth, pulmonary arterial pressure will not fall to 
the normal postnatal level. This phenomenon, 
persistent pulmonary hypertension of the new-
born (PPHN), may result from some conditions 
such as meconium aspiration and also perinatal 
asphyxia. In PPHN, the shunt fl ow through the 
ductus arteriosus or foramen ovale remains right 
to left and leads to cyanosis. 

 In specifi c congenital heart defects, the 
patency of the foramen ovale and ductus arte-
riosus that does not completely close at birth 
plays an important role. In some of these lesions, 
this patency could be lifesaving, as is the case 
in severe coarctation and transposition of great 
arteries. 

 The muscle mass and the wall thickness of the 
LV and RV are equal at birth. After birth, pulmo-
nary vascular resistance drops in consequence of 
an expansion in the lungs, and systemic vascular 
resistance rises as a result of placental removal. 
The RV wall, therefore, starts to thin. 

 Initially, the newborn’s cardiac output is 
extremely high (near 350 ml/kg/min). Neverthe-
less, during the fi rst two months of life, it falls 
to near 150 ml/kg/min and then slowly decreases 
to the adult level (near 75 ml/kg/min). Also 
high percentage of fetal hemoglobin (HbF) may 
interfere with oxygen delivery, so an augmented 
cardiac output is needed for a suffi cient oxygen 
supply. Synthesis of HbF decreases after the 
newborn period and by 6–12 months of age is 
substituted by adult hemoglobin, causing a bet-
ter oxygen delivery to the organs. This change in 
the oxygen delivery is believed to result in the 
gradual reduction in the cardiac output [ 3 ,  5 – 7 ].     
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  4      Normal Cardiac Anatomy 

           Anita     Sadeghpour     

  Diagnosis of congenital heart disease (CHD) 
requires a thorough understanding of normal 
 cardiac anatomy. In fact, the recognition of 
‘abnormal’ anatomy relies on the defi nition of 
‘ normal ’ anatomy. 

 Normally, most of the major systems develop 
in a midline position with bilateral mirror-image 
symmetry.  The cardiovascular, respiratory, and 
digestive systems later become asymmetric and 
are characterized by their situs or position in the 
body.  So, it is not uncommon to observe the asso-
ciated anomalies of abdominal viscera in cardiac 
malposition. 

    Common Defi nitions 
and Abbreviations in Congenital 
Heart Disease 

 To use a uniform clinical language in the context 
of CHD, the following defi nitions and abbrevia-
tions have been suggested [ 1 – 7 ]:
    Cardiac position  means the location of the heart 

in the thorax and is categorized as left sided 
(levocardia), right sided (dextrocardia), or 
midline (mesocardia).  

   Cardiac malposition  refers to an abnormal loca-
tion of the heart or when the location is abnor-
mal relative to the abdominal viscera.  

   Situs  refers to the site, position, sidedness, and 
handedness.  

   Situs should be determined separately for the 
abdominal viscera, atria, ventricles, and great 
arteries as:   

   Solitus (normal, usual), which may be abbrevi-
ated as (S)   

   Inversus (mirror image, reverse), which may be 
abbreviated as (I)   

   Ambiguus (uncertain or indeterminate), which 
may be abbreviated as (A)   

   Cardiac situs  refers to the position of the mor-
phologic right atrium, independent of the 
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direction of the apex, ventricles, or great 
arteries.  

   Heterotaxy  denotes an    abnormal arrangement 
and describes the complex abnormalities of 
visceral and atrial situs such as isomerism.  

   Isomerism  means the symmetric morphology of 
the structures that normally are not symmet-
ric, such as similarity between the right and 
left atrial appendages and the right and left 
lung and bronchi.  

   Right isomerism  refers to the morphologic bilat-
eral right sidedness of the atrial appendages, 
bronchi, and lungs, all of which should have 
normal different lateralization. This condition 
is u sually associated with asplenia (rudimen-
tary spleen or  absence of spleen).  

   Left isomerism  refers to the morphologic bilateral 
left sidedness of the atrial appendages, 
 bronchi, and lungs and is usually associated 
with polysplenia.  

   Ventricular looping (situs)  refers to the right or 
left bending (loop) of the straight heart tube of 
the embryo and is designated as the  D-loop 
ventricle (D) or L-loop (inversus) ventricle (L) .  

   D-loop (solitus) ventricle  means that the morpho-
logic right ventricular infl ow lies to the right of 
the morphologic left ventricle and is the normal 
rightward bending of the embryonic heart tube.  

   L-loop (inversus) ventricle  means that the mor-
phologic right ventricular infl ow lies to the left 
of the morphologic left ventricle and is the 
leftward bending of the embryonic heart tube.  

   Great arteries situs is categorized as: 
   Solitus (S)  
  Inversus (I)  
  Ambiguus or anterior transposition/ 
malposition (A)  
  D-loop transposition/malposition (D)  
  L-loop transposition/malposition (L)     

   Concordant  means agreeing or appropriate 
connection.  

   Discordant  means not agreeing or inappropriate 
connection.  

   Atrioventricular concordance  means the appro-
priate connection of the morphologic right 
atrium to the morphologic right ventricle and 
is associated with the appropriate connection 

of the morphologic left atrium to the morpho-
logic left ventricle.  

   Each of the atrioventricular valves is determined 
according to the morphologic ventricle to 
which it is attached.   

   Ventriculoarterial concordance  means the appro-
priate connection of the morphologic right 
ventricle to the pulmonary artery and the 
appropriate connection of the morphologic 
left ventricle to the aorta.  

   Concordant ventricular looping that agrees with 
the visceroatrial situs is D-loop in situs solitus 
and L-loop in situs inversus.   

   Infundibulum (conus)  is a subpulmonary ventric-
uloarterial segment in a normal heart.  

   Transposition of the great arteries  refers to a con-
dition in which the great arteries connect to a 
discordant ventricle (ventriculoarterial discor-
dance). The aorta arises from the right 
 ventricle and the pulmonary trunk arises from 
the left ventricle.  

   Malposition of the great arteries  refers to a con-
dition in which there is an abnormal spatial 
relationship between the great arteries (aorta 
and the pulmonary artery). 

  The great arteries can be malposed without asso-
ciated transposition as long as the ventriculo-
arterial concordance is maintained .     

    Normal Anatomy 

  A normal heart is a left-sided heart with a 
leftward- pointing apex  and is located in the mid-
dle mediastinum [ 4 ,  7 ].  Normal cardiac location 
that refers to the position of  most of the cardiac 
mass is levoposition (Fig.  4.1 ) . Cardiac orienta-
tion that refers to the base-to-apex axis is leftward 
pointing . The apex is directed leftward, anteriorly, 
and inferiorly . Usually these two , i.e.,  cardiac 
location and cardiac orientation, go together. 

   The cardiac size can be measured radiographi-
cally as the ratio between the maximal transverse 
diameters of the heart divided by the maximal 
width of the thorax. This ratio is called the 
 cardiothoracic ratio and is normally 50 % or less 
in adults (Fig.  4.2 ).
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       Situs Solitus 

  Situs solitus  means normal cardiac situs and is 
associated with normal abdominovisceral situs. It 
is noteworthy that  cardiac situs  is determined by 
the position of the morphologic right atrium. 

 Usually atrial situs and abdominal situs are 
concordant. 

 Visceral situs is determined by the position of 
the liver, stomach, aorta, and inferior vena cava. 
The spleen and pancreas are normally located on 
the same side of the vertebral column as the 
stomach. 

 In the abdominal situs solitus, the stomach 
is left sided, the liver is right sided, and the 
aorta lies to the left and the inferior vena cava 
(IVC) lies to the right of the spine. The atrial 
situs is reliably predicted by bronchial mor-
phology. In the situs solitus, the right and left 
bronchi are asymmetric as the right bronchus is 
relatively straight and short and the left bron-
chus is relatively long and curved (Fig.  4.3 ). 
The right bronchus is trilobed and concordant 
with the right lung and the left bronchus is 
bilobed and concordant with the left lung 
[ 4 – 7 ].

    Interestingly, the level of the hemidiaphragm 
is determined by the location of the cardiac apex, 
not by the location of the liver . Therefore, nor-
mally the left hemidiaphragm is lower than the 
right hemidiaphragm. 

 The plain chest X-ray yields valuable and 
unique information since it not only establishes 
the cardiac location, base-to-apex axis, and posi-
tions of the liver and stomach but also discloses 
bronchial morphology (Fig.  4.4 ).

       Normal Heart 

  A diagnostic approach to CHD needs  a sys-
tematic sequential approach. The sequential 
segmental approach begins with the identifi ca-
tion of the atrial and abdominal situs, followed 
by the  determination of the three segments,  the 
atria, ventricles, and great arteries , and the two 
 connections,  atrioventricular and ventriculoarte-
rial connections . 

 As a rule ,  the heart chambers are recognized 
based on their morphology rather than their posi-
tion. So, the approach to CHD requires a thor-
ough knowledge of cardiac anatomy.  

  Fig. 4.1    Standard posteroanterior chest X-ray, showing a 
normal heart, which is a left-sided heart with a leftward- 
pointing apex       

  Fig. 4.2    Cardiothoracic ratio measurement as the ratio 
between the maximal transverse diameters of the heart 
divided by the maximal width of the thorax       
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    Right Atrium (RA) 

 The right atrium (RA), which is a right postero-
lateral chamber, receives the systemic venous 
blood return from the inferior and superior venae 
cavae and the coronary venous blood return from 
the coronary sinus. One of the morphologic char-
acteristics of the RA is a large pyramidal, wide- 
based appendage with irregular arrangement of 
the pectinate muscles (Fig.  4.5 ). The RA receives 
the blood of the inferior and superior venae cavae 
from the posterior aspect.

   The RA has a unique morphology with sev-
eral important landmarks, including the CT, 

Eustachian valve, Thebesian valve, and Chiari 
network [ 8 – 11 ]. The coronary sinus and the 
inferior vena cava connect to the inferior wall of 
the RA. The Eustachian valve guards the orifi ce 
of the inferior vena cava (Fig.  4.6 ), whereas the 
ostium of the coronary sinus is guarded by the 
Thebesian valve (Fig.  4.7 ).

    The Chiari network is    a reticulated fi lamen-
tous structure in the RA which originates from 
the Eustachian valve and connects to the different 
parts of the right atrium [ 8 ,  12 ,  13 ]. It is a normal 
variant and results from the incomplete reabsorp-
tion of the right sinus venosus valve. It has been 
found in approximately 2 % of the general popu-
lation with little clinical consequence in some 
studies although the correlation with persistent 
patent foramen ovale (PFO) and paradoxical 
embolism has been suggested (Figs.  4.8  and  4.9 ).

    Crista terminalis (CT) which is a prominent 
C-shaped ridge of the muscle separates the 
smooth-walled sinus venarum part of the RA 
from the trabeculated atrial appendage [ 9 ,  14 ]. 

 The CT is located at the junction of the RA 
appendage and the smooth muscle part of the 
RA. The CT varies in size and can be  misdiagnosed 
as an RA mass in transthoracic echocardiography 
(Figs.  4.10  and  4.11 ).

    The most prominent feature of the interatrial 
septum is the fossa ovalis, 4  which contains a 
horseshoe-shaped rim (limbus). The limbus 
thickness averages between 4 and 8 mm in ado-
lescents and adults (Fig.  4.11 ). From the embryo-
logical view, the fossa ovalis valve represents the 
septum primum and the limbus represents the 
septum secundum.  

  Fig. 4.4    Cardiac location, base-to-apex axis, and posi-
tions of the liver and stomach ( arrow ) can be determined 
in the plain chest X-ray       

Situs solitus

RB RB

LB

LB

Situs inversus

  Fig. 4.3    Asymmetric    right and left 
bronchi in situs solitus: a relatively 
straight and short right bronchus 
and a relatively long and curved left 
bronchus.  RB  right bronchus,  LB  
left bronchus       
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    Left Atrium (LA) 

 The LA is a posterior chamber that usually 
receives the blood return from the four pulmo-
nary venous drainages. Except for the LA 

appendage (LAA), the bulk of the LA is smooth 
walled, with no evidence of pectinate muscles or 
CT [ 5 ,  7 ]. 

 The LAA is a fi ngerlike structure containing 
small pectinate muscles (Fig.  4.12 ).

  Fig. 4.5    Right atrial 
appendage ( arrow ), which is a 
large pyramidal, wide-based 
appendage with irregular 
arrangement of the pectinate 
muscles.  LA  left atrium, 
 IVC  inferior vena cava, 
 SVC  superior vena cava, 
 RAA  right atrium appendage       

  Fig. 4.6    Eustachian    valve 
( arrow ), guarding the inferior 
vena cava orifi ce.  LA  left 
atrium,  IVC  inferior vena 
cava,  SVC  superior vena cava, 
 RAA  right atrium appendage       
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       Determination of Ventricle 

 Morphologic determination of a ventricle 
should be preceded by a definition of a ven-
tricle. Based on the 50% rule, a chamber can 
be termed “ventricle” if it receives 50 % or 
more of the inlet, even if this inlet is an imper-
forate fibrotic membrane and is situated over a 
small right ventricle (RV), as is the case in tri-
cuspid atresia. Note that a chamber need not 
have an outlet in order to be termed “ventricle” 
[ 6 ,  15 ,  16 ].  

    Right Ventricle (RV) 

 The RV is the most anteriorly located chamber. It 
lies behind the sternum and wraps around the left 
ventricle (LV). 

 The RV is divided into three components:
    1.    Inlet portion, which supports and surrounds 

the tricuspid valve.   
   2.    Apical portion, which is quite thin and vulner-

able to iatrogenic perforation by pacemaker 
electrodes and cardiac catheters. The RV apex 
has a typical coarse trabeculation.   

  Fig. 4.7    Thebesian    valve 
( arrow ), guarding the ostium 
of the coronary sinus.  CS  
coronary sinus,  LV  left 
ventricle,  RA  right atrium, 
 RV  right ventricle       

  Fig. 4.8    Four-chamber view 
in transthoracic 
 echocardiography, showing 
the Chiari network, which 
is a reticulated fi lamentous 
structure in the right atrium       
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   3.    Outlet portion, which is a tubular muscular 
structure (pulmonary infundibulum or 
conus) and supports the pulmonary valve 
leafl ets.     
 The RV is characterized by:

    1.    Crescent shape in short-axis cross-sectional view   
   2.    Coarse septal surface heavy trabeculations   
   3.    Presence of the moderator band, which is a 

muscle bundle with extension to the right ven-
tricular free wall   

   4.    Infundibulum (the crista supraventricularis)   
   5.    Tricuspid-pulmonary discontinuity      

    Left Ventricle (LV) 

 The LV is a conical structure characterized by:
    1.    Apical fi ne trabeculations and remarkably 

thin myocardium at the LV apex   
   2.    Smooth septal surface with no papillary mus-

cle attachment to the left side of the interven-
tricular septum   

   3.    Mitral-aortic fi brous continuity   
   4.    Presence of two papillary muscles named 

“posteromedial” and “anterolateral” papillary 
muscles at the mid-ventricular level   

  Fig. 4.9    Chiari network in 
the right atrium 
in transesophageal 
echocardiography       

  Fig. 4.10    Crista    terminalis 
( arrow ) in four-chamber view 
in transthoracic echocardiog-
raphy.  LV  left ventricle,  RV  
right ventricle,  RA  right 
atrium,  LA  left atrium,  CT  
crista terminalis       
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   5.    Similar distances from the mitral annulus to 
the apex and the aortic annulus to the apex, 
except in the atrioventricular septal defect, in 
which the infl ow length is shorter than the out-
fl ow length     
 Morphologic landmarks [ 4 ,  5 ,  7 ,  8 ] for the 

identifi cation of the cardiac ventricle are depicted 
in Table  4.1  and Figs.  4.13  and  4.14 .

         Atrioventricular Valves 

 The atrioventricular valves connect the atria to 
the underlying ventricles and are labeled accord-
ing to their ventricle morphology. [The tricuspid 
valve always attaches to the morphologic 
RV and the mitral valve (MV) to the morpho-
logic LV.]  

  Fig. 4.11    Transesophageal    
bicaval view, showing the 
interatrial septum ( arrow ) and 
the fossa ovalis, which 
contains a horseshoe- shaped 
rim (limbus).  IVC  inferior 
vena cava,  SVC  superior vena 
cava,  RA  right atrium, 
 CT  crista terminalis       

  Fig. 4.12    Left atrial 
appendage anatomy in 
transesophageal echocardiog-
raphy as a fi ngerlike structure 
containing small pectinate 
muscles.  LA  left atrium,  LAA  
left atrium appendage,  LV  left 
ventricle       
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    Mitral Valve 

 The MV apparatus consists of fi ve components: 
annulus, leafl ets, commissures, papillary  muscles, 
and chordae tendineae. Normally, the  functioning 
MV depends on the perfect interaction between 
all these components. 

 The mitral annulus, which is the region of the 
attachment of the left atrium to the valve leafl ets, 
plays an important role in the proper functioning 

of the MV. It demonstrates nonplanar saddle 
morphology (Fig.  4.15 ).

   The MV has two leafl ets with different appear-
ances and complex anatomies. The anterior 
mitral leafl et (aortic leafl et) has shorter attach-
ment compared to the posterior mitral leafl et 
(mural leafl et) and comprises about one third of 
the mitral annulus circumferences. The posterior 
mitral leafl et has three scallops separated by 
indentation and is recognized as P1, P2, and P3 
scallops [ 8 ,  17 – 21 ]. The free edge of the anterior 
mitral leafl et is continuous without any indenta-
tion and is artifi cially based on the corresponding 
P1, P2, and P3 scallops. The anterior mitral valve 
has been divided into A1, A2, and A3 scallops 
(Figs.  4.16  and  4.17 ).

        Tricuspid Valve 

 The tricuspid valve has three unequally sized leaf-
lets, anterior leafl et, posterior leafl et, and septal leaf-
let, the anterior one being usually the largest one. 
The septal leafl et has a distinguishing feature with 
its direct attachment to the  interventricular septum. 
The tricuspid valve components are almost similar 
to those of the MV, but with greater variability.  

   Table 4.1    Morphologic landmarks for the identifi cation 
of the cardiac ventricles   

 Left ventricle (LV)  Right ventricle (RV) 

 Fine apical trabeculations  Coarse apical 
trabeculations 

 Smooth septal surface  Coarse septal surface 
 Presence of two papillary 
muscles 

 Presence of the moderator 
band 

 Receives the mitral valve  Receives the tricuspid 
valve 

 No mitral valve chordal 
insertion to the septal 
surface of LV 

 Chordal insertion of 
tricuspid septal leafl et to 
the septal surface of RV 

 Circular in cross section  Crescentic in cross section 
 Mitral-aortic continuity  Tricuspid-pulmonary 

discontinuity 

  Fig. 4.13    Short   -axis view of 
the ventricles, demonstrating 
the moderator band in the 
right ventricle.  RT  right, 
 LT  left,  RV  right ventricle, 
 LV  left ventricle       
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    Semilunar Valves (Aortic Valve, 
Pulmonary Valve) 

 The semilunar valves, i.e., aortic valve and pul-
monary valve ,  connect the ventricle to an associ-
ated great artery. The great arteries (pulmonary 
artery and aorta) are specifi ed simply by their 
arterial branches. The semilunar valves are deter-
mined by their associated great arteries as the 
pulmonary valve for the pulmonary artery and 
the aortic valve for the aorta. 

 Interestingly, the aortic and pulmonary valves 
are anatomically identical. The semilunar valves 
are normally tricuspid with no discrete annulus 
(Fig.  4.18 ).

   In the normal relationship, the pulmonary 
trunk is to the left of and lies anterior to the 
ascending aorta. In congenital heart disease, the 
determination of the relationship between the 
aorta and the pulmonary artery is of vital 
 importance [ 5 ,  8 ].     

  Fig. 4.14    Four   -chamber 
view in transthoracic 
echocardiography, 
 demonstrating landmarks for 
the  determination of the 
ventricles.  RV  right ventricle, 
 LV  left ventricle,  RA  right 
atrium,  LA  left atrium       

  Fig. 4.15    Mitral    valve and 
mitral annulus morphology 
in three-dimensional 
transesophageal echocardiog-
raphy.  AV  aortic valve, 
 AML  anterior mitral leafl et, 
 PML  posterior mitral leafl et       
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  Fig. 4.16    Short-axis view 
of the mitral valve, demon-
strating the mitral valve 
scallops in two-dimensional 
transthoracic echocardiogra-
phy.  A1  anterolateral scallop, 
 A2  anteromiddle scallop, 
 A3  anteromedial scallop, 
 P1  posterolateral scallop, 
 P2  posteromiddle scallop, 
 P3  posteromedial scallop, 
 C1  lateral commissure, 
 C2  medial commissure       

  Fig. 4.17    Short-axis view 
of the mitral valve, demon-
strating the mitral valve 
scallops in two-dimensional 
transesophageal echocardiog-
raphy.  A1  anterolateral 
scallop,  A2  anteromid-
dle scallop,  A3  anterome-
dial scallop,  P1  posterolateral 
scallop,  P2  posteromid-
dle scallop,  P3  posteromedial 
scallop,  C1  lateral commis-
sure,  C2  medial commissure       
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  In this chapter, we will review the four types of 
cardiac malpositions:
    1.    Dextrocardia with visceroatrial situs inversus 

(situs inversus totalis) with the mirror-image 
position of the heart   

   2.    Dextrocardia with visceroatrial situs solitus   
   3.    Levocardia with visceroatrial situs inversus   
   4.    Mesocardia     

 Besides the abnormality of the atrioventricular 
and ventriculoarterial valve, we will focus on the 
overriding and straddling types and defi nition. 

    Cardiac Malposition 

 Four types of cardiac malpositions have been 
defi ned [ 1 – 3 ]:
    1.    Dextrocardia with visceroatrial situs inversus 

(situs inversus totalis) with the mirror-image 
position of the heart   

   2.    Dextrocardia with visceroatrial situs solitus   
   3.    Levocardia with visceroatrial situs inversus 

(Fig.  5.1 )   
   4.    Mesocardia (midline heart)

            Dextrocardia 

     Dextrocardia  implies the right-sided location of 
the heart and is categorized according to the fol-
lowing three conditions:
    1.    Dextroposition refers to the displaced heart to 

the right chest, mostly due to the abnormality 
in the right lung (such as absence of normal 
lung volume) or due to the space-occupying 
left-sided mass.   

   2.    Dextroversion refers to a right-pointing apex 
associated with atrioventricular discordance 
with an increased rate of CHD.   

   3.    Situs inversus totalis refers to the mirror- 
image position of the heart.    
      Mesocardia  refers to a midline heart usually with 

situs solitus and bulboventricular loop as a variation 
of normal; however, in a midline heart with 
L-bulboventricular looping, abdominal and atrial 
inversus major congenital malformations occur. 

 For comprehensive clinical and pathologic 
segmental analyses, the following six segments 
should be addressed independently [ 4 – 7 ]:
•    Systemic and pulmonary veins  
•   Abdominal and atrial situs (Fig.  5.2 )  
•   AV connection  
•   Ventricular looping  
•   VA connection  
•   Great artery looping    

    The AV connection should be evaluated as 
concordant or discordant, absent, atretic, and 
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common inlet AV valve, double inlet AV valve, 
crisscross AV valve, and overriding AV valve. 

 When both atria connect with only one ven-
tricular chamber, a univentricular AV connection 
applies.

      Straddling of the AV valve refers to the chor-
dae tendineae and papillary muscle apparatus and 
indicates anomalous insertion of the chordae ten-
dineae to the contralateral ventricle. 

 It can involve the tricuspid or mitral valve or 
both, and based on the severity of the straddling, 
it has been categorized as the following three 
types: A, B, or C, depending on the straddling 
chordae insertion. 

 Type A is defi ned as the chordae attached to 
the opposite side of the ventricular septum crest 
(within the upper 1 cm). 

    Type B is defi ned as abnormal attachment of 
the chordae to the opposite side of the interven-
tricular septum more than upper 1 cm. 

 Type C is defi ned as the abnormal attach-
ment of the chordae to the opposite interven-
tricular wall or opposite papillary muscle of 
the contralateral ventricle (Figs.  5.3 ,  5.4 ,  5.5 , 
and  5.6 ) [ 8 ]. 

 After determining the AV valve morphology 
(Fig.  5.7 ), connection, and abnormality, the great 
artery position and connections should be deter-
mined. The ventriculoarterial connection is con-
cordant or discordant. The normal heart is 
characterized by a right posterior aorta:

   It is important to note that the key to the 
diagnosis of CHD is an appreciation of the 
sequential segmental approach. The  sequential 

Normal positon situs solitus

Right Left

Situs inversus with dextrocardia
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LV RV
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Situs solitus with dextrocardia Situs inversus with levocardia

Right Left

Liver LiverStomachSpleen Spleen

  Fig. 5.1    Illustrating the three cardiac malpositions compared to the normal heart (With permission from Perloff and 
Marelli [ 2 ])       
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segmental approach is a systematic and stan-
dard approach for both simple and complex 
CHD. Generally, the sequential segmental 
approach consists of the following steps: car-
diac position and orientation, visceroatrial 
situs, ventricular position ( ventricular loop-

ing), and the great artery position (looping). 
Thereafter, the atrioventricular and ventricu-
loarterial connections are analyzed in terms of 
connections and relations [ 7 – 11 ]. The sequen-
tial segmental approach has been discussed in 
the echocardiography chapter.     

Normal positon situs solitus

Right Left

Apex

StomachLiver

Desc. ao.

Situs inversus with dextrocardia

Right Left

Apex

Stomach Liver
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Situs solitus with dextrocardia

Right Left

Apex

Stomach

Liver

Desc. ao.

Situs inversus with levocardia

Right Left

Apex

Stomach
Liver

Desc. ao.

  Fig. 5.2    Demonstrating the abdominal and cardiac situs relationship based on the radiographic projection in the chest 
X-ray.  Desc. ao  descending aorta(With permission from Perloff and Marelli [ 2 ])       
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  Fig. 5.3    Demonstrating overriding atrioventricular valve which is an abnormality of AV valve alignment       
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  Fig. 5.4    ( a ,  b ) Showing common AV valve associated with common atrium and atretic right AV valve (tricuspid 
atresia)       
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  Fig. 5.5    Straddling of the AV valve categorized as types A, B, C       
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  Fig. 5.6    ( a ,  b ) Overriding AV valves versus overriding ventriculoarterial valves       

  Fig. 5.7    Quadricuspid aortic valve resulting in aortic 
regurgitation       
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  6      Cyanosis 

              Majid     Kyavar       and     Anita     Sadeghpour     

        Defi nition and Classifi cation 

 Cyanosis in adults with congenital heart disease 
(CHD) should not be regarded simply as a bluish 
discoloration of the tissues secondary to arterial 
oxygen desaturation. It is a multisystem involve-
ment affecting most body systems, including 
hematologic, gynecologic, endocrine, vascular, 
renal, respiratory, and central nervous systems, as 
well as digits, long bones, and bilirubin kinetics. 
One of the most important manifestations of cya-
nosis is the hyperviscosity syndrome, which 
results from secondary erythrocytosis in response 
to low systemic arterial oxygen saturation [ 1 ,  2 ]. 

 Cyanosis usually is apparent when arterial 
oxygen saturation (SaO 2 ) drops to <85 % or the 
absolute level of deoxyhemoglobin in the capil-
lary bed exceeds 5 g/100 mL blood [ 1 ]. 

 According to the underlying pathophysiol-
ogy, cyanosis can be categorized as central or 
peripheral. 

  Central cyanosis:  It refers to marked arterial 
oxygen desaturation resulting from the shunting 
or mixing of the arterial and venous circulation. 
The magnitude of mixing and the amount of 
pulmonary blood fl ow correlate with the sever-
ity of desaturation and cyanosis. Arterial oxygen 
desaturation may be caused by decreased inhaled 
oxygen (as in high altitudes), impaired pulmo-
nary function (as in pulmonary edema), or more 
commonly admixing of desaturated systemic 
venous blood into the saturated pulmonary cir-
culation through a bidirectional or reversed shunt 
due to an anatomical communication between the 
systemic and pulmonary circulations at the atrial, 
ventricular, or arterial level. Central cyanosis 
may also occur when nonfunctional hemoglobin 
is present such as in methemoglobinemia or sulf-
hemoglobinemia [ 1 ,  2 ]. 

  Peripheral cyanosis : It occurs due to a decreased 
blood fl ow following peripheral vasoconstriction. 
This condition is most often seen in cold, shock, 
congestive heart failure, and  peripheral vascular 
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disease. Anemic patients may not appear blue 
despite low SaO 2 , while polycythemic patients 
appear blue with higher SaO 2  [ 1 ,  2 ].  

    Cyanotic Heart Disease 

 The congenital heart defects that result in central 
cyanosis comprise a heterogeneous group of 
lesions which can be categorized on the basis of 
different underlying anatomy and pathophysiol-
ogy as the following fi ve Ts: transposition of the 
great arteries, tetralogy of Fallot, tricuspid atre-
sia, truncus arteriosus, and total anomalous pul-
monary venous return and the following two 
Es – Ebstein anomaly and Eisenmenger physiol-
ogy as well as critical pulmonary stenosis or atre-
sia and functionally single ventricle [ 1 ] .  

 Also, these cardiac defects based on the 
pulmonary blood fl ow have been divided as 
those with:
    1.    Restricted pulmonary blood fl ow in the pres-

ence of an obstruction across the pulmonary 
outfl ow tract   

   2.    Increased pulmonary blood fl ow in the 
absence of such an obstruction, which even-
tually leads to the development of pulmonary 
arterial hypertension and the Eisenmenger 
physiology      

    Adaptive Mechanisms 

 Cyanosis results in adaptive mechanisms to 
enhance oxygen transport and delivery to the 
tissues. Chronic hypoxemia induces erythropoi-
etin production by interstitial fi broblasts in the 
kidneys, which in turn stimulates red blood cell 
production in the bone marrow and subsequently 
improves the oxygen-carrying capacity of the 
arterial circulation. This physiologic response 
improves tissue oxygenation at the cost of a higher 
hematocrit level; this desirable adaptive response 
is called secondary erythrocytosis. In secondary 
erythrocytosis, there is an isolated increase in 
the red blood cell mass in response to a stimulus 
like as systemic arterial oxygen desaturation in 

 cyanotic CHD. Platelet counts are usually in the 
low range of normal or thrombocytopenic. 

 Erythrocytosis has been categorized as com-
pensated and decompensated .  Compensated 
erythrocytosis indicates an adequate rise in the 
red blood cell mass and the hemoglobin concen-
tration to offset tissue hypoxemia, which leads to 
the normalization of erythropoietin levels. 
Decompensated erythrocytosis refl ects the failure 
of this equilibrium, as a result of which the rise in 
the erythropoietin level and erythrocyte mass 
continues. 

 Rightward shift of the oxyhemoglobin disso-
ciation curve and increase in cardiac output are 
other adaptive mechanisms in response to tissue 
hypoxia [ 3 ]. 

 Cardiovascular manifestation varies based on 
the underlying pathophysiology. In general, cya-
notic patients have signifi cantly higher mortality 
rates than acyanotic patients [ 4 ]. Factors affect-
ing the outcome of the patients include the under-
lying anatomy/pathophysiology, palliative 
procedures, and cyanotic complications.  

    Cyanotic Complications 

 Cyanosis and secondary erythrocytosis affect the 
entire organ systems. 

    Hematologic Complications 

•      Hyperviscosity syndrome:  Blood viscos-
ity, which is directly related to the red blood 
cell mass, is increased in patients with cen-
tral cyanosis due to secondary erythrocytosis 
[ 5 ]. Hyperviscosity symptoms    include head-
ache; faintness; dizziness; fatigue; altered 
mentation; tinnitus; blurred vision; pares-
thesia of fi ngers, toes, and lips; muscle pain; 
and weakness (classifi ed as moderate when 
they interfere with some activities and severe 
when they interfere with most activities) [ 3 ] .  
Hyperviscosity symptoms are unlikely in an 
iron-replete patient with hematocrit <65 %, 
while hyperviscosity syndromes may be seen 
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at a hematocrit level of <65 % in the presence 
of iron defi ciency, as a common fi nding in 
cyanotic adult patients undergoing frequent 
phlebotomies or excessive bleeding. Blood 
viscosity is determined by a complex interplay 
of a number of variables.  

•    Thrombosis/bleeding:  Hemostatic abnormali-
ties are common in cyanotic patients with eryth-
rocytosis and have been reported in up to 20 % 
of patients. These included quantitative and 
qualitative abnormalities in platelets (thrombo-
cytopenia and thrombasthenia) and coagulation 
pathways. Vitamin K-dependent clotting factors 
(factors II, VII, IX, and X), factor V, and the 
largest von Willebrand multimers are reduced, 
while fi brinolytic activity increases. Laboratory 
investigation reveals elevated prothrombin and 
partial thromboplastin times. However, these 
hemostatic abnormalities do not protect patients 
against thrombotic complications. 
 Spontaneous bleeding is usually minor, super-

fi cial, and self-limiting (leading to dental bleed-
ing, epistaxis, easy bruising, skin petechiae, and 
menorrhagia). However, it can also be moderate 
or life threatening such as intracranial, gastroin-
testinal, and postoperative bleeding or hemopty-
sis. Hemoptysis is the most common major 
bleeding event and has been reported in up to 
100 % of patients with the Eisenmenger physiol-
ogy. Although it is an external manifestation of 
an intrapulmonary hemorrhage, it does not refl ect 
the extent of parenchymal bleeding [ 6 ]. 

 Thrombosis is caused by coagulation abnor-
malities, stasis of blood in dilated chambers and 
vessels, atherosclerosis and/or endothelial dys-
function, presence of thrombogenic material 
(e.g., conduits), and arrhythmias. Laminated 
thrombi in large, partially calcifi ed and aneurys-
mal pulmonary arteries [ 7 ,  8 ] are common and 
occur in up to 30 % of patients with central cya-
nosis, especially in association with female gen-
der, low oxygen saturation, older age, 
biventricular dysfunction [ 9 ,  10 ].  
•    Iron defi ciency:  In adults, iron defi ciency is 

most often a result of inappropriate phleboto-
mies, whereas in children, iron defi ciency is 
due to abnormal diet or malnutrition.     

    Central Nervous System 
Complications 

 Cerebrovascular accidents may be caused by 
thromboembolic events (paradoxical emboli), 
cerebral hemorrhage, and microcytosis due to iron 
defi ciency anemia, endothelial dysfunction, and 
traditional atherosclerotic risk factors. The sever-
ity of secondary erythrocytosis is not predictive of 
the development of central nervous system com-
plications [ 11 ]. While iron defi ciency- induced 
microcytosis due to inappropriate phlebotomies is 
the strongest independent risk factor for cerebro-
vascular events [ 12 ], dehydration in the setting of 
diarrhea or vomiting is one of the aggravating fac-
tors in cerebral venous thromboses. 

 Paradoxical emboli may be caused by either 
supraventricular arrhythmias or transvenous 
leads or catheters. As a result, air fi lters in periph-
eral and central venous lines are recommended to 
prevent paradoxical emboli through a right-to- 
left shunt.  

    Renal Complications 

 Renal dysfunction is common and is due to the 
functional and structural abnormalities of the kid-
neys. Renal dysfunction can cause proteinuria, 
hyperuricemia, or renal failure. Hyperuricemia 
is common and is believed to mainly result from 
decreased renal reabsorption of uric acid rather 
than from overproduction due to red blood cell 
turnover and erythrocytosis. Urate nephropa-
thy and uric acid nephrolithiasis are the conse-
quences of hyperuricemia.  

    Rheumatologic Complications 

 Hyperuricemia is commonly seen in the wake of 
increased red blood cells/hemoglobin turnover and 
also impaired urate fi ltration by the kidneys [ 13 ]. 

 Rheumatologic complications include:
•    Gouty arthritis  
•   Hypertrophic osteoarthropathy  
•   Kyphoscoliosis    
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 In cyanotic patients, the clinical manifesta-
tions of gout are similar to those with primary 
gout, although the management somewhat differs 
between them. 

 The treatment of hyperuricemia in asymptom-
atic cyanotic adults is not recommended. 

 If symptomatic gouty arthritis occurs, treatment 
with probenecid or sulfi npyrazone, allopurinol, 
or a combination of these drugs is recommended. 
Acute gouty arthritis usually responds to colchi-
cine; however, the major limitation is dehydration 
caused by vomiting and diarrhea. 

 Arthralgia and bone pain affect up to one third 
of cyanotic patients and are believed to be second-
ary to hypertrophic osteoarthropathy. Moreover, it 
has been postulated that in patients with right-to-
left shunting, megakaryocytes released from the 
bone marrow bypass the lungs. These megakaryo-
cytes are entrapped in the systemic arterioles and 
capillaries and stimulate the release of the plate-
let-derived growth factor and the proliferation of 
the local cells, leading to new osseous formation 
with periostitis and subsequent arthralgia and 
bone pain. Recently, it has been suggested that 
clubbed fi ngers and hypertrophic osteoarthropa-
thy both share a common pathogenesis.  

    Gastrointestinal Complications 

 Due to an increased concentration of unconju-
gated bilirubin, cyanotic patients are prone to 
develop calcium bilirubinate gallstones. Calcium 
bilirubinate gallstones may be complicated by 
cholecystitis/choledocholithiasis.  

    Infection 

 Infectious complications include endocarditis, 
cerebral abscess, and pneumonia. A brain abscess 
should be suspected in a cyanotic patient with a 
combination of fever and new-onset or different 
headache or new neurologic symptoms.  

    Arrhythmias 

 Both supraventricular and ventricular arrhyth-
mias may be seen in cyanotic patients.  

    Coronary Arteries 

 Patients with central cyanosis have dilated coro-
naries with no obstruction [ 14 ]. 

 Recent investigations have also demonstrated 
severe endothelial dysfunction in cyanotic patients 
due to increased shear stress, refl ected by the marked 
impairment of endothelium- dependent vasodila-
tion [ 15 ]. Consequently, chronic tissue hypoxia, 
increased blood viscosity, and endothelial dys-
function denote profound consequences on micro-
circulation, myocardial function, and function of 
the other organ systems. Hypocholesterolemia is 
much more frequent in cyanotic CHD patients by 
comparison with atherosclerosis.   

    Diagnostic Work-Up 

•     Particular attention should be paid to hyper-
viscosity symptoms and bleeding/ischemic 
complications.  

•   Oxygen saturation must be measured with 
pulse oximetry at rest for at least 5 min, and 
exercise capacity should be assessed on a reg-
ular basis, preferably with a 6-min walk test.  

•   Blood work-up should include complete blood 
count, mean corpuscular volume (MCV), 
serum ferritin (serum iron, transferrin, and 
transferrin saturation may be required for ear-
lier detection of iron defi ciency), creatinine, 
serum uric acid, clotting profi le, and brain 
natriuretic peptide (BNP) or pro-BNP. Folic 
acid and vitamin B12 should also be measured 
if MCV is normal or elevated in the presence 
of low serum ferritin.     

    Laboratory Investigation 

•     Coagulation parameters should be investi-
gated. The plasma volume is reduced due to 
secondary erythrocytosis, and the amount of 
sodium citrate must be adjusted to hematocrit 
if hematocrit is >55 %.  

•   Hematocrit is determined with automated 
electronic particle counts. (Microhematocrit 
centrifugation results in falsely high hemato-
crit due to plasma trapping.)  
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•   Glucose level can be reduced. (There is an 
increase in in vitro glycolysis, which results 
from the increased number of red blood 
cells.)     

    Indications for Intervention 

 Risk and benefi t must be expertly contemplated. 
A cyanotic patient without pulmonary artery 
hypertension/Eisenmenger syndrome must be 
periodically evaluated for any procedure that 
may improve quality of life and reduce morbidity 
or for eligibility for physiological repair.  

    Medical Therapy 

  Arrhythmias:  Sinus rhythm should be main-
tained whenever possible. Anti-arrhythmic 
therapy must be individualized [medications, 
ablation, and epicardial pacemaker (PM)/
implantable cardioverter- defi brillator (ICD)]. 
Anti- arrhythmic therapy is extremely diffi cult in 
this patient group. Drug therapy should be initi-
ated with particular care and generally in a hospi-
tal. Transvenous leads must be avoided. Catheter 
ablation for cyanotic adult CHD patients should 
be done at centers with experienced staff expert 
in the complex anatomy and distinctive arrhyth-
mia in these complex congenital heart defects 
(level of evidence: B) [ 16 ,  17 ]. 

  Therapeutic phlebotomy:  It should only be 
performed in the presence of moderate/severe 
hyperviscosity symptoms due to secondary 
erythrocytosis (hematocrit >65 %) and in the 
absence of dehydration and iron defi ciency. 
Concomitant isovolumic fl uid replacement (750–
1,000 mL of isotonic saline while removing 400–
500 mL of blood) should be undertaken. 

  Iron supplementation:  It should be performed 
in the presence of iron defi ciency (MCV <80 fL) 
and carefully followed (rebound effect). 

  Routine anticoagulation/aspirin:  The cur-
rently available data do not support any ben-
efi t of routine anticoagulation/aspirin in cyanotic 
patients to prevent thromboembolic complica-
tions. However, there is an increased risk of 
bleeding.

•     Indication for Anticoagulation 
 –    Atrial fl utter/fi brillation [target international 

normalized ratio (INR) = 2–2.5; higher target 
INR in the presence of a mechanical valve]       

  Hemoptysis:  It requires chest X-ray, followed 
by chest computed tomography (CT) scan if there 
is an infi ltrate. Bronchoscopy puts the patient at 
risk and seldom provides useful information. 

 Appropriate therapy for hemoptysis episodes 
includes:
•    Discontinuation of:

 –    Aspirin  
 –   Nonsteroidal anti-infl ammatory agents  
 –   Oral anticoagulants     

•   Treatment of hypovolemia and anemia  
•   Reduction of physical activity  
•   Suppression of nonproductive cough    

 However, in refractory intrapulmonary hem-
orrhage/hemoptysis, selective embolization of 
the bronchial arteries may be required. 

  Hyperuricemia:  Asymptomatic hyperurice-
mia does not need any medical treatment. 

  Acute gouty arthritis:  It is treated with oral or 
intravenous colchicine, probenecid, and anti- 
infl ammatory drugs. Particular caution is required 
due to the risk of renal failure and bleeding with 
these medications. Uricosuric (e.g., probenecid) 
or uricostatic agents (e.g., allopurinol) have been 
shown to reduce recurrent attacks of gouty arthri-
tis in cyanotic patients. 

  Home oxygen therapy:  It has pulmonary vaso-
dilatory effects and may play a benefi cial role in 
increasing arterial oxygen saturation. 
Nonetheless, its clinical indications and out-
comes are not clear yet [ 18 ].  

    Follow-Up 

 All cyanotic patients should be evaluated with 
follow-up visits every 6–12 months in a special-
ized adult congenital heart center including:
•    Comprehensive evaluation of the underlying 

heart disease; systematic review of potential 
systemic complications of cyanosis, espe-
cially hyperviscosity symptoms; change in 
exercise tolerance; change in the oxygen satu-
ration level; and prophylaxis against endocar-
ditis, infl uenza, and pneumococcal infections  
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•   Blood work-up (complete blood count, ferri-
tin, clotting profi le, renal function, and uric 
acid)  

•   Regular Doppler echocardiographic studies  
•   Education about risk reduction strategies 

(Table  6.1 )

         Additional Considerations 

•      Exercise/sports:  Moderate to severe strenuous 
exercise should be avoided in all cyanotic 
patients.  

•    Air fl ight:  Commercial air travel is well toler-
ated [ 19 ,  20 ]. Risk reduction strategies include 
avoidance of travel and non-travel-related 
stress, dehydration, alcoholic drinks, and mea-
sures to prevent deep vein thrombosis.  

•    Exposure to high altitude:  Acute exposure to 
high altitudes (>2,500 m) should be avoided. 
Gradual ascent (e.g., cable car) up to 2,500 m 
may be tolerated.  

•    Pregnancy:  Pregnancy results in conspicuous 
maternal and fetal complications in cyanotic 
patients without pulmonary hypertension. 
Oxygen saturation (>85 %) and hemoglobin 
(<20 g/L) prior to pregnancy have been 
shown to be the strongest predictors for live 
birth [ 21 ]. However, pregnancy is contraindi-

cated in patients with the Eisenmenger 
syndrome.  

•    Infective endocarditis prophylaxis:  It is rec-
ommended in all patients with cyanotic CHD 
[ 16 ,  17 ].         
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        Epidemiology and Etiology 

 Congenital    heart disease (CHD) has an incidence 
rate of around eight cases per 1,000    live births. A 
growing number of affected infants live to child-
hood and eventually to adulthood; it,    therefore, 
seems reasonable to assume that adults with 
CHD might have heart failure (HF). However, 
rather than developing HF as a result of myocyte 
loss (such as myocardial infarction) or intrinsic 
anomalies in myocardial apparatuses (such as 
inherited cardiomyopathies), HF in CHD may 
develop in consequence of prolonged abnormali-
ties in cardiac pressure, fl ow, volume, and ten-
sion. Surgeries sometimes improve these 
dynamics but rarely cause an increase in the 
“degree” of HF (transiently), for example, due to 
perioperative stress and neurohormonal activa-
tion [ 1 – 3 ].  

    Pathophysiology and Clinical Findings 

 HF can develop at different ages. Nowadays, 
fetal echocardiography allows the diagnosis of 
intrauterine cardiac failure. The fundamental 
fi ndings of fetal HF are decreased fetal move-
ments, scalp edema, ascites, and pericardial effu-
sion. In preterm newborns, especially those of 
less than 1,500 g birth weight, the persistent 
patency of the ductus arteriosus is the most com-
mon reason for HF.  In full-term newborns, the 
hypoplastic left heart syndrome, aortic coarcta-
tion, tachyarrhythmia, and myocarditis are the 
important causes of HF. Beyond the age of 1–2 
weeks, when reduced pulmonary vascular resis-
tance permits considerable left-to-right shunting, 
the main reasons for HF are atrioventricular sep-
tal defect (AVSD), ventricular septal defect 
(VSD), transposition of the great arteries (TGA), 
truncus arteriosus (TA), and also total anoma-
lous pulmonary venous connection (TAPVC). For 
infants younger than 1 year, cardiac anomalies 
account for 80–90 % of patients with known con-
gestive heart failure (CHF).  Nevertheless, in 
older infants, HF is frequently due to an acquired 
disease or is a complication of cardiac surgical 
procedures. The acquired category comprises 
rheumatic heart disease, infective endocarditis, 
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and hematological and nutritional diseases as 
well as persistent arrhythmias [ 3 – 5 ]. 

 Interestingly, one previous study reported that 
there are no statistical differences between dilated 
cardiomyopathy and HF in adult CHD patients in 
terms of serum norepinephrine levels; however, 
epinephrine levels tend to be higher in all levels 
of functional capacity impairment in adults with 
CHD [ 5 ]. 

 More information is now known about the 
other fundamental features of the HF syndrome 
such as exercise and activity limitation. Adults 
with cyanotic cardiac disease have major limita-
tions in their oxygen uptake in exercise, such as 
adult patients with the Fontan physiology and also 
adults with a repaired atrial septal defect (ASD), 
surgically corrected transposition of the great arter-
ies (d-TGA   ), congenitally corrected transposition 
of the great arteries (CCTGA), repaired tetralogy 
of Fallot (TOF), and also the Ebstein anomaly that 
was studied by Fredriksen PM, et al. previously 
[ 6 ]. They showed all these six groups had mean 
peak VO2 <22 ml/kg/min and mean peak VO2 
was as low as 16 ml/kg/min in the Fontan patients, 
a character similar to that of patients with isch-
emic or dilated cardiomyopathy with New York 
Heart Association (NYHA) functional class III. 
Of course this appears typical of the HF syndrome 
as is currently perceived; this is limited to exercise 
capacity relating with the abnormalities of skeletal 
muscle resulting in cardiac pathology rather than 
the measures of central hemodynamics [ 6 – 8 ]. 

 According to the American College of 
Cardiology and American Heart Association 
(ACC/AHA) Guidelines (2008) for Adults with 
CHD, typical adult CHD substrates for late HF in 
adult CHD patients are as follows [ 9 ]:
    1.    Severe aortic stenosis and/or regurgitation, 

bicuspid aortic valve and its variants, subval-
vular or supravalvular pathologies, and also 
superimposed coarctation   

   2.    Severe congenital mitral stenosis (MS) or 
mitral regurgitation (MR)   

   3.    Unoperated ASD or partial AVSD   
   4.    CCTGAs   
   5.    d-TGA after the Mustard or Senning opera-

tion, in which the morphological right ventri-
cle (RV) is the systemic ventricle   

   6.    TOF with early era surgery, long-standing 
shunt, or severe pulmonary regurgitation   

   7.    Single ventricle physiology   
   8.    Fontan operation    

  Many CHD patients tend to experience a 
combination of persistent volume and pressure 
overload. Issues that predispose to the creation 
of late HF contain abnormal anatomy, surgical 
sequelae, and also progression of basic pathol-
ogy. Also as we mentioned before, neurohor-
monal activation is common in adults with HF 
due to CHD like HF of all other types, and neu-
rohormonal stimulation in such patients relates 
to the common measures of disease severity 
like functional class, exercise ability, and also 
ventricular dysfunction. The activation of each 
neurohormonal system rises in a stepwise man-
ner through the NYHA functional class, whereas 
the plasma levels of natriuretic peptides, nor-
epinephrine, and endothelin-1 increase even in 
asymptomatic patients [ 4 – 8 ]. 

 Some congenital defects will lead to higher 
degrees of exercise limitation, HF symptoms, 
and neurohormonal stimulation than others. 
For example, those with cyanotic cardiac dis-
ease have poorer peak oxygen consumption and 
higher plasma levels of some neurohormones 
than matched patients with acyanotic heart dis-
ease, and also patients with the Fontan circula-
tion seem to have poor exercise capacity and high 
NYHA class. Lesion-specifi c differences that 
develop HF may be important and certainly need 
more evaluation. Furthermore, neurohormonal 
levels are known to decrease, infrequently to 
normal, after reparative surgery. Among patients 
with TOF, those who have experienced palliative 
surgery are believed to have higher neurohor-
monal activation than those who have had repair 
[ 7 – 9 ]. 

 The distinction between left-sided and 
right- sided HF in CHD patients is less obvi-
ous in infants than in older children or adults. 
Conversely, augmented fi lling or raised pressure 
of the right ventricle in infants reduces left ven-
tricular compliance excessively compared with 
older infants or adults and gives rise to signs of 
both systemic and pulmonary venous conges-
tions [ 5 – 9 ].  
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    Paraclinic, Prevention, and Treatment 

    Care of infants or adults with HF following CHD 
must include careful consideration of the under-
lying structural or functional disorders. The gen-
eral aims of management are to achieve an 
increase in cardiac performance, to augment 
peripheral perfusion, and to lessen pulmonary 
and systemic venous congestion. In many condi-
tions, medical treatment cannot control the 
effects of the abnormal loads forced by a host of 
CHD. In these situations, cardiac diagnosis and 
interventional catheter or operative interventions 
may be immediately required [ 8 ,  10 – 13 ]. 

 Of course CHF is not common in CHD prac-
tice, although the prevention of myocardial dys-
function is a common concern. The adult patient 
with CHD may develop HF in the presence of a 
substrate (e.g., myocardial dysfunction and val-
vular regurgitation) and a precipitant (e.g., sus-
tained arrhythmia, pregnancy, hyperthyroidism, 
and obesity). Patients prone to CHF include those 
with long-standing volume loads (e.g., valvular 
regurgitation and left-to-right shunts) and those 
with a primary depression of the myocardial 
function (e.g., systemic right ventricles and ven-
tricles damaged during surgery, or because of the 
late treatment of ventricular overload). Cardiac 
magnetic resonance imaging (MRI) to evaluate 
ventricular anatomy, dimensions, function, myo-
cardial perfusion, and also ischemia in adults 
with unrepaired or repaired CHD (e.g., after atrial 
switch procedures) may be useful [ 14 – 20 ]. 

 The cause of brain natriuretic peptide (BNP) 
production is ventricular wall stress. Accordingly, 
BNP has been revealed to be high not only in 
patients with HF and left ventricular (LV) sys-
tolic dysfunction but also in patients with signifi -
cant diastolic dysfunction or RV dysfunction. 
Also, BNP can rise in cyanotic cardiac disease 
without sign or symptom of HF or myocardial 
dysfunction. Also BNP levels can aid in the 
emergency department in the diagnosis of HF 
and can be a predictor of cardiac events; however, 
their role in outpatient diagnosis, decision mak-
ing, and clinical follow-up of HF in CHD remains 
unclear. Serial measurements of BNP in patients 
with risk for the creation and development of HF 

like patients with single ventricle anatomy may 
be benefi cial in guiding interventional manage-
ment [ 17 ]. 

 Treatment depends on a clear understanding of 
the elements contributing to decompensation and 
addressing each of the treatable components. The 
greatest success is achieved when the main ele-
ments can be eliminated. When this is not possible, 
standard palliative adult HF regimens are applied 
and may include  angiotensin-converting- enzyme 
(ACE) inhibitors, beta-blockers, angiotensin recep-
tor blockers, diuretics, resynchronization pacing, 
transplantation, or other novel therapies [ 9 ,  14 – 17 ]. 

 The role of such mentioned medical treat-
ments in the prevention or management of HF 
has been evaluated only in small groups of CHD 
patients. For example, one report on the use of 
ACE inhibitors in adults undergoing the Mustard 
procedure revealed no signifi cant change in the 
MRI parameters of RV volume and ejection frac-
tion or of measured exercise capability [ 16 – 20 ]. 

 And for beta-blockers, this class of drug is 
usually used to control supraventricular arrhyth-
mias and hypertension in the treatment of CHD 
patients rather than to inhibit the pathophysiolog-
ical sympathetic activation. Of course there are 
little reported systematic trials of beta-blocker 
use in adults with CHD for the particular treat-
ment of HF, though there are some data from the 
pediatric literature about the use of these agents 
in children with severe CHF. Also  aldosterone 
blockade with spironolactone was reported to 
have improved the protein-losing enteropathy 
syndrome in a small number of Fontan operation 
patients  [ 9 ,  11 – 16 ] .   

    Heart and Heart-Lung Transplantation 

 CHD accounts for 40 % of pediatric heart trans-
plants but only 2 % of adult heart transplants. 

 According to the ACC/AHA Guidelines 
(2008) for Adults with CHD, the class I criteria 
for heart and heart-lung transplantation are as 
follows (in summary) [ 9 ]:
    1.    Patients with CHD and HF who may need heart 

transplantation must be assessed and managed 
in tertiary care centers with profi ciency in the 
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management of both CHD and heart transplan-
tation (level of evidence: C).   

   2.    Patients with CHD and HF or respiratory fail-
ure who may need lung or heart-lung trans-
plantation must be studied and managed in 
tertiary care centers with medical and surgical 
expertise in the management of CHD and also 
lung or heart-lung transplantation (level of 
evidence: C).    
  Patients with established and long-standing 

HF may have high pulmonary vascular resis-
tance. Therefore, the donor’s right-sided HF 
may ensue if the heart is suddenly located proxi-
mal to such resistant pulmonary vascular bed. 
Pharmacologically modulation of pulmonary 
vascular hemodynamics with pulmonary vaso-
dilators during catheterization helps to forecast 
the outcome after heart transplantation . In most 
transplant centers, a fi xed pulmonary vascular 
resistance index of 6 units or more or transpul-
monary gradient more than 15 mmHg that does 
not reduce by vasodilator therapy (such as oxy-
gen, nitric oxide, or dobutamine) is contraindica-
tion to lone heart transplantation.  

 Other contraindications to heart transplanta-
tion according to the ACC/AHA Guidelines 
(2008) for Adults with CHD are as follows [ 9 ]:
    Active infections, Positive serology for human 

immunodefi ciency virus(HIV) or hepatitis C 
virus, Severe metabolic disorders, multiple 
severe congenital lesions     , Multiorgan failure, 
Active malignancies, Cognitive and behavioral 
disorder that restricts the compliance     
 Heart-lung transplantation is regularly held in 

reserve for patients with non-correctable or previ-
ously repaired CHD associated with signifi cant 
pulmonary vascular diseases such as single ventri-
cle physiology or signifi cant LV dysfunction with 
concomitant pulmonary vascular disease. When a 
simple cardiac lesion is present (e.g., ASD, VSD, 
and patent ductus arteriosus), the cardiac anomaly 
can frequently be repaired in lung transplantation 
time. However, with more complex cardiac lesions, 
combined heart and lung transplantation is gener-
ally most suitable [ 9 ,  21 ,  22 ]. 

  Adult CHD heart transplant recipients have a 
mean survival of 11 years, like patients with 
other forms of heart disease. Patients who have 

had Fontan surgery are likely to have worse out-
comes, presumably because they have multiorgan 
disease.  About one third of heart-lung transplants 
are done for CHD. Survival is about 50 % at 3 
years, about 20 % in 10 years after heart-lung 
transplantation, and better in the presence of 
Eisenmenger syndrome [ 9 ,  17 – 21 ].     
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 Epidemiology and Incidence 
of Infective Endocarditis in Adults 
with Congenital Heart Disease 

 In recent decade,    signifi cant improvement in the 
long-term survival of adult patients with congeni-
tal heart disease (CHD) has given rise to a risk of 
late complications such as infective endocarditis 
(IE). The frequency of IE in adults with CHD 
exceeds tenfold that of the normal population, so 
a defi nition of the high-risk groups, a high diag-
nostic warning, and careful indication of antibiot-
ics to these patients are health-care issues of vital 
importance [ 1 ]. 

 Interestingly, the epidemiological profi le of 
IE has undergone change in recent years. While 
affected patients commonly had rheumatic heart 

disease in the past, CHD is now predominant 
in Europe and the USA [ 2 ]. On the other hand, 
the population of patients with adult CHD has 
noticeably increased over the past decades and is 
presently estimated at 1.2 million in Europe [ 3 ]. 
The incidence of IE ranges from 3 to 10 epi-
sodes/100,000 person-years in the general pop-
ulation [ 2 ]. The prevalence of CHD in patients 
with IE has been defi ned to be between 2 and 
18 % [ 4 – 6 ]. 

 Although the prognosis of IE is more desir-
able in CHD compared with acquired heart dis-
ease, mortality still continues to remain high, 
with a reported variety between 4 and 10 % [ 7 , 
 8 ]. Some simple lesions such as the secundum 
type of atrial septal defect and pulmonary valve 
stenosis seem to carry a low risk of IE [ 2 ]. 
Nevertheless, the incidence of IE in various con-
genital defects has yet to be fully investigated. 
For example, ventricular septal defect is fre-
quently regarded as a high-risk defect, but a pro-
spective research of these patients suggested that 
IE is mainly related to concomitant valve disease 
rather than to the septal defects [ 9 ]. 

 Filippo et al. [ 10 ] studied 153 episodes of IE 
and reported that the mean age of CHD patients 
affected with IE has been higher in recent years. 

 Verheugt et al. [ 11 ], interestingly, studied the 
occurrence of IE in a population of 10,210 patients 
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with CHD and found an incidence of IE of 1.1 per 
1,000 patient-years. Their study confi rmed the 
augmented risk in these patients compared with 
1.7–6.2 per 100,000 patient-years in the general 
population [ 12 ]. The study also approved the 
particularly low risk of patients with pulmonary 
valve stenosis and secundum type of atrial sep-
tal defect when these conditions are not associ-
ated with additional lesions. The highest risk was 
seen in pulmonary  atresia with ventricular septal 
defect (hazard ratio [HR] = 16.7), followed not 
only by other complex lesions like congenitally 
corrected transposition of the great arteries and 
single ventricular heart defect (HR = 7.1 and 6.1) 
but also by simple diseases such as bicuspid aor-
tic valve and ventricular septal defect (HR = 6.3 
and 6.8).  

    Prevention, Etiology, and Diagnosis 
of Infective Endocarditis in Adults 
with Congenital Heart Disease 

 The Filippo study [ 10 ] demonstrated that dental 
problems are the leading cause of IE with a sig-
nifi cant variety of pathological organisms (with 
multiple species of  Streptococcus ). Also, the 
incidence of cutaneous causative infections has 
risen (5–17 %) with different types of 
 Staphylococcus  in recent decades. In that study, 
negative blood cultures diminished (from 20 to 
7 %;  p  value = 0.03), and Streptococci were the 
most common causal organisms. 

 The incidence of severe heart failure and car-
diovascular complications in CHD patients with 
IE has lessened recently. Early surgery was more 
common in earlier years with a drop, albeit not 
signifi cantly, in overall mortality. In his study, the 
incidence of early mortality was 7.2 % as opposed 
to the varying rates of 10–25 % in the literature. 
 This improvement in early survival may be a 
result of earlier and more effective surgical man-
agement as reported in the literature  [ 13 ,  14 ]. 

  For the diagnosis of IE, echocardiography 
plays a crucial role.  To date, no study has 
assessed the sensitivity and specifi city of trans-
thoracic and transesophageal echocardiogra-
phy in the diagnosis of IE in a group of patients 

with complex congenital malformations. In 
general, transthoracic echocardiography (TTE) 
is useful in the detection of vegetation, but fre-
quently, the sensitivity is too low to rule out the 
absence of vegetation given the diffi culty in the 
imaging of shunts and conduits and complexity 
in the anatomy combined with differentiating 
vegetation from dysplastic abnormal valves in 
adult CHD patients. Sometimes, careful com-
parison of valve anatomies and function with 
previous recordings is needed to detect 
differences. 

 Also of particular importance in the detection 
of IE in adolescents and adults is transesophageal 
echocardiography (TEE) for the assessment of 
the thoracic aorta, valved conduits, and ventricu-
lar outfl ow tracts and for the imagining of the 
entire ventricular septum (Table     8.1 ).

   TEE may help to obtain prognostic informa-
tion or to study IE and IE-related complications 
and may be more sensitive and specifi c than TTE 
in these patients. Be that as it may, TEE some-
times fails to image the lesions in patients with 
complex cardiac malformations . The diagnosis of 
IE should, thus, rely on the Duke criteria other 
than echocardiography in complex lesions, 
shunts, and conduits  [ 15 ,  16 ] .  

  TEE is indicated in adult CHD, if a TTE study 
is equivocal or when there is a complex congenital 
heart anatomy or a valve prosthesis in which trans-
thoracic windows may be inadequate  [ 17 – 25 ] .  

  In order to decrease the risk of IE, the follow-
ing recommendations are worth considering: 

   Table 8.1    Primary reasons for revision of the IE prophy-
laxis in the guidelines   

 IE is much more likely to result from frequent exposure 
to bacteremias associated with daily activities than 
from bacteremia caused by a dental, GI tract, or GU 
tract procedure 
 Prophylaxis may prevent an exceedingly small number 
of cases of IE, if any, in individuals who undergo a 
dental, GI tract, or GU tract procedure 
 The risk of antibiotic-associated adverse events exceeds 
the benefi t, if any, from prophylactic antibiotic therapy 
 Maintenance of optimal oral health and hygiene may 
reduce the incidence of bacteremia from daily activities 
and is more important than prophylactic antibiotics for 
a dental procedure to reduce the risk of IE 

  From    Wilson et al. [ 27 ]  
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    1.     Maintenance of oral hygiene and regular den-
tal visit is signifi cant.    

   2.     Uninfected and hygienic measures in manipu-
lation of venous catheters and any invasive 
procedures should be taken into account.    

   3.     Adult CHD patients must be discouraged from 
receiving piercings and tattoos.    

   4.     Antibiotic prophylaxis should be prescribed 
for patients with the highest risk of IE experi-
encing the highest-risk procedures  [ 25 ,  26 ] .    

   5.     Physicians should bear in mind that the cya-
notic patients with right-to-left shunts have 
the opportunity of “paradoxical” systemic 
embolization, which renders them at risk of 
stroke. Air fi lters should be utilized in order to 
avoid the injection of air bubbles.     
   On the other hand, based on previous studies  

[ 2 ,  26 ] , transient bacteremia happens not only 
after dental procedures but often in the setting of 
daily routine actions like tooth brushing or chew-
ing.  Due to the lack    of effi cient signs for the effi -
cacy of antibiotic prophylaxis and the expected 
enormous number of patients that may require 
management to prevent one single event of IE,  it 
is now commended by expert consensus to limit 
antibiotic prophylaxis to patients with very high 
risk of IE experiencing the highest-risk proce-
dures, namely, patients with previous IE, patients 
with prosthetic cardiac valves or prosthetic mate-
rials used for cardiac valves repair, and patients 
with CHD: (A) cyanotic CHD without previous 
surgical repair or with residual defects, shunts, 
or implanted conduits; (B) CHD after repair with 
prosthetic materials whether positioned by sur-
gery or by a percutaneous method, till 6 months 
after the procedure; and (C) persistence of a 
residual defect at the site of the embedding of a 
prosthetic material or device following any car-
diac surgery or a percutaneous procedure  
(Table  8.2 ,  8.3  and  8.4 ) [ 2 – 26 ] . 

      The recommendation has also been restricted 
to dental procedures requiring manipulation of 
the gingival or periapical area of the teeth or 
perforation of the oral mucosa. Antibiotics are 
not suggested for the respiratory tract as well as 
for gastrointestinal, genitourinary, dermatologi-
cal, and musculoskeletal procedures except for 
an established infection  [ 2 – 26 ] .  

  Cultures should be obtained before the begin-
ning of antibiotic therapy in order to fi nd the 
causative organism  [ 25 ,  26 ] .  

 In summary, it should be highlighted that our 
knowledge of IE in patients with CHD is still lim-
ited as systematic reviews are few, mostly retro-
spective, and profoundly affected by selection 
bias .  Patients with CHD and physicians should 
always be alert of the risk of IE. Any clinical 

   Table 8.2    Cardiac conditions associated with the highest 
risk of adverse outcome from infective endocarditis for 
which prophylaxis with dental procedures is reasonable   

 Condition  Congenital-specifi c condition* 

 Previous infective 
endocarditis 

 Unrepaired cyanotic CHD, 
including palliative shunts and 
conduitsa 

 Prosthetic cardiac 
valve or prosthetic 
material used for 
cardiac valve repair 

 Completely repaired congenital 
heart defect with prosthetic 
material or device, whether 
placed by surgery or by catheter 
intervention, during the fi rst 6 
months after the procedure 
 Repaired CHD with residual 
defects at the site or adjacent to 
the site of a prosthetic patch or 
prosthetic device that inhibit 
endothelialization 
 Cardiac transplant recipients who 
develop cardiac valvulopathy 

  By Modifi ed from Wilson et al. [ 27 ] 
      Except for the conditions listed above, antibiotic prophy-
laxis is no longer recommended for any other form of 
CHD 
 *Prophylaxis is reasonable because endothelialization of 
prosthetic material occurs within 6 months after the 
procedure 
 a CHD  indicates congenital heart disease  

   Table 8.3    Dental procedures for which endocarditis pro-
phylaxis is reasonable for patients in Table 2   

 All dental procedures that involve manipulation of 
gingival tissue or the periapical region of teeth or 
perforation of the oral mucosa 
 The following procedures and events do not need 
prophylaxis: routine anesthetic injections through 
noninfected tissue, taking dental radiographs, 
placement of removable prosthodontic or orthodontic 
appliances, adjustment of orthodontic appliances, 
placement of orthodontic brackets, shedding of 
deciduous teeth, and bleeding from trauma to the lips 
or oral mucosa 

  From Wilson et al. [ 27 ]  
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doubt must prompt careful assessment, including 
echocardiography and blood culture, in order to 
provide so early diagnosis as possible and to let 
effective management.     
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     Abdominal and Cardiac Position 

 The fi rst step in chest X-ray interpretation is to 
determine the position of the heart, base-to-apex 
axis, and abdominal situs.  In a normal heart with 
visceral situs solitus, the heart is positioned left 
sided with a leftward-pointing base-to-apex axis, 
the stomach is left sided, the liver is right sided, 
the aorta lies to the left, and the inferior vena 
cava lies to the right of the spine  (Fig.  9.1 ) .  One 
should pay close attention to the bronchial pat-
tern as it is very useful in the identifi cation of a 
patient’s situs. In situs solitus, the right and left 
bronchi are asymmetric; the right bronchus is 
relatively straight and short and the left bronchus 
is relatively long and curved.  Normally, the left 
hemidiaphragm is seen lower than the right 
hemidiaphragm due to the left-sided cardiac 
apex .

   The determination of the abdominocardiac or 
visceroatrial situs is very important because situs 
solitus with dextroversion or situs inversus with 
levocardia has a strong association with complex 
congenital heart disease. Situs inversus totalis with 
dextrocardia or mirror- image dextrocardia carries 
a low incidence of congenital heart disease. When 
cardiac dextroversion is associated situs solitus, 
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  Fig. 9.1    Cardiac location, base-to-apex axis, and posi-
tions of the liver and stomach can be determined in the 
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congenitally corrected transposition of the great 
arteries, which is associated with ventricular septal 
defect and pulmonary stenosis, will be the com-
mon cardiac malposition fi nding. Dextrocardia 
should be distinguished from dextroposition, in 
which the heart is located within the right thorax 
but its apex points to the patient’s left [ 1 – 4 ].  

    Cardiac Chamber Size 

 The estimation of the cardiac chamber size is 
another important step in the interpretation of 
congenital heart disease patient’s X-ray. The car-
diothoracic ratio (CT ratio) is the widest diameter 
of the heart in comparison to the widest internal 
diameter of the rib cage, and any ratio >50 % is 
considered an increased CT ratio. It is rewarding 
to identify an increase in the cardiac size and 
chambers (left atrium, right atrium, and left ven-
tricle or right ventricle solely or in combination) 
responsible for the increase in the CT ratio.  

    Shunt Vascularity 

 The criteria for shunt vascularity in chest X-ray 
that are only seen when the pulmonary-to- 
systemic fl ow is >1.5–1 are as follows:
    1.     Loss of normal distribution of vascular mark-

ings and a uniform vascularity pattern 
(Normally the lower lobe has dominant vas-
cular markings.)    

   2.     Prominent right descending pulmonary artery 
with diameters >17 mm    

   3.    Pulmonary artery marking larger than its adja-
cent bronchus (Fig.  9.2 )
       There are some potential sites of error as preg-

nancy, anemia, thyrotoxicosis, and pulmonary 
arteriovenous fi stula may exhibit the same 
changes. 

    Pulmonary Vasculature 

 The pulmonary vasculature is another issue that 
should be addressed individually after shunt vas-
cularity, and suffi cient heed should be paid to 
pulmonary venous patterns, signs of increased 
pulmonary venous pressures, pulmonary artery, 

and search for any post stenotic dilation. Five 
states can be seen in the pulmonary vasculature: 
normal, pulmonary venous hypertension, pulmo-
nary arterial hypertension, increased fl ow, and 
decreased fl ow. 

 The determination of these patterns requires a 
close scrutiny of the right descending pulmonary 
artery (which should normally be <17 mm in 
diameter) as well as the distribution of the fl ow 
in the lungs at two sites: the upper versus the 
lower lobes and the central versus the peripheral 
lobes [ 4 ]. 

 Usually in the standing position, due to the 
effect of the gravity, the blood fl ow to the bases is 
more than that to the apices. Also, there should 
be tapering of the vessels from the central part 
toward the peripheral part. 

  Venous hypertension  is present when the right 
descending pulmonary artery is >17 mm and the 
upper lobe vessels size is equal to or greater than 
the size of the lower lobe vessels (which is called 
cephalization). 

  Pulmonary arterial hypertension  is present 
when the right descending pulmonary artery is 
>17 mm in diameter and the main pulmonary 
artery is prominent. With an increase in pulmo-
nary artery pressures, there may be a rapid cutoff 
in the size of the peripheral vessels in comparison 
with the size of the central vessels, and the  central 

  Fig. 9.2    Prominent    main pulmonary artery, shunt vascu-
larity, right ventricular enlargement, and small aortic 
knob, all in favor of atrial septal defect       
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vessels may seem to be too large for the size of 
the peripheral vessels (this pattern is called prun-
ing Fig.  9.3 ).

    Increased fl ow  is seen when the right descending 
pulmonary artery is >17 mm in diameter, but there is 
normal and preserved distribution of the fl ow and 
gradual tapering from the center to the periphery. 

  Decreased fl ow  is very hard to diagnose, but 
the presence of small hila and reduction in nor-
mal blood vessels may point toward it [ 5 ]. 

 The aforementioned steps should be followed 
by a close inspection of the ribs (looking for sub-
costal notching), deviations in the trachea, for-
eign bodies, diaphragm, thymic shadow, 
costophrenic spaces, general shape of the heart, 
and presence or absence of pulmonary fl uids.   

    Chest X-Ray Patterns in Specifi c 
Conditions 

    Conditions with Increased Pulmonary 
Vascularity 

    Atrial Septal Defect 
 Evidence of shunt vascularity in chest X-ray can 
be seen in shunt ratios >1.5/1. In shunt vascular-
ity, the increased pulmonary vasculature is seen 
from the center to the periphery as well as in the 
upper and lower lobes. Nevertheless, the size of 
the upper lobe vessels is smaller than the lower 
lobe vessels, which is contrast to pulmonary 
venous hypertension. 

 Although the left atrium is normal in size, 
there is right atrial and right ventricular 
 enlargement, both of which are best seen in lat-
eral views. The chest X-ray fi lm is often, but not 
always, abnormal in patients with signifi cant 
atrial septal defect. The central pulmonary arter-
ies are characteristically enlarged, with pulmo-
nary plethora indicating an increased pulmonary 
fl ow. A small aortic knuckle, which refl ects a 
chronically low cardiac output, is characteristic 
of atrial septal defect [ 4 ,  6 ].  

    Ventricular Septal Defect 
 In ventricular septal defect with signifi cant left-
to- right shunting, there is evidence of shunt vas-
cularity and left atrial and left ventricular 
enlargement. The aorta is usually normal in size. 
In patients with ventricular septal defect and sig-
nifi cant pulmonary arterial hypertension, the pul-
monary artery segment is prominent, and the 
pulmonary vascular markings are diminished at 
the periphery of the lung [ 4 ,  7 ,  8 ].  

    Atrioventricular Septal Defect 
 Similar to atrial septal defect, an increased car-
diothoracic ratio with prominent right atrium and 
right ventricle and increased pulmonary vascular 
marking is expected. If there is signifi cant mitral 
regurgitation, there may be left ventricular and 
left atrial [ 4 ] enlargement.  

    Patent Ductus Arteriosus 
 Chest X-ray may have variable features regarding 
the severity and duration of the disease. A small 
duct produces a normal chest X-ray, whereas in 
more than moderate-sized ducts, patients develop 
cardiomegaly, enlarged left atrium and left ven-
tricle, prominent main pulmonary artery, and 
shunt vascularity, in favor of left-to-right shunts, 
prominent peripheral pulmonary vasculature, and 
prominence of the ascending aorta (and possibly 
aortic arch). Adults with patent ductus arteriosus 
may exhibit linear calcifi cation at the site of the 
ductus [ 4 ,  9 ,  10 ]. 

 If the Eisenmenger syndrome develops, its 
fi ndings with a prominent aortic knuckle are 
expected. 

 It should be noted that punctuate calcifi ca-
tion at the site of a closed ductus is a normal 
fi nding.  

  Fig. 9.3    Right ventricular enlargement, prominent main 
pulmonary artery, and peripheral vessel pruning sugges-
tive of pulmonary atrial hypertension       
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    Total and Partial Anomalous 
Pulmonary Venous Return 
 Total and partial anomalous pulmonary venous 
return has a distinctive pattern in chest X-ray. A 
 left-sided dilated vertical vein, prominent innom-
inate vein on the top, and right-sided superior 
vena cava all together give form to a specifi c 
image called the “snowman sign”  (Fig.  9.4 ). 
In this distinct image, an enlarged right atrium 
forms the body of the snowman. Another name 
for this image is the “fi gure-of-eight sign” 
[ 4 ,  10 ].

   Also, there is shunt vascularity, in favor of 
left-to-right shunting and enlargement of the 
right side of the heart due to volume overload. In 
newborns with total anomalous pulmonary 
venous return and obstructed pulmonary venous 
return, chest X-ray may show evidence of pulmo-
nary edema. 

 In partial anomalous pulmonary venous 
return, an anomalous pulmonary vein originates 
from the right lung, curves in the right heart bor-
der, and usually continues from the mid part of 
the lung all the way through to the costophrenic 
angle. These  characteristic features resemble a 

Turkish sword called “scimitar,” hence the term 
the “scimitar sign”  (Fig.  9.5 ) [ 11 ].

       Complete Transposition of the Great 
Arteries 
 The pulmonary artery is obscured by the aorta on 
frontal chest radiographs. This malposition, in 
association with stress-induced thymic atrophy 
and hyperinfl ated lungs, results in the apparent 
narrowing of the superior mediastinum on radio-
graphs, the most consistent sign of transposition 
of the great arteries.  Accordingly, in dextro- 
transposition of the great arteries, an enlarged 
heart can be seen in conjunction with a narrow 
pedicle, giving the so-called “egg-on-a-string” 
appearance . This is because the superior 
 mediastinum appears narrow owing to the antero-
posterior relationship between the transposed 
great vessels and the radiological absence of the 
thymus [ 12 ,  13 ]. 

 Adult patients with this disease usually have 
undergone some sort of corrective surgery at 
some point in the past. After atrial switch 
 operation, there is typically a narrow vascular 
pedicle plus an oblong cardiac silhouette, which 
is called the “egg-on-side pattern.” In lateral 
views, an anteriorly located aorta may occupy the 
retrosternal space. In patients with a history of 
the arterial switch procedure and the Rastelli pro-
cedure, the chest X-ray is usually normal except 
for sternal wires or conduit calcifi cation in the 
latter.  

  Fig. 9.4    The “snowman sign” or the “fi gure-of-eight 
sign,” associated with shunt vascularity and right-sided 
cardiac chamber enlargement in total anomalous pulmo-
nary venous drainage       

  Fig. 9.5    An anomalous right pulmonary vein parallel to 
the right atrium named the “scimitar sign.” Dextrocardia 
is often associated with the scimitar syndrome       
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   Congenitally Corrected Transposition 
of the Great Arteries 
 The left supracardiac borders have a smooth con-
vexity, and there is absence of the normal pulmo-
nary artery segment. There is a left-sided 
ascending aorta, and the main pulmonary trunk is 
medially displaced. Furthermore, the right pul-
monary hilum is prominent and is elevated in 
comparison to the left side.  The right pulmonary 
artery appears to have a high takeoff because of 
an absent aortic shadow, giving rise to a unique 
image called the “waterfall appearance”  
(Fig.  9.6 ).

      Truncus Arteriosus 
 There is an increased CT ratio with pulmonary 
arterial hypertension patterns, concave pulmo-
nary artery segment, enlarged left atrium, and 
unusual high hilar areas. A right-sided aortic arch 
is seen in approximately half of the patients. The 
superior mediastinum is widened.   

    Conditions with Decreased 
Pulmonary Vascularity 

   Tetralogy of Fallot 
 There is a prominent right ventricle, resulting in the 
upward displacement of the apex and creating a 

concavity in the region of the right ventricular out-
fl ow tract, which is underdeveloped . In addition, 
the pulmonary vasculature is diminished. This 
combination gives rise to a classic “boot- shaped 
heart” or “Coeur en sabot” appearance  (Fig.  9.7 ). 
There may be a right-sided aortic arch in approxi-
mately 25 % of cases [ 4 ,  10 ,  11 ]. It is important to 
look for indentation in the trachea to locate it. The 
ascending aorta is usually prominent.

      Pulmonary Atresia with Ventricular 
Septal Defect 
 A normal-sized heart with a prominent right ven-
tricle and upward displacement of the apex and 
reduced pulmonary artery markings is the rule. 
There may be a right-sided aortic arch.  

   Tricuspid Atresia 
 In patients with tricuspid atresia, it is expected to 
see levocardia, left-sided aortic arch (in 75 % of 
patients), and situs solitus. The CT ratio and the 
pulmonary vasculature are dependent on the 
amount of the pulmonary blood fl ow and accom-
panying conditions (Fig.  9.8 ), but usually a fl at or 
concave pulmonary artery is seen. If there is a 
small atrial septal defect, the right atrium is 
enlarged [ 4 ,  10 ,  11 ]. However, if there is a large 
atrial septal defect, a normal or slightly enlarged 
right atrium is expected.

  Fig. 9.6    The “waterfall appearance,” in favor of congeni-
tally corrected transposition of the great arteries       

  Fig. 9.7    Tetralogy of Fallot, hypovascularized lungs, 
small central pulmonary artery, and right ventricular 
enlargement, named “boot-shaped heart” or “Coeur en 
sabot”       
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      The Ebstein Anomaly 
  Enlarged right atrium and atrialized right ven-
tricle and the resulting rightward convexity in 
addition to a dilated infundibulum produce a 
characteristic “water bottle” or “box-shaped 
heart” appearance  (Fig.  9.9 ). Some degrees of 
cardiomegaly are always expected, and the aorta 
and the pulmonary trunk are both inconspicuous. 
The pulmonary vasculature is normal to dimin-
ished [ 4 ,  10 ,  11 ].

      Pulmonary Hypertension/Eisenmenger 
Syndrome 
  Radiologic hallmarks of the Eisenmenger syn-
drome are dilated central pulmonary arteries with 
rapid tapering of the peripheral pulmonary vascu-
lature, called vascular pruning  [ 4 ,  10 ,  11 ]. If pul-
monary hypertension is long lasting, there may be 
calcifi cation in the pulmonary artery. In patients 
with the Eisenmenger syndrome, patent ductus 
arteriosus calcifi cation in the duct can be seen. 

 If the patient’s original disease is ventricular 
septal defect or patent ductus arteriosus, the CT 
ratio is normal to mildly increased. Nevertheless, 
if the atrial septal defect is responsible for the 
patient’s condition due to right atrial and right 
ventricular dilation, the CT ratio is markedly 
increased and there is an inconspicuous aorta.   

    Conditions with Normal Pulmonary 
Artery Vascularity 

   Aortic Stenosis 
 In congenital cases, cardiomegaly due to right ven-
tricular enlargement, upward displacement of the 
apex, and various degrees of pulmonary edema is 
usual. In non-congenital cases, there is marked 
cardiomegaly due to left ventricular hypertrophy, 
and there may be some degrees of post-stenotic 
dilation in the ascending aorta. In these cases, the 
pulmonary vasculature is usually normal. 

 In cases of subaortic stenosis, the chest X-ray 
usually is not helpful. In cases of supravalvular ste-
nosis, in distinction with subvalvular and valvular 
stenosis, there is no dilation in the ascending aorta .   

   Coarctation of the Aorta 
 The most helpful radiographic sign  in aortic 
coarctation is “rib notching,” which is erosion 
caused by increased pressures in the intercostal 
blood vessels in the posterior ribs. This phenom-
enon is usually seen in the 3rd thorough the 9th 
ribs and does not involve the 1st and the 2nd ribs. 
It can be unilateral or bilateral and usually is in 
the outer third of the ribs and has a sclerotic 
margin.  

  Other signs include pre- and post-stenotic 
dilation in the aorta and the left subclavian 

  Fig. 9.8    Small right heart chambers with diminished 
lung vascularity       

  Fig. 9.9    Giant right atrium and atrialized right ventricle, 
associated with hypovascularized lungs       
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artery and indentation at the site of coarctation 
called the “fi gure-of-three sign.” This fi gure is 
matched by “reverse 3” or “E” sign in the 
barium- fi lled esophagus  [ 4 ,  10 – 12 ]. 

 Other features may include a dilated aorta 
proximal to the coarctation site and convexity of 
the ascending aorta in the proximal 1/3 part.  

   Pulmonary Stenosis 
 Chest X-ray is variable in regard to concomitant 
conditions and patients’ age. In neonates with an 
intact ventricular septum, there is diminished 
pulmonary vascular marking as well as right ven-
tricular prominence. If the lesion is mild to mod-
erate in intensity, a normal chest X-ray with 
normal heart size and normal pulmonary vascula-
ture is expected, but there may be post-stenotic 
dilation in the main and left pulmonary arteries. 
If the lesion is severe, right-sided enlargement is 
detected both in the right ventricle and in the 
right atrium. In such cases, in which the severity 
is advanced, pulmonary vascular marking is 
diminished [ 4 ,  10 ,  11 ]. 

 In cases of dysplastic pulmonary valve steno-
sis, the same fi ndings are expected except for 
lack of post-stenotic dilation even in the case of 
severe obstruction. Due to the accompanying pul-
monary lymphangiectasia, there may be the 
“ground-glass appearance,” mimicking pulmo-
nary venous obstruction.  

   Congenital Mitral Stenosis 
 Increased CT ratio and cardiomegaly due to 
enlarged left atrium and left ventricle is 
seen.  

   Cor Triatriatum 
 The chest X-ray pattern is highly dependent on 
the severity of the obstructive lesion and can vary 
from normal in mild cases to pulmonary edema 
in patients with signifi cant lesions.   

    Malposition of Cardiac Lesions 

   Dextrocardia 
 The condition in which the heart has been shifted 
rightward by external causes is called 

 dextroposition. Mixed dextrocardia indicates 
dextrocardia with atrioventricular discordance. 
Mirror-image dextrocardia refers to patients with 
situs inversus. If the apex of    the heart is toward 
the right, it is dextrocardia; toward the left is 
levocardia; and toward the middle is mesocardia. 

 In plain chest X-ray, the confi rmation of the 
patient’s situs requires that the radiologist look 
for gastric bubbles as well as liver and tracheal 
segmentation. It is important to note that the 
abdominal organs’ situs and their relation with 
the cardiac chambers will affect the likelihood of 
congenital heart defects [ 2 ]. 

 Situs inversus totalis is when a patient has 
mirror-image dextrocardia with the gastric bub-
ble on the right side and liver on the left side.   

    Miscellaneous Cardiac Lesions 

   Congestive Cardiac Failure 
 Based on the etiology, the chest X-ray pattern 
may vary widely. In cases of idiopathic conges-
tive cardiac failure or non-cardiac-induced con-
gestive cardiac failure, increased CT ratio, 
degrees of pulmonary venous hypertension pat-
terns, fl uid within the horizontal and oblique fi s-
sures, prominent Kerley B lines (indicative of 
lymphatic engorgement), and pleural effusion 
and/or pericardial effusion are expected.  

   Partial or Complete Absence 
of Pericardium 
 It is very hard to diagnose this condition solely 
based on plain chest X-ray. Magnetic resonance 
imaging (MRI) can prove extremely useful in this 
condition. The fi ndings include prominent dila-
tion of the left atrial appendage, cardiomegaly, 
and cardiac silhouette marking levoposition, 
faded heart borders on the right side, very promi-
nent main pulmonary artery, and borderline irreg-
ularities in the upper left heart border. However, 
the most important fi nding is that there is a por-
tion of the lung tissue between the main pulmo-
nary artery and the aorta. This so-called 
“tongue-of-tissue sign” is the most common sign 
seen in patients with both complete and partial 
absence of the pericardium [ 14 ,  15 ].       
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        Introduction 

 The aggregate role of genetic factors in the etiol-
ogy of congenital heart defects (CHD) is evident 
by the high prevalence of syndromes that clusters 
CHD with several extracardiac abnormalities. 
These syndromes are either caused by contiguous 
syndrome due to large deletions or duplications 
or by mutations in transcription factors that regu-
late development of the heart and several other 
organs. Often, the CHD defects are associated 
with abnormalities of facial structures and the 
musculoskeletal system. The pleiotropic effects 
of these genetic abnormalities, however, result in 
signifi cant diversity in the phenotypes of within 

the general population and even within individual 
families [ 1 – 4 ].  

    Down Syndrome 

 Trisomy 21 (Down syndrome) is one the most com-
mon causes of CHD and mental retardation with a 
frequency of 1/700 living births. Clinical features 
include short hands, facial anomalies, and high rate 
of single palmar crinkle, neonatal hypotonia, gas-
trointestinal malformations, and also cardiovascular 
disease that affects approximately 50 % of patients. 
The genetic abnormality in most cases is caused by 
isochromosome duplication (dup21q) and in rare 
cases is the result of a fusion between two heterolo-
gous chromatids, known as Robertsonian transloca-
tion. These chromosomal changes are of both 
paternal and maternal origin and their rate increases 
with aging of the parents. Cardiac deformities 
include atrioventricular canal defect, atrial and ven-
tricular septal defects, and also tetralogy of Fallot 
[ 4 – 8 ]. Cardiovascular disease is a major cause of 
mortality in these patients followed by respiratory 
obstructive disorders, immune system diseases, and 
infectious diseases [ 9 ,  10 ].  
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    Noonan-Leopard Syndromes 

 Noonan syndrome, also known as the male 
Turner syndrome, is characterized as a wide 
spectrum of CHD, short stature, pterygium colli, 
thoracic and facial abnormalities, and also bleed-
ing diathesis. Facial features include a broad 
forehead, hypertelorism, a high-arched palate, 
low-set and posteriorly rotated ears, and also 
down-slanting palpebral fi ssures. Cardiovascular 
involvement is present in up to 90 % of patients 
[ 9 – 12 ]. The anomaly has at least eight subtypes. 
Type 1 is caused by mutations in PTPN11, a gene 
encoding the protein tyrosine phosphatase SHP-2 
located at chromosome 12q22-qter. It is the fi rst 
disease gene identifi ed for Noonan syndrome and 
accounts for 50 % of the cases. NS3 is caused    by 
mutation in the KRAS gene; NS4, by mutation in 
the SOS1 gene; NS5, by mutation in the RAF1 
gene; NS6, by mutation in the NRAS gene; NS7, 
by mutation in the BRAF gene; and NS8, by 
mutation in the RIT1 gene. Other different muta-
tions in the same gene create Leopard syndrome, 
a genetic disorder with clinical fi ndings overlap-
ping those of Noonan syndrome and unique len-
tigines skin lesions and deafness too. In both 
syndromes, cardiac anomalies are common 
(about 60 % of cases), including pulmonary valve 
stenosis and also hypertrophic cardiomyopathy 
[ 11 – 17 ]. Noonan syndrome is more often associ-
ated with pulmonary valve stenosis with typically 
thickened leafl ets classically unsuitable for inter-
ventional balloon dilation, thus needing surgical 
intervention [ 16 – 19 ].  

    Deletion in 22q11 

 This disorder becomes the second most common 
syndromic CHD after Down syndrome. The 
del22q11 syndrome (also known as velocardiofa-
cial syndrome) is associated with a highly vari-
able phenotype despite similar deletion sizes. 
Clinical features of 22q11 deletion also include 
cleft palate, facial dysmorphisms, and palatal 
abnormalities. Less frequent features included 
microcephaly, speech and learning disabilities, 
neonatal hypocalcaemia, short stature, immune 

defi ciency, mental retardation, slender hands and 
digits, minor auricular anomalies, and also ingui-
nal hernia. 

 The most common cardiac anomalies are ven-
tricular septal defect, pulmonary atresia, and 
tetralogy of Fallot. Children with 22q11 deletion 
and tetralogy of Fallot present with extracardiac 
malformations like absent pulmonary valve and 
aortic arch abnormalities and aberrant left sub-
clavian in 50 % of cases. The complex pulmo-
nary arterial anatomy in these patients usually 
associated with additional  surgical risk. 

 A routine screening for 22q11 deletion in all 
children with cleft palate is recommended. 

 Within the 22q11 interval, the TBX1 gene 
appears to be the most important determinant of 
the disease phenotypes, particularly the psychiat-
ric diseases of this syndrome [ 20 – 22 ].  

    Turner Syndrome 

 Turner syndrome is created by the absence of an 
entire sex chromosome (Barr body), known as 
monosomy X, or less frequently by haploinsuffi -
ciency of specifi c genes on the X chromosome. It 
is part of the spectrum of short stature, idiopathic, 
X-linked syndrome. Clinical fi ndings include 
CHD, gonadal dysgenesis, short stature, renal 
disorders, facial abnormalities, and pterygium 
colli. There is signifi cant variability in cardiac 
defects, ranging from partial anomalous pulmo-
nary venous connection, bicuspid aortic valve, 
and aortic coarctation to complex disorders of 
left-sided obstruction, i.e., hypoplastic left heart 
syndrome affecting up to 40 % of patients. CHD, 
especially aortic valve anomalies and aortic 
coarctation, appears to be more common in sub-
jects with 45, X karyotype versus those with 
mosaicism (45, X/46, XY karyotype). In Turner 
syndrome patients with aortic coarctation, fria-
bility of the aortic wall with high risk of hemor-
rhages has been defi ned at surgery or after stent 
implantation [ 1 ,  2 ,  23 ,  24 ]. 

 Early-onset aortic dilation, dissection, or rup-
ture has been reported in subjects with a Turner 
syndrome with a frequency of 36/100,000 per 
year. The majority of Turner patients have either 
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bicuspid aortic valve, aortic coarctation, or also 
systemic hypertension. However, aortic dissec-
tion caused by vasculopathy including intimal 
and medial layers of large arteries in the absence 
of CHD or systemic hypertension also occurs. 
Ascending aortic size index of 2.5 cm/m 2  or more 
is considered as signifi cant risk factor for aortic 
dissection. Due to increased risk of cardiovascu-
lar disease in patients with Turner syndrome rou-
tine clinical and echocardiographic evaluations, 
including periodic monitoring of blood pressure 
is often recommended [ 23 ,  24 ].  

    Marfan Syndrome 

 Marfan syndrome is an autosomal dominant disor-
der in the connective tissue featuring musculoskel-
etal, ocular, and cardiovascular anomalies. The 
syndrome is caused by mutations in fi brillin 1 gene 
on chromosome 15. Fibrillin is the main and basic 
structural component of the elastin- related con-
nective tissue microfi brils. Cardiovascular involve-
ment is present in the 70–80 % of patients with 
Marfan syndrome, including aortic dilatation with 
the threat of aortic dissection and mitral valve leaf-
lets prolapse with or without mitral valve regurgi-
tation. Though pulmonary artery is also dilated in 
patients with Marfan syndrome, this anomaly sel-
dom leads to clinical consequences. The aortic 
stiffness is described to be greater in patients with 
Marfan syndrome compared with patients with 
juvenile forms of ascending aortic dilation without 
this syndrome [ 25 – 29 ]. 

 Ventricular tachyarrhythmia with increased left 
ventricular size and mitral valve leafl ets prolapse 
can represent an additional risk factor for sudden 
cardiac death in these patients. Beta- blockers and 
angiotensin II receptor blockers are commonly 
used to delay the progression of aortic aneurysm 
and dissection in this syndrome [ 1 – 3 ,  29 ].  

    Loeys-Dietz Syndrome 

 The Loeys-Dietz syndrome (LDS) is another 
syndromic autosomal dominant aortic aneurysm 
disorder with multiple systemic involvements. 

The vascular phenotype is characterized by 
 tortuous aneurysms. The extracardiac pheno-
types include hypertelorism, a bifi d uvula, or 
cleft palate. This syndrome consists of at least 
four subtypes. Patients with LDS type 1 have cra-
niofacial involvement including craniosynosto-
sis, hypertelorism, or cleft palate. Patients with 
LDS type 2 have only a bifi d uvula and arterial 
aneurysms. LDS1 and LDS2 are caused by muta-
tion in the TGFBR1 and TGFBR2 genes. Another 
form of Loeys-Dietz syndrome is associated with 
early- onset osteoarthritis and is created by muta-
tions in the SMAD3 gene. LDS4 is caused by 
mutation in the TGFB2 gene [ 2 ,  27 – 29 ].  

    Williams Syndrome 

 Williams syndrome features CHD, mental retarda-
tion, typical facial anomalies, short stature, and 
also connective tissue abnormalities and is caused 
by a microscopic deletion of chromosome 7q11.23. 
More than 20 genes have been mapped inside the 
commonly deleted region. Many of the clinical 
features of Williams syndrome, including the car-
diac defects, are caused by the deletion of the elas-
tin gene. In vivo and in vitro studies have suggested 
that the abnormal elastin protein product induces 
arterial smooth muscle proliferation and intimal 
hyperplasia, particularly at the supravalvular aor-
tic and pulmonary artery levels, leading to arterial 
stenosis. The disease also affects the mesenteric 
and renal arteries, predisposing the affected chil-
dren to systemic hypertension. Supravalvular aor-
tic stenosis is a progressive lesion, which can be 
discrete in the form of hourglass narrowing of the 
supravalvular region or diffuse extending into the 
aortic arch and into the origin of brachiocephalic 
arteries. Abnormalities of left ventricular myocar-
dial mechanics have been described    in children 
with Williams syndrome even in absence of supra-
valvular aortic stenosis or hypertension. Finally, 
coronary artery disease can happen in this syn-
drome even in patients without supravalvular aor-
tic stenosis. Sudden cardiac death is rare and is 
restricted mainly to cardiac malformations with 
biventricular obstruction and/or to coronary artery 
stenosis [ 1 ,  2 ,  30 ].  
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    CHAR Syndrome 

 Patent ductus arteriosus (PDA) is a common 
CHD that results when the ductus arteriosus, a 
muscular artery that connects the aorta to main 
pulmonary artery during fetal life, fails to com-
pletely close after birth. A syndromic form of this 
disease, Char syndrome, is an autosomal domi-
nant disorder that features PDA, facial dysmor-
phology including broad forehead, saddle nose 
with a patulous tip, polydactyly, or fi fth-fi nger 
clinodactyly. Only the small numbers of families 
have been reported with this syndrome. The dis-
ease is created by mutation in  TFAP2B , the gene 
encoding a neural crest-derived transcription fac-
tor. Disease-causing mutations are missense and 
are both losses of function and dominant negative 
mutations [ 1 – 3 ,  31 – 33 ].  

    Holt-Oram Syndrome 

 This autosomal dominant disorder features 
thumb anomaly and atrial septal defect. Other 
cardiovascular anomalies may include hypoplas-
tic left heart syndrome, ventricular septal defect, 
and PDA. The extracardiac features include 
absent pectoralis major muscle, thoracic scolio-
sis, and pectus excavatum or carinatum. The 
thumb may be absent, may have extracarpal 
bones or be triphalangeal, may appear as curved 
inward, or may appear as nonopposable, fi nger-
like digit. The disease is caused by mutations in 
the T-box 5 gene [ 1 ,  34 ]. 

 The gene is essential in cardiac development, 
as it associates with NKX2-5 and promotes car-
diomyocyte differentiation. There is a strong 
genotype-phenotype association in this disorder 
with mutations in the highly conserved T-box 
sequences that interact with the major groove of 
target DNA causing signifi cant cardiac anomalies 
but only minor skeletal deformities while muta-
tions located in the T-box domain that bind to the 
minor groove of DNA causing extensive upper 
limb malformations but less signifi cant cardiac 
abnormalities. 

 Loss of Tbx5 in the mouse ventricle results in 
a single chamber lacking distinct identity, indi-
cating a requirement for Tbx5 in septation [ 34 ].  

    Other Syndromes 

 Trisomy 13 and trisomy 18 are responsible for 
CHD and carry an unfavorable short- to midterm 
prognosis per se. The related cardiac malforma-
tions like ventricular septal defects, tetralogy of 
Fallot, atrioventricular canal defects, and also 
aortic coarctation have been traditionally consid-
ered unsuitable for repair. Nonetheless, recent 
data suggests improvement of the overall progno-
sis [ 1 – 3 ,  32 ,  33 ].  

    Conclusion 

 Roughly 1/3 of all patients with cardiac 
defects have associated extracardiac malfor-
mations, giving rise to discrete syndromes that 
are often genetically determined. Presence of 
the extracardiac syndromic features should 
prompt clinicians to screen for associated car-
diovascular anomalies. Genetic testing can 
help establish the diagnosis. These patients 
represent a management challenge not limited 
to their cardiovascular diseases but also due to 
extracardiac anomalies.     
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     Basic Principles of Echocardiography 
in Congenital Heart Disease 

 Patients with adult congenital heart disease 
(ACHD) have a range of heart conditions, vary-
ing from simple “holes in the heart” to complex 
single-ventricle anatomy. Some patients have 
undergone palliation or complete surgical repair, 
whereas others remain with their native heart 
condition . In all of these situations, echocardiog-
raphy remains the mainstay of diagnosis for 
patients with CHD.  

  The following basic principles should be 
borne in mind in the imaging of patients with sus-
pected CHD  [ 1 – 5 ]:
    1.     In all probability, the presence of one con-

genital abnormality denotes the existence of 
more  .  Whether we seek to diagnose the most 

basic of communications between the atria or 
we endeavor to detect the most complex of 
malformations, the objective of the sequen-
tial segmental modality is to prove normal-
ity. That is why we subject a patient with an 
isolated atrial septal defect in the setting of a 
normally constructed heart to the same pains-
taking analysis as a patient with congenitally 
 corrected transposition of the great arteries 
allied to multiple intracardiac defects.   

   2.    A patient’s history and/or written surgical 
report are to be meticulously perused even 
prior to meeting the patient.  The echocardiog-
rapher’s thorough understanding of the par-
ticulars of the patient’s earlier repairs affords 
a more clear-cut and effi cient imaging 
investigation.    

   3.    Inspection of the patient’s color, fi ngers, and 
chest would be helpful. Is the patient cyanotic 
with clubbed fi ngers? After all,  a cyanotic 
patient is more likely to have complex malfor-
mations.  The presence of the scars of sternot-
omy or lateral thoracotomy is proof of 
preceding surgical interventions.   

   4.    The so-called rules of cardiac development and 
congenital abnormalities are not “gospel truth.” 
The echocardiographer should, therefore, 
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describe what is present, even if it does not 
chime in with the known conventional lesions.   

   5.     The philosophy of segmental analysis is based 
on the morphologic method. Accordingly, the 
recognition of the cardiac chambers should be 
on the basis of their morphology rather than 
their position.    

   6.     Never hesitate to seek a second opinion if 
there is a complex anatomy.    

   7.    The sequential segmental approach is a sys-
tematic and standard approach for echocar-
diography in CHD. Generally, the sequential 
segmental approach consists of the fol-
lowing steps: cardiac position and orienta-
tion,  visceroatrial situs, ventricular position 
(ventricular looping), and the great arteries 
position (looping).  Thereafter, the atrioven-
tricular and ventriculoarterial connections 
are analyzed in terms of connections and 
relations .   

   8.     The key to the echocardiography of CHD is 
an appreciation of the sequential segmental 
approach for the diagnosis of both simple 
and complex lesions.    

   9.     In the evaluation of patients with CHD, the 
echocardiographic examination should be 
far more than a mere defi nition of the car-
diac anatomy . Not only does a comprehen-
sive echocardiographic assessment defi ne 
the cardiovascular anatomy but also it seeks 
to provide a description of the function of the 
myocardium, abnormalities of the valves, 
and overall hemodynamic status.   

   10.     Atrioventricular and semilunar valves have 
common abnormalities, even with nor-
mal segmentation.  Bicuspid aortic valves, 
Ebstein’s anomaly of the tricuspid valve, and 
cleft mitral valves account for the most fre-
quent fi ndings.   

   11.    Echocardiography is deemed a frontline diag-
nostic modality inasmuch as it can provide 
information on the anatomy of the heart, mor-
phology of the cardiac chambers, function 
and size of the ventricles, communications 
between the atria and the ventricles, origins 
of the great arteries, and venous return.   

   12.    There may be suboptimal echocardiogra-
phy imaging in ACHD patients due to the 
larger body habitus and chest deformity. 

Consequently, off-axis and nonstandard views 
are frequently used to assess complex anat-
omy. Completion of echocardiographic data in 
these patients may necessitate other strategies 
such as transesophageal  echocardiography 
(TEE), magnetic resonance imaging (MRI), 
computed tomography (CT) scanning, and 
even cardiac catheterization.    

      Sequential Segmental Approach 

 The following echocardiographic steps in the 
sequential segmental analysis [ 1 – 3 ,  5 – 8 ] are cru-
cial in any patient with CHD: 

  Cardiac location:  The term signifi es the gross 
position of nearly all the heart in the thoracic cav-
ity in connection with the midline. This defi nition 
is particularly useful radiographically; also it 
should  be determined by echocardiography from 
a standard subcostal view.  

  Levoposition or left-sided heart:  In this condi-
tion, most of the cardiac mass is positioned to the 
left of the midline (Fig.  11.1 ).

    Dextroposition or right-sided heart:  It is a 
condition where most of the cardiac mass is 
ositioned to the right of the midline (Fig.  11.2 ).

    Mesoposition or midline heart:  It is a condi-
tion where the heart is evenly distributed around 
the midline. 

    Cardiac Orientation 
(Base-to-Apex Axis)  

 Cardiac orientation (base-to-apex axis) should be 
determined, independent of cardiac location, 
from a standard subcostal view as leftward, mid-
line, or rightward orientation (Figs.  11.3 ,  11.4  
and  11.5 ).

      A normal heart is a left-sided heart with a 
leftward-pointing apex. Cardiac location and 
orientation usually go together.   

    Visceral Situs or Sidedness 

 Embryological development sees all major 
organ systems starting with a bilaterally sym-
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metric midline orientation. The cardiovascular, 
 respiratory, and digestive systems subsequently 
become asymmetric and are, thus, characterized 
by situs (sidedness or handedness). 

 Situs may be solitus (normal), inversus 
(mirror image), or ambiguus (isomeric or 
indeterminate). 

 Visceral situs describes the position of the 
organs in the abdomen that are not bilaterally 
symmetric. Visceral situs is determined by the 
position of the liver, stomach, and abdominal 
great vessels such as the aorta and the inferior 
vena cava (IVC) from a standard subcostal view, 

with the probe pointing at a right angle to the 
spine [ 1 ,  6 ,  9 ]. The echocardiographer can visual-
ize the abdominal aorta together with the IVC 
and the spine posteriorly. 

 Abdominal situs solitus refers to a condition 
where the aorta and the IVC are positioned to the 
left and to the right of the spine, respectively 
(Figs.  11.6 ,  11.7  and  11.8 ). The spleen and 
 pancreas are normally on the same side of the 
spine as the stomach.

  Fig. 11.1    Levoposition 
   of the heart: most of the 
cardiac mass is positioned 
to the left of the midline 
in subcostal view.  RT  right, 
 LT  left       

  Fig. 11.2    Dextroposition of the heart: most of the car-
diac mass is positioned to the right of the midline in sub-
costal view.  RT  right,  LT  left       

  Fig. 11.3    Levoposition of the heart, with a leftward- 
pointing apex (levocardia) ( arrow ).  RT  right,  LT  left       
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     Visceral situs solitus or normal sidedness 
refers to a condition where the liver is posi-
tioned to the right and the stomach and spleen to 
the left of the vertebral column. The term “situs 
inversus” means the reversal of the thoracic and 
abdominal viscera. 

    Atrial Situs 
 Cardiac situs is determined by the position of 
the atria in the chest. There are four types of 
atrial arrangements: (1) atrial situs solitus, 

denoting a right-sided right atrium; (2) atrial 
situs inversus, indicating a left-sided morpho-
logic right atrium; (3) bilateral right atria, signi-
fying right cardiac isomerism; and (4) bilateral 
left atria, representing left cardiac isomerism [ 4 , 
 5 ,  10 ]. 

 The right and left atria differ morphologically 
with regard to their appendages. A morphologic 
right atrium has a broad right atrial appendage 
(Fig.  11.9 ), whereas a morphologic left atrium 
has a narrow left atrial appendage (Fig.  11.10 ).

  Fig. 11.4    Middle position of the heart, with a boxed- 
shaped apex (mesocardia).  RT  right,  LT  left       

  Fig. 11.5    Dextroposition 
of the heart, with a rightward 
base-to-apex axis (dextrocar-
dia) ( arrow ).  RT  right, 
 LT  left       

  Fig. 11.6    Abdominal    situs solitus, with the aorta to the 
left and the inferior vena cava to the right of the spine. 
 RT  right,  LT  left,  IVC  inferior vena cava,  AO  aorta, 
 V  vertebra       
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    However, the atrial appendage is diffi cult to 
visualize by transthoracic echocardiography, 
and confi dent assignment of a morphologic left 
atrium and right atrium cannot be made by trans-
thoracic echocardiography. Transesophageal 
echocardiography can assist with visualizing the 
atrium and determining the atrial situs. In about 
70–80 % of the cases, atrial situs follows abdomi-
nal situs. When atrial and visceral situs is inde-
terminate, it is called situs ambiguus. If both the 

aorta and inferior vena cava are positioned to the 
left of the spine and the two morphologic atria 
are to the left (Fig.  11.11a, b ), there is abdominal 
and atrial left isomerism.

   Azygos venous return of the inferior vena 
cava is common in left isomerism (Figs.  11.12  
and  11.13 ). When both the aorta and inferior 
vena cava are to the right of the spine and the two 
morphologic atria are to the right, there is abdom-
inal and atrial right isomerism.

        Ventricular Situs (Ventricular Looping) 
 Once the visceroatrial situs is determined, the posi-
tion and the morphology of the ventricles should 
be assessed. It is very important to defi ne whether 
there is biventricular or univentricular anatomy. 
In biventricular anatomy, a D-loop ventricle indi-
cates that the infl ow portion of the morphologic 
right ventricle lies to the right of the morphologic 
left ventricle (Fig.  11.14 ) and an L-loop ventricle 
indicates that the infl ow portion of the morpho-
logic right ventricle lies to the left of the morpho-
logic left ventricle (Fig.  11.15 ). As we mentioned 
before, chambers are recognized according to their 
morphology rather than their position [ 4 – 6 ].

    The morphologic right ventricle has four char-
acteristic features distinguishing it from the mor-
phologic left ventricle: (1) heavy trabeculation, 
(2) moderate band, (3) septal attachment of the 
tricuspid valve and a coarse septal surface, and 
(4) apical insertion of the tricuspid valve. 

  Fig. 11.7    Abdominal    situs solitus, with the right-sided 
liver and inferior vena caval continuity to the right atrium. 
 RT  right,  LT  left,  IVC  inferior vena cava,  HV  hepatic vein, 
 RA  right atrium       

  Fig. 11.8    Abdominal    situs 
inversus, with a left-sided 
liver.  RT  right,  LT  left,  HV  
hepatic vein       

 

 

11 Basic Principles and Systemic Segmental Approach to Congenital Heart Disease in Echocardiography



76

 The asymmetric attachment of the two atrio-
ventricular valves has been suggested as the most 
reliable feature for distinguishing the right ven-
tricle from the left ventricle. If this landmark is 
unavailable, one can rely on the ventricular myo-
cardial structure. 

 The tricuspid valve is always attached to the 
morphologic right ventricle as the mitral valve is 
attached to the morphologic left ventricle .  

 The morphologic left ventricle has these four 
characteristic features: (1) smooth apex and 
septal surface, (2) basal insertion of the mitral 

  Fig. 11.9    Transesophageal 
echocardiography, showing 
a narrow and fi ngerlike.  LAA  
left atrial appendage       

  Fig. 11.10    Transesophageal 
echocardiography, showing a 
broad-based.  RAA  right atrial 
appendage       
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valve without septal attachment, (3) absence of 
the moderator band, and (4) mitral-aortic fi brous 
continuity.   

    Atrioventricular Connection 

 Once the position of the ventricles is estab-
lished, the atrioventricular relationship should be 
determined. The atrioventricular valves  connect 

the atria to the ventricles in either a normal 
(concordant) or abnormal (discordant) manner 
(Figs.  11.16  and  11.17 ).

    In the normal biventricular heart with atrio-
ventricular concordance, the morphologic right 
atrium via the tricuspid valve empties into the 
morphologic right ventricle and the morphologic 
left atrium empties into the morphologic left ven-
tricle through the mitral valve. Atrioventricular 
discordance implies that the morphologic right 
atrium empties into the morphologic left  ventricle 
and the morphologic left atrium drains into the 
morphologic right ventricle. When both atria 
predominantly connect to one ventricle (right 
or left), the atrioventricular connection is called 
“a double-inlet” ventricle (Fig.  11.18 ). For the 
assessment of atrioventricular and ventriculoarte-
rial connections, the 50 % rule can be applied. An 
atrium is considered to connect to the ventricle 
into which greater than 50 % of the valve orifi ce 
drains [ 2 ,  3 ,  5 ,  6 ].

       Ventriculoarterial Connection 

 Similar to the assessment of the atrioventricular 
connection, the position of the great arteries and 
associated valves in relation to the ventricles 
should be determined. Semilunar valves, which 

a b

  Fig. 11.11    ( a ,  b ) Transesophageal    echocardiography, showing left isomerism with bilateral left atria.  LAA  left atrium 
appendage       

  Fig. 11.12    Subcostal    view, showing an interrupted infe-
rior vena cava.  HV  hepatic vein       
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serve to connect a ventricle to a great artery, 
encompass the aortic, pulmonary, and truncal 
valves. Interestingly, the aortic and pulmonary 
valves are anatomically identical and each of the 
semilunar valves is determined according to the 
artery into which it drains. Consequently, the aor-
tic valve is always attached to the aorta and the 
pulmonic valve is attached to the pulmonary 
artery. The great arteries can be distinguished 
simply by their arterial branching. The  pulmonary 

artery has its early branching into the left and 
right pulmonary arteries. Similarly, the aorta can 
be distinguished by the branching of its coronary 
and head and neck vessels. Generally, the posi-
tion of the aorta is described in relation to the pul-
monary artery. In the normal hearts, aorta lies in 
the right and posterior (Fig.  11.19 ).

      Abnormalities in aortic position are impor-
tant to assess because each generally occurs in 
only a limited number of conditions, and once 

  Fig. 11.13    Subcostal    view, 
showing an interrupted 
inferior vena cava with 
azygos continuity.  AO  aorta, 
 AZ  azygos vein,  V  vertebra       

  Fig. 11.14    Normal     D -loop 
ventricle: the infl ow portion 
of the morphologic right 
ventricle lies to the right of 
the morphologic left ventricle. 
 LV  left ventricle,  RV  right 
ventricle,  TV  tricuspid valve, 
 RA  right atrium,  MV  mitral 
valve,  LA  left atrium       

 

 

A. Sadeghpour



79

the  position of the semilunar and great arteries 
is established, the ventriculoarterial relationship 
should be determined. When the morphologic 
right ventricle gives rise to the pulmonary artery 
and the morphologic left ventricle empties into 
the aorta, there is ventriculoarterial concordance. 
When the morphologic right ventricle gives rise 
to the aorta and the morphologic left ventricle 

drains into the pulmonary artery, there is ventric-
uloarterial discordance (Fig.  11.20 ). By applying 
the 50 % rule, the condition where more than 
50 % of both great arteries exit from one ventricle 
(right or left) is called “a double-outlet” (right or 
left) ventricle [ 2 – 5 ]. The completion of segmen-
tal analysis should be followed by an evaluation 
of  myocardial function, valvular abnormality, 

  Fig. 11.16    Transthoracic 
   echocardiography in 
four-chamber view, showing 
an  L -loop ventricle and a 
concordant atrioventricular 
connection.  LV  left ventricle, 
 RV  right ventricle,  RA  right 
atrium,  LA  left atrium       

  Fig. 11.15     L -loop    ventricle, 
indicating which infl ow 
portion of the morphologic 
right ventricle lies to the left 
of the morphologic left 
ventricle.  LV  left ventricle,  RV  
right ventricle,  RA  right 
atrium,  LA  left atrium,  PV  
pulmonary vein       
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and lesion- specifi c approach with overall hemo-
dynamic consequence.

   In contrast to acquired heart disease, in the 
assessment of congenital heart disease, the right 
ventricle, if not more, is as important as the left 
ventricle. The comprehensive sequential seg-
mental approach to the diagnosis of congenital 
heart disease via transthoracic echocardiography 

affords a noninvasive assessment of the cardio-
vascular structure and function in adults with 
congenital heart disease. Because of its wide-
spread availability, user-friendliness, and speed 
of interpretation, transthoracic echocardiography 
has remained the technique of choice for the ini-
tial diagnosis and follow-up in most adults with 
congenital heart disease. 

  Fig. 11.17    Transthoracic 
echocardiography in 
four-chamber view, showing 
an L-loop ventricle and a 
discordant atrioventricular 
connection.  LV  left ventricle, 
 RV  right ventricle,  RA  right 
atrium,  LA  left atrium       

  Fig. 11.18    Transthoracic 
   echocardiography in 
four-chamber view, showing 
a double-inlet left ventricle 
(DILV).  RA  right atrium, 
 LA  left atrium       
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    Shunt Study 
 Cardiac shunts are best visualized by two- 
dimensional echocardiography and color fl ow 
imaging. The severity of a shunt can be evalu-
ated through the physiological consequences of 
the shunt and chronic volume overload on the 
receiving chambers as well as the QP:QS calcu-
lation by Doppler study. The stroke volume of the 
systemic circulations is expressed as QS and the 
stroke volume of the pulmonary circulation as 
QP. Shunt severity can be estimated based on the 
measurement of the stroke volume via Doppler 

echocardiography (Table  11.1 ). The stroke vol-
ume of the systemic and pulmonary circulation 
is a product of the time velocity integral of the 
blood fl ow through a given cross-sectional area. 
The sites of measurements are demonstrated in 
(Table  11.1 ). It is noteworthy that clinical deci-
sions are not derived from Doppler-based QP:QS 
shunt study calculation alone. Instead, shunt 
severity estimation and clinical decision-making 
should be based on the patient’s volume-loaded 
chamber as well as his symptoms, physical exam-
ination, electrocardiogram, and chest radiograph.

  Fig. 11.19    Normally    related 
great arteries: the aorta lies 
in the right and posterior 
of the pulmonary artery.  AO  
aorta,  PA  pulmonary artery, 
 RPA  right pulmonary artery, 
 LPA  left pulmonary artery       

  Fig. 11.20    Ventriculoarterial 
   discordant connection: the 
morphologic right ventricle 
gives rise to the aorta and the 
morphologic left ventricle 
drains into the pulmonary 
artery.  AO  aorta,  PA  pulmo-
nary artery,  RV  right ventricle, 
 LV  left ventricle       
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   It has been suggested that in an isolated and 
uncomplicated secundum-type atrial septal defect 
in adults, a jet diameter >1 cm in color Doppler 
imaging in transesophageal echocardiography is 
associated with a clinically signifi cant left-to- 
right shunt and a jet width ≤15 mm is correlated 
with a QP:QS <2:1 [ 3 ,  9 ,  11 ,  12 ].  

    Transesophageal Echocardiography 
 Transesophageal echocardiography plays an 
important role in the evaluation of posterior 
regions of the heart such as the left atrium, pul-
monary veins, interatrial septum, thoracic aorta, 
ventricular outfl ow tracts, and valved conduits 
(Table  11.2 ).

   In adult patients with congenital heart disease, 
transesophageal echocardiography offers a better 
two-dimensional resolution in patients with mul-
tiple previous cardiac operations and inadequate 
transthoracic windows. 

 Transesophageal echocardiography should be 
considered in the following situations:
    1.    When transthoracic echocardiography does 

not provide adequate data or when there is a 
complex congenital heart anatomy.   

   2.    When we need to monitor therapeutic inter-
ventions in the cardiac catheterization labora-
tory, especially at the time of transcatheter 
atrial septal defect closure [ 13 – 15 ].   

   3.    When we evaluate the mitral valve leafl et 
morphology and suitability for mitral valve 
repair versus replacement [ 16 ].   

   4.    When we assess intraoperative and postopera-
tive surgical repair. This imaging modality 
plays a signifi cant role in the intraoperative 
assessment of the adequacy of valve repair 
and congenital cardiac surgery. Furthermore, 
intraoperative transesophageal echocardiogra-
phy by an expert echocardiologist is an essen-
tial requirement for adult congenital heart 
disease centers performing adult congenital 
cardiac surgery [ 2 ,  11 ,  17 ].   

   5.    When we study infective endocarditis and its 
related complications, transesophageal echo-
cardiography may be more sensitive and spe-
cifi c than transthoracic echocardiography in 
adult congenital heart disease patients with 
possible infective endocarditis [ 18 – 22 ].      

   Three-Dimensional Echocardiography 
 One of the momentous developments in the ultra-
sound imaging of the heart has been the evolution 
of three-dimensional imaging from slow and 
offl ine reconstruction to real-time volumetric 
imaging. Currently, many echo labs perform full 
two-dimensional (2D) echocardiographic exami-
nations, followed by focused three-dimensional 
(3D) echocardiographic studies. The reason for 
this is that the quality of a two-dimensional image 
obtained with three-dimensional transthoracic 
echocardiography probes is inferior to that of 
dedicated 2D transthoracic echocardiography 
probes. 3D transesophageal echocardiography 
affords precise anatomic detail of the atrial septal 
defect morphology, size, and surrounding rims 
and thus assists with stretched balloon sizing and 
device deployment (Fig.  11.21 ).

    Table 11.1    Sites for the Doppler-based measurements 
of systemic and pulmonary stroke volumes, QP and QS, 
for the determination of shunt severity   

  Atrial septal defects  
 Pulmonary outfl ow or tricuspid infl ow = QP 
 Aortic outfl ow or mitral infl ow = QS 
  Ventricular septal defects  
 Pulmonary outfl ow or mitral infl ow = QP 
 Aortic outfl ow or tricuspid infl ow = QS 
  Patent ductus arteriosus  
 Aortic outfl ow or mitral infl ow = QP 
 Pulmonary outfl ow or tricuspid infl ow = QS 

   Table 11.2    Advantages of transesophageal echocardiog-
raphy over transthoracic echocardiography in adults with 
congenital heart disease   

 Atrial septum defect, especially sinus venosus defects 
and pulmonary veins 
 Atrial baffl e and Fontan circuit 
 Superior vena caval anatomy and Glenn shunts 
 Prosthetic valves 
 Evaluation of mitral valve leafl et morphology and 
suitability for mitral valve repair 
 Ventricular outfl ow tracts 
 Aorta and aortopulmonary shunts 
 Before cardioversion 
 Guiding transcatheter or surgical procedure 
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   The assessment of the RV size and function is 
not only an issue of great signifi cance but also a 
very challenging issue in adult patients with con-
genital heart disease. Given the complexity of the 
right ventricular anatomy, a precise evaluation of 
the right ventricular size and function by 2D 
echocardiography is nearly impossible .  The fore-
shortening of 2D echocardiography can be 
swiftly remedied via 3D echocardiography-gated 
wide-angle acquisition inasmuch as it affords a 
thorough evaluation of RV geometry, volumes, 
and ejection fraction. The volumetric quantifi ca-
tion of the right ventricular volume can be per-
formed by cardiac magnetic resonance imaging, 
cardiac computed tomography, and real-time 
three-dimensional echocardiographic images. 
Cardiac magnetic resonance imaging is deemed 
the best standard method for the evaluation of the 
right ventricular size and function; nevertheless, 
issues concerning claustrophobia, cost, or the 
presence of pacemakers or defi brillators can ren-
der this imaging modality prohibitive. 

 Several clinical studies have reported a good 
correlation between cardiac magnetic resonance 
imaging and 3D echocardiography volumes and 
ejection fraction of the right ventricle in selected 
populations, with the majority of these studies 
demonstrating a slight underestimation of the 
volumes compared with the reference technique. 

 Adults with chronic severe pulmonary regur-
gitation secondary to previous total repair of 

 tetralogy of Fallot or pulmonary valvotomy 
require regular right ventricular assessment 
because they are at risk of progressive right ven-
tricular dilation and dysfunction, arrhythmias, 
and sudden cardiac death unless there is a timely 
replacement of the pulmonary valve. In a recent 
study by Sugeng et al. [ 26 ], volumetric quan-
tifi cation of the right ventricular volume was 
performed by cardiac magnetic resonance imag-
ing, cardiac computed tomography, and real-
time three-dimensional echocardiography. The 
measurements obtained with cardiac computed 
tomography and real-time three-dimensional 
echocardiography correlated highly with the car-
diac magnetic resonance imaging reference ( r  
0.79–0.89): the cardiac computed tomography 
measurements showed a slight (4 %) but con-
sistent overestimation and the real-time three- 
dimensional echocardiography measurements 
demonstrated a small underestimation. 

 The advantages of 3D echocardiography 
(transthoracic and transesophageal) over 2D 
echocardiography have been suggested in the fol-
lowing situations [ 23 – 28 ]:
    1.    Assessment of the left ventricular volumes 

and ejection fraction; 3D echocardiography 
has been clearly demonstrated to yield more 
accurate and reproducible measurements.   

   2.    Assessment of the mitral valve pathol-
ogy should be integrated into routine clini-
cal practice in that three-dimensional 

  Fig. 11.21  
  Three-dimensional 
 transesophageal 
 echocardiography, showing 
precise anatomic detail of an 
atrial septal defect       
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 echocardiography affords the best physiologi-
cal and morphological information regarding 
the mitral valve (Fig.  11.22 ).

       3.    Guidance of interventional mitral valve proce-
dures (three-dimensional transesophageal 
echocardiography).    
  It is worthy of note, however, that the three- 

dimensional evaluation of the tricuspid valve, 
pulmonic valve, and prosthetic valves has yet to 
be fully investigated. 

 Indications for three-dimensional echocar-
diography in clinical practice are summarized in 
Table  11.3 .
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     Cardiac Imaging Modalities in Adult 
Congenital Heart Disease 

 In the past half century, there has been a remark-
able improvement in the survival of patients with 
congenital heart disease (CHD). We are now faced 
with a growing population of adult patients with a 
broad spectrum of simple to complex CHD [ 1 – 3 ]. 
On the other hand, there have been major advances 
in the fi eld of diagnostic cardiac imaging. 

 Echocardiography, cardiovascular magnetic 
resonance imaging (CMR), and cardiac computed 
tomography (CT) are the basic imaging modalities 
for the evaluation of patients with CHD, and 

nuclear cardiac imaging is used in special situa-
tions. Of all noninvasive cardiac imaging modali-
ties, cardiac nuclear imaging and cardiac CT have 
the disadvantage of ionizing radiation exposure 
[ 4 ,  5 ], not least in patients with multiple follow-up 
imaging studies. Children and young adults are 
more sensitive to ionizing radiation than adults 
[ 6 – 8 ]. Echocardiography remains the basic 
 imaging modality for the initial evaluation, diag-
nosis, and follow-up of CHD patients, and CMR 
and cardiac CT play a complementary role [ 9 ,  10 ] 
and are usually required based on the clinical 
question. However, in the diagnostic fi eld of 
 cardiac imaging, echocardiography has a limited 
acoustic window in adult CHD patients, particu-
larly in those with prior cardiac surgery. 

 Among noninvasive cardiac imaging modali-
ties, CMR has an increasing role in the evaluation 
of adolescents and adults with CHD [ 1 ]. CMR 
provides an unrestricted access to almost all 
 components of the cardiovascular system; this is a 
utility often desired in patients with adult CHD, 
especially in those with complex lesions necessi-
tating thorough assessment of the heart, and arte-
rial/venous great vessels simultaneously. Some of 
the well-established clinical applications of CMR 
in adult CHD are presented in Table  12.1 .
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   CMR offers a number of advantages over 
other cardiac imaging modalities such as echo-
cardiography, CT, and invasive catheterization. 
Most notably, CMR is a noninvasive technique 
which provides not only angiographic (magnetic 
resonance angiography) and anatomical delinea-
tion of the cardiovascular system and extracardiac 
structures but also functional assessment of both 
ventricles and fl ow measurements. Furthermore, 
CMR evaluates myocardial viability, which is 
a feature that cannot be achieved by CT. CMR 
is also able to measure ventricular  volumes, 
 ejection fraction, and relative distribution of the 
blood fl ow in the lungs [ 4 ,  5 ,  11 ,  12 ]. 

 The absence of ionizing radiation and the use 
of iodinated contrast are important consider-
ations in children and young adults with CHD. 
Children are more susceptible to the potentially 
harmful effects of these agents because of higher 
cell proliferation and increased lifetime risk per 
unit dose. In addition, the need for sequential 
studies in CHD patients gradually builds up 
 irradiation exposure [ 4 ,  6 – 8 ]. 

 CMR is also superior to echocardiographic 
examination in patients with CHD. This superior-
ity is highlighted in adolescents and adults, 
whose more complex anatomy and scar tissue 
which resulted from previous palliative or repara-
tive surgeries, interposition of the lungs, and the 
higher distance of the heart from the chest wall 
render the penetration of echocardiography ultra-
sound waves to all cardiac structures somewhat 
limited. Moreover, CMR is less operator depen-
dent than echocardiography, although a thorough 
understanding of the anatomic and functional 

principles of CHD is a prerequisite to a reliable 
imaging study. The other advantage of CMR over 
transthoracic echocardiography is that whereas 
echocardiography can only visualize structures 
accessible through echocardiographic windows, 
CMR with its three-dimensional contiguous data 
sets affords a complete depiction of the heart and 
extracardiac anatomy such as the venoatrial and 
ventriculoarterial connections [ 4 ,  5 ,  11 ,  12 ]. 

 The clinical utility of CMR is highly depen-
dent on the age of the patient. Infants and chil-
dren are less cooperative and as such require 
sedation [ 13 ]. Thus, CMR is usually performed 
as a second method and as an adjunct to transtho-
racic echocardiography in infants and young 
children. In contrast, CMR has become the fi rst 
imaging technique of choice in adolescents and 
adults, in those with more complex anatomy, or 
in postoperative patients irrespective of their age 
on the grounds that surgery sequels make their 
echocardiographic examination more diffi cult. 

 Echocardiography is preferable in the detec-
tion of patent foramen ovale, structural abnor-
malities of the valve leafl ets, small and mobile 
masses such as vegetations in infective endocar-
ditis, and estimation of gradient and pulmonary 
artery pressure. 

 CMR prior to diagnostic catheterization can 
minimize the duration and potential risks of diag-
nostic catheterization and even its necessity. A 
precise depiction of the cardiac and great-vessel 
anatomy using CMR should decrease the dura-
tion of catheterization and the radiation dose, 
which is associated with more effi cient diagnosis 
and more interventional procedures during a sin-
gle anesthesia session. As a result, CMR makes 
diagnostic catheterization and simultaneous 
interventional procedures more likely to become 
a one-stage process. 

 Given all the advantages and disadvantages of 
CMR reported thus far in the literature (Table  12.2 ) 
[ 11 ,  12 ,  14 ,  15 ], CMR is highly recommended in 
centers specialized in the care of patients with 
adult CHD. CMR in adult CHD patients should 
be interpreted by expert specialists with long-term 
collaboration with level 2 or level 3 adult CHD 
specialists and cardiac surgeons involved in man-
agement of these patients [ 3 ,  11 ].

   Table 12.1    Clinical application of cardiovascular  magnetic 
resonance imaging in adult congenital heart disease   

 Anatomic delineation of cardiac and extracardiac 
anomalies before and after surgery 
 Quantifi cation of biventricular function and mass 
 Assessment of coronary arteries [magnetic resonance 
angiography (MRA)] 
 Measurement of systemic and pulmonary blood fl ow 
 Quantifi cation of valvular regurgitation 
 Detection and quantifi cation of myocardial ischemia 
and fi brosis 
 Assessment of myocardial viability 
 Tissue characterization (such as fi brosis, fat, and iron) 
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       Clinical Application 
of Cardiovascular Magnetic 
Resonance Imaging in Adult 
Congenital Heart Disease 

 Indubitably, echocardiography constitutes the 
bedrock of noninvasive cardiovascular imaging 
modalities in patients with adult CHD. 
However, the selection of the best imaging 
technique for an adult CHD patient requires a 
thorough understanding of the strengths and 
weaknesses of the available modalities [ 4 ,  11 ]. 
Based on the European Society of Cardiology 
(ESC) publication, CMR is recommended in 
grown-up congenital heart disease (GUCH) 
patients in the following specifi c situations 
(Table  12.3 ):

       Basic Principles of CMR in ACHD 
[ 11 ,  12 ,  14 ] 

 When assessing the patient with CHD, the fol-
lowing points should be considered:
   Many patients with ACHD will benefi t from one 

baseline CMR study as a reference point for 
future study and detecting unexpected 
abnormalities.  

  Generally, the patients with CHD are followed by 
echocardiography but serial CMR may be 
needed in some patients. The 3-year intervals 
have been suggested in most of these patients 
except for rare cases who may need earlier 
studies.  

  In the fi rst-time CMR study, the exam should be 
monitored by the CMR physician as the proto-

   Table 12.2    Advantages and disadvantages of  cardiovascular magnetic resonance imaging (CMR) in adult congenital 
heart disease (CHD)   

 CMR advantages  CMR disadvantages 

 It is safe insofar as it does not require ionizing radiation 
and iodinated contrast 

 There is a possibility of claustrophobia (albeit seen in 
only a small percentage of patients) 

 It is applicable in pregnant women with CHD (usually 
without contrast agent) 

 It is relatively expensive and its interpretation needs 
expertise 

 It is free of acoustic window, with unrestricted access to 
almost all the components of the cardiovascular system 

 It is not portable and is unable to provide real-time 
imaging during open heart surgery (although 
interventional CMR is under investigation) 

 It offers comprehensive anatomic, functional, and 
hemodynamic assessment 

 It has relative contraindications in the presence of 
pacemakers, internal defi brillators, or cerebral aneurysm 
clips (based on the type of these devices) 

 It is the method of choice for the quantifi cation of the 
ventricular size and function with good reproducibility 

 Sedation is usually needed in infants and uncooperative 
children 

   Table 12.3    When we recommend cardiovascular  magnetic resonance imaging (CMR) as an adjunct to echocardiography   

 In patients with suboptimal echocardiographic images and inadequate data 
 In patients with borderline echocardiographic measurements when these values are important for clinical 
decision-making 
 For further evaluation of the pulmonary and systemic veins (connection and obstruction) 
 For quantifi cation of the ventricular volume, mass, and function (e.g., quantifi cation of the right ventricular volume 
in patients with repaired tetralogy of Fallot) 
 For quantifi cation of valve regurgitation (pulmonary regurgitation) and shunt severity 
 For evaluation of the major aortopulmonary collaterals 
 For better evaluation of the conduit between the right ventricular outfl ow tract to pulmonary artery and the stenosis 
in the pulmonary artery branches (Echocardiography is superior for pulmonary artery pressure and gradient 
measurement.) 
 For better evaluation of the aorta in coarctation, Marfan syndrome, and aneurysm 
 In coronary artery anomalies and assessment of myocardial fi brosis and viability 
 For evaluation of the intra- and extracardiac masses 
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col may be needed to change based on the 
unexpected fi ndings.  

  Most of the research in ACHD patients has been 
done with CMR 1.5 T. The superiority of 
CMR 3T needs to be confi rmed.  

  In patients with CHD a comprehensive CMR 
study with a transaxial thin slice contiguous 
stacks for a complete coverage of mediastinal, 
cardiac, and upper abdomen is recommended. 
   The CMR study will delineate the anomalous 
vessels, abdominal situs (including asplenia 
and polysplenia), cardiac location, atrial situs, 
ventricular and great arteries looping, atrio-
ventricular and ventriculoarterial connections 
and positions (Figs.  12.1 – 12.3 ), and intracar-
diac and extracardiac shunts (Fig   .  12.4 ).

        In all CHD CMR study protocol, magnetic reso-
nance angiography should be a part of the 
protocol.  

  CMR is the reference imaging modality for quan-
titative measurements of ventricular size and 
function with excellent LV assessment repro-
ducibility and challenging RV measurements 

  Fig. 12.1     Patient      with dextrocardia,  atrioventricular and 
ventriculoarterial  discordance suggestive of inverse con-
genitally corrected TGA .  LA  left atrium,  RA  right atrium, 

 RV  right ventricle,  LV  left ventricle,  Ao  aorta,  PA  pulmo-
nary artery,  PS  pulmonary stenosis       

  Fig. 12.2    Showing D-TGA with D-loop ventricle with 
hypertrophied RV which serve as a systemic subaortic 
ventricle and associated arterioventricular discordance       
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[ 16 – 20 ]. RV assessment by CMR has a major 
role in clinical decision-making in patients 
with repaired tetralogy of Fallot and severe 
pulmonary regurgitation.     

    In the Following Specifi c CHD, CMR 
Has a Specifi c Role in Diagnosis, 
Clinical Decision- Making, 
and Follow Up [ 4 ,  5 ,  11 ,  12 ] 

•     Repaired tetralogy of Fallot  
•   Double-chambered right ventricle  
•   Major aortopulmonary collateral arteries  
•   Congenitally corrected transposition of the 

great arteries  
•   Fontan operations for functionally single 

ventricle  
•   Marfan syndrome and other connective tissue 

disorders  
•   Aortic coarctation  
•   Coronary artery anomalies  
•   Pulmonary hypertension  
•   Shunts: atrial septal defect, ventricular septal 

defect, or patent ductus arteriosus     

    Conclusion 

    CMR offers a number of advantages over 
other cardiac imaging modalities in patients 
with congenital heart disease. CMR allows 
comprehensive assessment of mediastinal and 

abdominal anatomy, ventricular size and func-
tion, valve regurgitation, shunt quantifi cation 
tissue characterization, and viability. 

 CMR is particularly valuable in the evalua-
tion and follow-up of the adult patients after 
repairs of tetralogy of Fallot, coarctation of 
aorta, and transposition of the great arteries and 
patients with history of Fontan operations.     
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        Computed Tomography in 
Congenital Heart Disease 

 Cardiac anatomy is the fi rst important step in 
understanding congenital heart disease (CHD). In 
this chapter we will discuss about cardiac cham-
bers, great arteries, and also cardiac anomalies.  

    Atria 

 The atrium is a thin-walled structure consisting 
of the atrium and the atrial auricle. Defi ning 
features of the morphologic right atrium (RA) 
and left atrium (LA) are based on their venous 

connections and their auricles and pectinate 
muscle morphology [ 1 ]. The suprahepatic por-
tion of the inferior vena cava (IVC) connection 
to RA allows its defi nite identifi cation. 

 Two atria are placed side by side on the base 
of the ventricles, and they are separated by the 
interatrial septum. The pectinate muscle is pres-
ent in the atrial appendage, and its extent is the 
accurate anatomic determinant for atrial situs and 
thoracic situs: situs solitus, situs inversus, right 
isomerism, and left isomerism. The right atrial 
appendage is triangular and oriented anteriorly 
and superiorly, whereas the left atrial appendage 
is toe shaped and directed laterally (Fig.  13.1 ).

   The normal superior vena cava (SVC) inserts 
into the right-sided morphologic right atrium, 
whereas the IVC inserts into the medial, poste-
rior, and inferior portion of the right atrium. The 
hepatic veins communicate with the IVC. A left 
SVC may be present with or without a crossing 
brachiocephalic vein that connects to a right SVC. 
It is important to determine whether the left SVC 
empties into a coronary sinus that then drains to 
the RA or whether it empties directly into the LA. 

 These    alterations include left SVC to an 
unroofed coronary sinus, and bilateral SVC, 
with the left SVC draining into the coronary 
sinus. We should remember that SVC is not an 
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accurate criterion to the identifi cation of mor-
phologic right atrium. The pectinate muscles 
in the RA auricle extend to the tricuspid valve 
annulus. In the right atrial appendage, the comb-
like pectinate muscles arise from the crista ter-
minalis (Figs.  13.2 ,  13.3  and  13.4 ).

     The morphologic LA is specifi ed by a 
toe- shaped auricle and four pulmonary veins 
 connecting to the morphologic LA. Pulmonary 

veins that drain anomalously should be identi-
fi ed—one, some, or all of the pulmonary veins 
may drain to the IVC, hepatic vein, SVC, or bra-
chiocephalic vein. Total anomalous pulmonary 
venous connection occurs if all pulmonary veins 
drain abnormally together either through a com-
mon venous chamber or through mixed different 
locations. The most common association of a right 
upper or lower partial anomalous pulmonary vein 

  Fig. 13.1    Pectinate muscles 
in the right atrial appendage 
arise from crista terminalis       

  Fig. 13.2    The right atrial 
   appendage has a broader 
opening and a triangular 
confi guration. In addition, the 
pectinate muscles in the right 
atrial appendage reach the 
tricuspid valve annulus 
( arrows ). The pulmonary 
valve is located anterior and 
left to the aortic valve.  PA  
pulmonary artery,  RAA  right 
atrial appendix,  LAA  left 
atrial appendix,  LV  left 
ventricle,  RV  right ventricle       
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on the right vein is the presence of a sinus veno-
sus-type atrial septal defect (ASD) (Fig.  13.5 ).

       Ventricles 

 Two ventricles are located side by side under the 
base of the atria, and they are separated by the 
atrioventricular septum and the interventricular 
septum. The apex of the heart is the most inferior 

external part of the heart that is normally formed 
by both ventricles and is normally on the left side 
of the thorax; the apex of the heart may be 
directed to the middle (mesocardia) or the right 
(dextrocardia) of the thorax. The right ventricle 
(RV) has three components:
    1.    The inlet   
   2.    The apex   
   3.    The outlet     

 Three prominent muscular bands divide the 
RV: the parietal, the septal, and the moderator 
band. The parietal band and the infundibular sep-
tum make up the crista supraventricularis, which 
separates the sinus and the conus regions. The tri-
cuspid and pulmonary valves represent inlet and 
outlet portions, respectively. The moderator band 
is one of the determinant of morphologic RV. 

 Morphologic characteristics of the right ven-
tricle include heavy trabeculations, coarse septal 
surface, moderator band, and the infundibulum 
(the crista supraventricularis); the infundibulum 
is identifi ed as a muscular tissue that separates 
the atrioventricular valve from the semilunar 
valve and creates tricuspid-pulmonary disconti-
nuity, and the septal attachment of the tricuspid 
valve is more apical than the mitral valve [ 2 ] 
(Figs.  13.6  and  13.7 ).

    The anterior mitral valve leafl et forms part of 
the left ventricular (LV) outfl ow tract with 

  Fig. 13.3    Left atrium    with 
toe-shaped auricle and four 
related veins.  PA  pulmonary 
artery,  LAA  left atrial 
appendix,  RA  right atrium, 
 AO  aorta       

  Fig. 13.4    Hypodense structure adjacent to the junction 
of the inferior vena cava and the right atrium that is the 
normal Chiari network ( arrow )       
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marked thinning of the left ventricular myocar-
dium at the apex. The left ventricle is morpho-
logically specifi ed by smooth trabeculations, 
smooth septal surface, and aortomitral fi brous 
continuity; septal attachment of the mitral valve 
of the LV is more cephalad than RV. 

 The atrioventricular valve is designated 
according to the ventricle morphology (e.g., 

the tricuspid valve for the morphologic RV, the 
mitral valve for the morphologic left ventricle). 
This means that atrioventricular valves follow 
the ventricle, rather than the atrium. The three 
leafl ets of the tricuspid valve are named for their 
anatomic location: septal, anterosuperior, and 
inferior (posterior). Normal apical displacement 
of the tricuspid valve is characteristic. 

  Fig. 13.5    Partial    anomalous 
pulmonary veins drain into 
the innominate vein by 
vertical vein.  PA  pulmonary 
artery,  PV  pulmonary vein, 
 RV  right ventricle,  RAA  right 
atrial appendix,  AO  aorta       

  Fig. 13.6    The right    ventricle has three, e.g., the anterior, pos-
terior, and medial, papillary muscles for the tricuspid valve, 
while the left ventricle has two, e.g., the anterolateral and 
posteromedial, papillary muscles for the mitral valve. Some 
call the tricuspid valve as a septophilic valve, whereas the 

mitral valve is a septophobic valve. We should remember that 
neither the shape nor the degree of trabeculation is a reliable 
character of ventricular identifi cation, because these markers 
are altered by pressor and volume load.  LA  left atrium,  RA  
right atrium,  LV  left ventricle,  RV  right ventricle       
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 The pulmonary infundibulum (conus) is a 
cone-shaped muscular structure    that supports 
the leafl ets of the pulmonary valve. Crista 
supraventricular separates the tricuspid and 
pulmonary valves. This is in contrast to what is 
seen in the LV where the aortic and mitral 
valves are in fi brous continuity. The apical tra-
becular component of the LV extends to the 
apex. It is characterized by fi ne trabeculations 
where the myocardium is surprisingly thin. The 
trabeculations of the LV including its septal 
wall are quite fi ne compared with those of the 
RV; this is the most useful characteristic in 
diagnosis of ventricular morphology in congen-
ital heart disease. The two papillary muscles 
are termed posteromedial and anterolateral; 
arising from the posterior and lateral walls at 
midventricular level, the circumfl ex coronary 
artery and the coronary sinus run close to the 
posterior mitral annuls.  

    Great Arteries 

 The aorta gives branches to the body as well as 
the coronary arteries. Intercoronary segment of 
the aortic valve lies posterior and to the right of 
the pulmonary valve (Figs.  13.8  and  13.9 ).

        Sequential Segmental Analysis 

 The heart can be considered in three segments: 
the atrial chambers, the ventricular mass, and the 
great arteries. By assessing the location of the 
component parts of the heart and their relation-
ship, each case is described in a sequential man-
ner. This approach was introduced by Van Praagh 
over 40 years ago [ 3 ,  4 ]. This approach is clini-
cally useful and applicable to all imaging modal-
ity of congenital heart disease. This logical 
approach is determined by six steps:

   (Step1) Visceroatrial situs  
  (Step 2) Ventricular loop  
  (Step 3) Great arterial spatial relationship  
  (Step 4) Atrioventricular and ventriculoatrial 
relationship  
  (Step 5) Cardiac position  
  (Step 6) Associated malformation    
 Our cardiac computed tomographic angiogra-

phy study will follow these steps. All cardiac CT 
examinations were performed with a dual-source 
256-slice CT scanner. The maximum dose of 
radiation was 2–3 mSv. 

 The fi rst step of any segmental approach to 
the diagnosis of CHD is to establish the situs of 
the heart, namely, the atrial situs and the venous 
drainage.  

  Fig. 13.7    LV and left    atrium 
and left atrial auricle with 
apical thinning.  LA  left 
atrium,  LAA  left atrial 
appendix,  LV  left ventricle       
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    Situs Solitus 

 The morphologically right atrium is on the 
right side and the morphologically left atrium 
in the left side. The lungs and bronchi are con-
cordant with such position, with a trilobed 

lung with short bronchus on the right side 
and bilobed lung and related long bronchus 
on the left side. The systemic veins (superior 
and inferior venae cavae) drain into the right 
atrium and the  pulmonary veins into the left 
atrium [ 2 ]. 

  Fig. 13.8    A 12-year-old boy 
with subaortic VSD and 
atretic pulmonary artery with 
dilated aorta       

  Fig. 13.9    Atretic    pulmonary 
artery with dilated aorta. AO 
aorta       
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 Visceral situs solitus is characterized by the 
presence of a right-sided liver, left-sided spleen, 
and three-lobed right lung, and two-lobed left 
lung. The left bronchus is hyparterial and the 
right is eparterial.  

    Situs Inversus 

 With    the reversed position of the atria and lungs, 
situs inversus is morphologically right on the left 
side and morphologically left on the right side.  

    In Situs Ambiguous 

 Both atria and lungs may exhibit right or left atrio-
pulmonary isomerism [ 5 ]. This visceral symmetry 
is related to asplenia and polysplenia syndromes 
[ 6 – 13 ], with heterotaxia of subdiaphragmatic 
organs. Both atria and lungs may show right or left 
atrio-pulmonary isomerism. The key point is that 
the atrial situs almost always follows the thoracic 
and visceral situs, and bronchial morphology is a 
reliable predictor of atrial situs. A morphologic 
right bronchus is short and straight with early 
branching, whereas a morphologic left bronchus is 
relatively long and curved   .  

    Polysplenia Syndrome Type 
of Heterotaxy 

 Polysplenia    syndrome type of heterotaxy is char-
acterized by polysplenia; anomalous pulmonary 
venous drainage, most often is partial; bilateral 
superior vena cava (SVC); left isomerism of the 

atrial appendages; bilateral hyparterial bronchi 
with bilateral bilobed lungs; and azygous contin-
uation of the IVC. The hepatic to renal segment 
of IVC is absent (Fig.  13.10 ).

       Asplenia Syndrome Type 
of Heterotaxy 

 Right isomerism of the atrial appendages consists 
of a bilateral SVC, bilateral right-sided bronchial 
branching, and anomalous pulmonary venous 
connections with complex congenital heart dis-
ease. Asplenia includes bilateral three-lobed 
lungs with transverse or symmetric liver. The 
spleen is absent. 

 The third type of heterotaxy syndrome was 
introduced by Van Praagh manifested by a single 
right-sided spleen with levocardia [ 3 ]. CT or 
MRI is required for evaluating the status of the 
liver and spleen.  

    Ventricular Loop 

 If morphologic RV lies to the right and anterior of 
the morphologic LV, it is called d loop. If mor-
phologic RV lies to the left and anterior of mor-
phologic LV, it is called L loop [ 14 ].  

    Great Arterial Spatial Relationship 

 Normally, aortic annulus is posterior and to the 
right of the pulmonary artery. In situs inversus the 
aorta lies posterior and to the left of pulmonary 
valve. Any position of the aortopulmonary valve 

  Fig. 13.10    Bilateral 
hyparterial bronchi with 
bilateral bilobed lungs in a 
14-year-old boy with right 
Glenn shunt       
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other than solitus or inversus is called malposi-
tion. In    transposition of the great arteries, there is 
a discordant relation between the great arteries 
and ventricles.  

    Complete Transposition of the 
Great Vessels/Atrioventricular 
Concordance and Ventriculoarterial 
Discordance 

 In this anomaly, the pulmonary artery arises from 
the left ventricle, and the aorta arises from the 
right ventricle; however, the ventricles are in 
their normal position [ 15 ]. Therefore, the pulmo-
nary and systemic circulations are in two separate 
circulations. So usually in a VSD or an ASD, 
PDA must be present for oxygenated blood to 
reach the systemic circulation. This condition is 
sometimes called “d-complete transposition” to 
distinguish it from corrected transposition or 
“L-transposition” since the aorta is usually ante-
rior and to the right of the pulmonary artery [ 16 ].  

    Congenitally Corrected 
Transposition of the Great Arteries 

 When    the morphologic ventricles are on the 
opposite side of the heart (L loop   ) but the atria 
are in the appropriate location (normal atrial 
situs) and the great vessels connect with the 
appropriate side of the heart (the inappropriate 
morphologic ventricles), it is called AV and ven-
triculoarterial discordance.  

    Double Outlet Right Ventricle (DORV) 

 When both great arteries arise primarily from one 
ventricle, it is called as double outlet ventricle. In 
double outlet right ventricle (DORV), both great 
arteries originate principally from the right 
 ventricle, and the semilunar valves commonly 
have bilateral conus [ 17 ,  18 ]. 

 A 50 % rule, in which more than a half of each 
great artery arises from the corresponding ven-
tricle, should be used for this ventriculoarterial 
connection [ 19 ] (Fig.  13.11 ).

       Malposition 

 The relationships of the great arteries are a wide 
spectrum. They are typically divided into three 
categories: normal, d-malposition, and 
l- malposition. In normal relationship, the pulmo-
nary trunk is anterior and left to the ascending 
aorta. In contrast, the ascending aorta is anterior 
to the pulmonary trunk in malposition of the 
great arteries, either on the right (d-malposition, 
typical of complete TGA) or on the left 
(l- malposition, typical of congenitally corrected 
TGA). In malposition there is a concordant 
arterio- ventricular relationship.  

    Some Interesting Cases’ Pictures 
(Figs.  13.12 ,  13.13 ,  13.14 ,  13.15  and 
 13.16 ) 

  Fig. 13.11    DORV   : both great    arteries originate princi-
pally from the right ventricle, and the semilunar valves 
commonly have bilateral conus.  AO  aorta,  PA  pulmonary 
artery,  LV  left ventricle,  RV  right ventricle       
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a b

c d

  Fig. 13.13    ( a – d ) A case of    truncus arteriosus, sub-truncus  VSD ; left pulmonary originate   s from truncus.  LPA   
left pulmonary artery,  LV  left ventricle,  RV  right ventricle,  TR  truncus arteriosus,  VSD  ventricular septal defect       

  Fig. 13.12    Dextrocardia    with morphologic trabeculated 
RV ( mRV ) located anteriorly and left-sided and morpho-
logic LV ( mLV ) with atrioventricular discordance and 
large VSD.  LA  left atrium,  RA  right atrium       
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a

c

b

  Fig. 13.15    ( a – c ) A case    of ALCAPA (anomalous origin of LM from pulmonary artery).  LV  left ventricle,  RV  right 
ventricle,  AO  aorta,  RCA  right coronary artery       

  Fig. 13.14    A    case of tricuspid atresia with diminutive 
RV.  LV  left ventricle,  RV  right ventricle,  RA  right atrium, 
 VSD  ventricular septal defect       
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            Introduction 

 Arrhythmias    make diffi cult the care of many adults 
with congenital heart disease (CHD). They are one 
of the leading causes of morbidity and also mortality 
in these patients. Their incidence and the trouble of 
management have made arrhythmia a reason of 
interest for physicians that are working in this area. 
In the USA, it is evaluated that there are about one 
million CHD patients, up to 20 % with severe dis-
ease, who need surgical intervention. The predispos-
ing factors for arrhythmia in these patients may 
include aging, congenitally abnormal or displaced 
conduction system, abnormal hemodynamics, 
mechanical strain, hypoxia-induced stress, and 
residual or postoperative sequels. Indeed, the sub-
strate of arrhythmia in adults with CHD is very com-
plex. All arrhythmias that are prevalent in the normal 
population may also happen in CHD, and some 
other specifi c types are detected, for example, Wolff-
Parkinson-White syndrome in Ebstein anomaly. 

 We   , therefore, present the scope of the prob-
lem; clinical aspect of tachyarrhythmia and 

bradyarrhythmias, outlining therapeutic choices; 
conduction system abnormalities in CHD that 
are related with disease of the sinus node; and 
also AV conduction system. Also arrhythmias in 
common types of CHD are consequently 
discussed. 

 Congenital heart disease (CHD) is the most 
common type of birth lesion, with 1–2 % of mod-
erate or severe forms [ 1 ,  2 ]. The spectrum of 
clinical consequences of arrhythmias in adult 
patients with CHD ranges from occult arrhyth-
mia to sudden cardiac death. Recurrent or persis-
tent arrhythmia may cause hemodynamic 
deterioration gradually, causing a vicious cycle 
of clinical decompensation. Thromboembolic 
events are also related to tachyarrhythmia [ 3 ]. 
Repeated hospitalization and the management of 
antiarrhythmic devices and also drugs create an 
important burden on quality of living. Cardiac 
arrhythmias in most patients with corrected sur-
gery represent an acquired condition related to 
surgical scars and/or abnormal workload on the 
myocardium. In some patients, arrhythmias are 
related to the presence of intrinsic structural 
abnormalities, as is the case of accessory path-
ways in Ebstein anomaly. 

 The incidence of arrhythmias usually increases 
as the CHD patient ages. Really, by adulthood, 
arrhythmias are the main reason of morbidity and 
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frequent hospital admissions, and sudden cardiac 
death with arrhythmic etiology is the most com-
mon source of mortality [ 4 ,  5 ]. 

 The predisposing factors for arrhythmia in 
these patients may include aging, congenitally 
abnormal or displaced conduction system, 
abnormal hemodynamics, mechanical strain, 
hypoxia- induced stress, and residual or postop-
erative sequels. Indeed, the substrate of 
arrhythmia in adults with CHD is very com-
plex [ 5 ,  6 ].  

    Physiopathological 
and Clinical Aspect 

    Bradyarrhythmias 

 Bradyarrhythmias may occur after sinus node 
dysfunction and/or block at the level of the atrio-
ventricular (AV) node or His-Purkinje system.  

    Sinus Node Anatomical Location 

 Most patients with CHD have a normally placed 
sinus node in the epicardium at the junction of 
the superior vena cava (SVC) and right atrium 
(RA). Exceptions include:
    1.    Left juxtaposition of the atrial appendages   
   2.    Situs inversus   

   3.    Heterotaxy syndromes: RA isomerism (asple-
nia syndrome) or left atrial (LA) isomerism 
(polysplenia syndrome)      

    Sinus Node Dysfunction 

 Surgical procedures are the main causes of sick 
sinus syndrome in adult patients with CHD. The 
sinus node dysfunction occurs after the Mustard, 
Senning, and Fontan procedures. Patients with LA 
isomerism may also have congenital malformations 
in the sinus node independent of the special effects 
of their surgical techniques; in these patients sinus 
nodes are absent or hypoplastic and/or displaced 
posteroinferiorly. The patients with RA isomerism 
frequently have bilateral sinus nodes. The pace-
maker may shift from one to the other. Paroxysmal 
atrial tachyarrhythmias and loss of sinus rhythm 
increase the risk of sudden cardiac death [ 7 ]. 

 After Mustard procedure an electrophysiologi-
cal study of patients identifi es a variety of abnor-
malities such as prolonged sinus node recovery time 
(SNRT, Fig.  14.1 ), intra-atrial conduction times, 
and also atrial refractoriness. Direct surgical dam-
age to the sinus node has been suggested as a cause 
of observed abnormalities of the sinus node’s func-
tion. But the progressive loss of sinus rhythm 
observed over prolonged follow-up  suggests further 
ongoing pathophysiological developments associ-
ated with chronic hemodynamic abnormality [ 8 ].

  Fig. 14.1    Abnormal sinus node recovery time (SNRT) in a patient with sinus node dysfunction. Normal SNRT is lower 
than 1,500 ms       
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       AV Block 

 Complete heart block sometimes happens natu-
rally in patients with specifi c structural heart dis-
ease, particularly endocardial cushion defects. 
This can be caused by abnormal anatomy of the 
AV node and His bundle, rendering them suscep-
tible to injury. Though some of these patients are 
born with heart block, however, it can progress at 
any period of life. 

 Interventricular conduction delays, princi-
pally the right bundle branch block (RBBB), are 
very prevalent after any surgery for CHD. 
Complete postoperative heart block is formed 
either by direct surgical injury to the specialized 
conduction system or by indirect damage due to 
infl ammation after surgery. It is characteristically 
related with surgical manipulation in the ventric-
ular septum. Patients    at uppermost risk are those 
experiencing surgery for left ventricular (LV) 
outfl ow tract obstructions and with L transposi-
tion of the great arteries (L TGA), but it is also 
common after ventricular septal defect (VSD) 

and tetralogy of Fallot (TOF) repair surgeries. 
Interestingly in patients with tricuspid atresia 
(TA), the AV node is typically found on the fl oor 
of the RA close to a small dent lined with endo-
cardium. The His-Purkinje system’s course is 
typically further leftward and away from the 
more anterior side of VSDs [ 9 ,  10 ] (Fig.  14.2 ).

    A      review of clinical consequences before car-
diac pacing systems applicable for CHD patients 
who were accessible revealed that postoperative 
heart blocks had a high mortality rate  [ 9 ,  10 ].   

    Tachyarrhythmias 

    Atrial Tachyarrhythmias 

 Supraventricular tachycardias are highly com-
mon and may be caused by accessory pathways 
(Figs.  14.3  and  14.4 ), dual AV nodal physiology 
(Fig.  14.5 ), twin AV nodes (e.g., in L-looped sin-
gle left ventricles), automatic focus (Fig.  14.6 ), 
and macroreentrant circuits.

  Fig. 14.2    CHB in a patient with complete TGA (d TGA)       
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  Fig. 14.3    Right posteroseptal accessory pathway in a patient with complex CHD (undergoing TCPC) presented with 
frequent episodes of drug-refractory SVT and WPW       

  Fig. 14.4    WPW, right posteroseptal accessory pathway in a patient with Epstein’s anomaly and frequent episodes 
of SVT       
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  Fig. 14.5    Typical AVNRT in a patient with single ventricle physiology undergoing Fontan procedure and who pre-
sented with incessant SVT and dyspnea FC III       

  Fig. 14.6    Focal atrial tachycardia arising from antero-
septal area in a patient with complex CHD (abdominal 
and atrial situs inversus, mesocardia, atrioventricular dis-
cordance, ventriculo-arterial discordance, severe valvular 
and subvalvular PS, moderate secundum-type ASD, right-
sided aortic arch, aorta in left and anterior side of PA, 

Ebstein-like anomaly of the tricuspid valve, right-sided 
RV (systemic ventricle) with EF = 50 %, left-sided LV 
(subpulmonic) with EF = 30 %). Atrial tachycardia was 
inducible with isoproterenol without response to atrial 
overdrive pacing or adenosine       
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      Reentrant tachycardia (RT) means macro-
reentrant atrial tachycardias other than cavo-tri-
cuspid isthmus-dependent typical atrial fl utter 
happening in the normal heart. This arrhythmia 
is a prevalent late complication in many types of 
CHD. Similar to typical atrial fl utter (AFt), it has 
a stable cycle length and P wave morphology, 
suggesting that it is organized by a fi xed and 
single substrate. Its    prevalence has a particular 
dependence on surgical atrial damage (such as 
Mustard and Fontan surgeries) resulting in 
tachycardias like those observed clinically [ 11 ] 
(Fig.  14.7 ).

   Atrial tachyarrhythmias are classifi ed as focal 
or macroreentrant atrial tachycardia. 

 Atrial tachycardia:
    1.    Focal atrial tachycardia   
   2.    Intra-atrial macroreentrant tachycardia or AFt     

 Typical AFt (dependent to CTI) 
 Atypical AFt (independent to CTI) 
 Focal atrial tachycardia (AT) was well defi ned 

as atrial activation starting rhythmically at a small 
area (focus) from which it spreads out centrifu-

gally and also within endocardial activation over 
signifi cant parts of the cycle length (Figs.  14.8  
and  14.9 ).

    In contrast, macroreentrant activation is tradi-
tionally defi ned as a circuit with a diameter of 
longer than 2 cm and often happens around a cen-
tral obstacle (Fig.  14.10 ).

   Frequently identified risk factors for intra- 
atrial reentrant tachycardia (AFt) include older 
age in operation time and longer follow-up 
period. Near half of those patients with old 
forms of Fontan surgery [ 12 ] and survivors of 
the Mustard and Senning surgeries are at risk 
for the development of sinus node dysfunction 
and reentrant tachycardia (RT). RT is more 
common in patients with repaired TOF 
(Fig.  14.9 ) than ventricular tachyarrhythmias 
(VT) [ 13 ]. AFt is common in repaired ASD 
(Figs.  14.11  and  14.12 ), and typical atrial 
 flutter is more common than atypical atrial 
flutter.

    Junctional tachyarrhythmias are prevalent, 
especially in young postoperative patients [ 14 ].  

  Fig. 14.7    Macroreentrant atrial tachycardia (typical cavo-tricuspid isthmus-dependent AFt in a patient with small 
ASD)       
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  Fig. 14.8    Focal AT arising from left atrium       

  Fig. 14.9    Focal atrial tachycardia       
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    Atrial Fibrillation 

 Atrial fi brillation (AF) is increasingly common 
in the aging population of adults with CHD. AF 
happens in as many as 25–30 % of patients with 
CHD and atrial tachyarrhythmias. The limited 
data available on these patients suggests that 
those with residual left-sided obstructive dis-
ease or unrepaired CHD are more prone to AF. 
The    main beliefs of management are similar to 
the general adult population, containing antico-
agulation and also rate control. The risk of 
thromboembolism is apparently high. Sinus    
rhythm is hemodynamically favored in CHD, 
and cardioversion, prophylactic antiarrhythmic 
drugs, and also sometimes atrial pacing are 
used to prevent establishing permanent AF if 
possible [ 1 ].  

    Ventricular Tachyarrhythmias 

 Large data are available on the natural history of 
ventricular arrhythmias and also clinical aspect out-
comes in patients with TOF (Fig.  14.13 ). Mapping 
studies have revealed that, like intra- atrial RT, VT in 
TOF contains a macroreentrant circuit dependent 
on an anatomical problem, in this case the RV out-
fl ow tract patch and/or the conal septum [ 15 ].

   Sudden cardiac death and VT happen with a 
frequency of 1–2 % over 5 years for young adults 
and an overall commonness of sudden death of 
3–6 % [ 16 ]. Though the clinical presentation of 
TOF adult patients with sustained monomorphic 
VT is infrequent, such VT is inducible by pro-
grammed stimulation in 15–30 % of these 
patients, and half have recurrent and complex 
ventricular ectopy on ambulatory Holter ECGs 

  Fig. 14.10    Macroreentrant AT (typical AFt) in a patient with corrected TOF       
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  Fig. 14.11    Atypical AFt arising from lateral part of RA       

  Fig. 14.12    Fragmented low amplitude potential recorded 
in the slow conduction zone in the lateral part of the right 
atrium. Atrial fl utter was terminated during  radiofrequency 

ablation in the mentioned area and extension to tricuspid 
isthmus       
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(Fig.  14.10 ). Sinus node dysfunction and also AFt 
happen in 20–30 % of patients with post- repair 
surgery for TOF and in up to 50 % of symptom-
atic patients mimicking VT symptoms and may 
cause wide complex tachycardias with underlying 
RBBB morphology. These issues make it chal-
lenging to apply standard diagnostic tools to 
screen patients with clinical arrhythmia symp-
toms for high risk of sudden cardiac death [ 17 ].  

    Risk Stratifi cation 

 The study of the risk of sudden cardiac death cre-
ated by VT needs an understanding of the limited 
prognostic standards of commonly used diagnos-
tic examinations in this population. Through 
Holter, exercise tolerance testing and also pro-
grammed ventricular stimulation are very valu-
able for stimulating and also recording the 
clinically important arrhythmias. Of course 
the risk study is sometimes complicated by the 
occurrence    of atrial tachyarrhythmias, which may 
also cause symptoms and sudden cardiac death. 

 Some clinical factors that are related with VT 
and sudden death in CHD adult patients are older 
age, older age at repair surgery time, and also poor 
hemodynamic status. For example, noticeable pro-
longation of QRS duration and also dispersions of 
the QT and JT segment intervals are related with 
mortality and also inducible VT in TOF patients. 
These fi ndings identify a more arrhythmogenic 
myocardium and propose that both depolarization 
and depolarization are abnormal in TOF patients 

and the ambulatory ECG is frequently abnormal in 
high-risk patients with TOF [ 18 ,  19 ].  

    Therapeutic Options 

 Notably, arrhythmias    can signal a change in 
hemodynamic outline and must ordinarily prompt 
a detailed study and workup. Care of the patient 
with CHD and concomitant arrhythmias may 
include drug therapy, implantable cardiac 
devices, catheter ablation, and also some surgical 
interventions. 

 There is a little data about the dosing and toxic-
ity rate of antiarrhythmic drugs for the different age 
groups in CHD patients. Amiodarone-related thy-
roid dysfunction is prevalent in adults with CHD, 
particularly in women and those with cyanotic 
CHD [ 20 ]. Nowadays, there is much interest about 
class III of antiarrhythmic drugs with smaller num-
ber of systemic side effects and without increased 
mortality rate in the setting of LV dysfunction. For 
example, in a multicenter study, dofetilide seemed 
to be a helper to catheter-based ablation and an 
alternative in pharmacological management for 
atrial arrhythmias in adults with CHD [ 21 ]. 

 Vascular access diffi culties and anatomical 
complexities can complicate catheter-based 
interventions and implantation of pacemakers or 
ICDs in CHD patients [ 22 ,  23 ]. 

 There are some challenges in device therapy 
in CHD patients including avoiding closed and 
obstructed vessels and conduits or baffl es, 
 identifying suitable candidates for cardiac 

  Fig. 14.13    RVOT VT in a patient with TOF       
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 resynchronization therapy, thromboembolic 
events risk in the presence of intracardiac shunts, 
and a high rate of inappropriate shocks, and also 
lead’s complications [ 22 ,  24 ,  25 ]. Also some 
CHD patients may benefi t from pacemakers hav-
ing automated overdrive pacing systems to termi-
nate the atrial tachyarrhythmias [ 26 ]. 

 In specifi c circumstances, surgery for arrhyth-
mia is frequently performed in combination with 
cardiac surgery for particular indications; of 
course it may complement fewer invasive choices. 
High recurrences and also the onset of any new 
arrhythmia continue to be challenging, principally 
in patients with a history of Fontan palliation.      
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    Defi nition and Classifi cation 

 Obviously, the proper management of every dis-
ease needs the proper defi nition and classifi ca-
tion. Pulmonary hypertension (PH) which is a 
hemodynamic and pathophysiological condition 
has been defi ned as raised mean pulmonary arte-
rial pressure ≥25 mmHg at rest that is confi rmed 
by right heart catheterization (RHC). PH has been 
found in multiple different clinical conditions, 
and the American and European guidelines have 
been provided a clear classifi cation based on the 
pathophysiological mechanisms, clinical presen-
tations, and therapeutic approaches (Table  15.1 ).

   We should be aware of the different defi ni-
tions between PH and pulmonary arterial hyper-
tension (PAH). 
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   Table 15.1    Clinical classifi cation of pulmonary artery 
hypertension   

 Group I. Pulmonary arterial hypertension (PAH) 
  Idiopathic PAH 
  Familial or heritable PAH 
  Drugs and toxins induced 
   Associated with risk factors and associated 

conditions 
   Connective tissue disease 
   Congenital heart disease 
   Portal hypertension 
   Associated with HIV 
   Chronic hemolytic anemia 
   Schistosomiasis 
   Associated with signifi cant venous or capillary 

involvement 
  Persistent pulmonary hypertension of the newborn 
 Group II. Pulmonary hypertension associated with left 
heart disease 
 Group III. Pulmonary hypertension associated with 
lung disease and/or hypoxemia 
 Group IV. Pulmonary hypertension due to chronic 
thrombotic or embolic disease 
 Group V. Pulmonary hypertension with unclear or 
multifactorial mechanism 
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 PAH has been classifi ed as group I and hemo-
dynamically is defi ned as a mean pulmonary 
artery pressure greater than 25 mmHg at rest, 
pulmonary capillary wedge pressure less than 
or equal to 15 mmHg, and PVR greater than 
3 mmHg per L per min per m2. Normal mean 
PAP at rest is about 14 + 3 mmHg, with an upper 
limit of 20 mmHg. 

 Pulmonary arterial hypertension (PAH) of vari-
able degrees is commonly associated with adult 
congenital heart disease (CHD). Approximately 
5–10 % of CHD patients develop PAH of variable 
severity that affects quality of life, morbidity, and 
mortality [ 1 ,  2 ]. The dangerous manifestation of 
PAH in this setting, known as the Eisenmenger 
syndrome, has become the epitome of PAH asso-
ciated with CHD [ 3 ,  4 ]. 

 PAH in patients with CHD or CHD-related 
PAH (CHD-PAH) has been classifi ed based on 
the ESC PH guidelines (Table  15.2 ) [ 5 ].

       CHD-Related PAH 

 In patients with a large ventricular or arterial 
communication, shunt volume and direction are 
determined essentially by the difference in pres-
sure between the systemic and pulmonary cir-
culations. However, patients with a large atrial 

communication may have a right-to-left shunt 
not necessarily because of systemic or supra-
systemic pulmonary pressures. In this group, a 
right-to-left shunt may rather refl ect lower right 
ventricular compliance (e.g., a result of right ven-
tricular hypertrophy). The natural sequence of 
patients with atrial communications is different. 
Although the penetrance of PAH is high and the 
onset of the Eisenmenger physiology is relatively 
early and is the rule in patients with large shunts 
at the ventricular or arterial level, the majority 
of patients with atrial septal defect (even large) 
do not develop the Eisenmenger physiology, and 
those who develop PAH often do so much later 
[ 6 – 13 ]. Accordingly, it is essential that additional 
information be collected when dealing with the 
Eisenmenger syndrome. 

    Pathophysiology 

 The vascular changes that occur in PAH allied 
to CHD are identical to those seen in idiopathic 
PAH. It is believed that endothelial cells release 
mediators that induce the development of pul-
monary artery smooth muscle cells in response 
to changes in the pulmonary blood fl ow or pres-
sure. Experimental data have recommended that 
medial hypertrophy can be converted to a neo-
intimal pattern when pulmonary vascular injury 
is coupled with increased pulmonary blood fl ow. 
Early changes, characterized by the hypertro-
phy of the media and the intimal proliferation of 
the muscular pulmonary arteries and arterioles, 
are believed to be reversible. Advanced disease, 
characterized by the presence of concentric lami-
nar fi brosis, with obliteration of many arterioles 
and small arteries, and plexiform lesions are con-
sidered irreversible [ 1 ,  2 ].  

    Clinical Findings 

 The clinical signs and symptoms of PAH are 
variable and depend on the underlying heart dis-
ease, patient’s age, repair status, and degree, vol-
ume, and direction of shunting. General 
symptoms of PAH are nonspecifi c and include 
breathlessness, chest pain, palpitation, and 

   Table 15.2    Classifi cation of pulmonary artery hyperten-
sion associated with congenital heart disease or CHD- 
related PAH (CHD-PAH) based on the ESC PH guidelines   

 1.  Eisenmenger’s syndrome  
 Large defects can lead to severe increase in PVR and 
consequently reversed (pulmonary-to-systemic) or 
bidirectional shunt 
 2.  Pulmonary arterial hypertension with systemic-to- 
pulmonary shunts  
 Moderate to large-size defects associated with mild to 
moderate increase in PVR and still large systemic-to- 
pulmonary shunt with no cyanosis 
 3.  PAH with small defects  
 Small defects (usually VSD less than 1 cm and ASD 
less than 2 cm of effective diameter when assessed by 
echocardiography) with similar clinical picture to 
idiopathic PAH 
 4.  PAH after corrective cardiac surgery  
 PAH still present several months or years after total 
correction of congenital heart disease in the absence of 
signifi cant residual defect 
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 syncope. In patients with the Eisenmenger 
 syndrome, central cyanosis and clubbing are the 
most visible clinical consequences, and some 
may exhibit differential cyanosis. Patients with 
long-standing large left-to- right shunts who 
develop the Eisenmenger syndrome tend to have 
multisystem disorders.   

    Eisenmenger Syndrome 

    Defi nition 

 In 1897 Victor Eisenmenger, an Austrian physi-
cian (1864–1932), described a 32-year-old 
female cyanotic patient who had died due to 
hemoptysis (her autopsy showed a large ventricu-
lar septal defect (VSD) as well as right ventricu-
lar dilation, hypertrophy without evidence of 
pulmonary stenosis, pulmonary atherosclerosis, 
and pulmonary infarction) [ 6 ]. 

  The Eisenmenger physiology or syndrome, as 
named later by Paul Wood is defi ned as pulmo-
nary vascular disease resulting from any 
untreated large communications between the sys-
temic and pulmonary circulation  [ 8 ] . When the 
pulmonary artery pressure reaches the systemic 
values, the direction of the blood fl ow reverses 
and a right-to-left or bidirectional shunt ensues.  

 Traditionally, the Eisenmenger complex refers 
to the Eisenmenger physiology due to a VSD (as 
described originally by Eisenmenger) [ 14 ]. Left-
to- right shunting leads to a rise in pulmonary 
artery vascular resistance and subsequently pul-
monary artery pressure. 

 A number of congenital heart lesions can 
result in the Eisenmenger physiology, including 
unrepaired large systemic-to-pulmonary artery 
(left-to-right) shunts as in VSD, atrioventricular 
septal defect, and patent ductus arteriosus (PDA); 
aortopulmonary window; or more complex con-
genital heart diseases (CHD) such as partial 
or total anomalous pulmonary venous return, 
unrepaired or palliated conoventricular defects 
including truncus arteriosus, or transposition of 
the great arteries, and single-ventricle variants. 
Surgically created anastomoses (e.g., in the Pott 
and Waterson procedures) may also result in the 
Eisenmenger physiology.  

    Epidemiology 

 The Eisenmenger syndrome constitutes <5 % 
of patients in the adult congenital clinics. The 
 incidence and prevalence of the Eisenmenger 
syndrome have been reported to decrease due to 
both earlier diagnosis and treatment of CHD.  

    Clinical Course 

 Initially, left-to-right shunting produces congestive 
heart failure due to an increased pulmonary blood 
fl ow. As pulmonary vascular resistance (PVR) 
increases, the symptoms of pulmonary congestion 
abate and the patient may improve symptomati-
cally. Eventually, as pulmonary vascular resistance 
further increases, pulmonary pressure approaches 
the systemic circulation, and the converted direc-
tion of the blood fl ow (right to left) brings about 
the clinical manifestations of cyanosis.  

    Clinical Presentation 

 Clinical manifestation of the Eisenmenger syn-
drome in patients with PDA or VAD usually 
occurs during infancy or the fi rst two years of age, 
while patients with the Eisenmenger syndrome 
due to ASD usually present during adulthood. 
Generally, the symptoms of the Eisenmenger 
syndrome are caused by either the inability to 
increase the pulmonary blood fl ow in response to 
physiologic stress due to pulmonary hypertension 
or the inability to provide suffi cient pump action 
due to heart failure. Other symptoms are related 
to various multisystem complications associated 
with cyanotic CHD. 

 The most common symptoms of the 
Eisenmenger syndrome include:
•    Dyspnea on exertion which is the most com-

mon presenting symptom of patients with 
Eisenmenger physiology. 

 The average VO 2  in patients with the 
Eisenmenger physiology has been estimated 
as 12 ml/kg/min. More than 90 % of patients 
with the Eisenmenger syndrome are in the 
New York Heart Association (NYHA) func-
tional class ≥II.  
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•   Palpitation.  
•   Edema.  
•   Volume retention.  
•   Hemoptysis.  
•   Syncope.  
•   Progressive cyanosis.     

    Physical Examination 

 Cardiovascular fi ndings in the Eisenmenger syn-
drome include:
•    Central cyanosis (in patients with PDA, cya-

nosis may be more prominent in the lower 
extremities and sometimes in the left arm).  

•   Clubbing of the nail beds and digits.  
•   Jugular venous pulse wave may be A-wave 

dominant, and, in the presence of signifi cant tri-
cuspid regurgitation, the V wave may be promi-
nent; central venous pressure may be elevated.  

•   Normal or diminished aortic pulses.  
•   Right parasternal heave and frequently a pal-

pable pulmonary valve closure on precordial 
palpation.  

•   Pulmonary ejection click from a dilated main 
pulmonary artery.  

•   Loud pulmonic component of S 2.   
•   Right-sided fourth heart sound.  
•   Graham-steel murmur (high-pitched decre-

scendo murmur of pulmonic regurgitation).  
•   Holosystolic murmur of tricuspid regurgita-

tion or mitral regurgitation.  
•   Murmurs related to VSD and PDA are usually 

not present.  
•   Abdominal tenderness/hepatic congestion.  
•   Peripheral edema.     

    Laboratory Investigation 

    Electrocardiography 
 Evidence of right atrial overload in association 
with right ventricular hypertrophy and right axis 
deviation is seen in patients with the Eisenmenger 
syndrome. Concomitant arrhythmias may also be 
seen.   

    Cardiovascular Imaging Modalities 

  Chest X-ray, echocardiography, multislice CT, 
and CMR have variable success in detecting the 
presence and severity of PH.  

    Chest X-ray 
 Chest radiographic examination reveals the 
following:
•    Prominent dilated central pulmonary artery.  
•    Decreased peripheral lung vascular markings 

(pruning).  Although in contrast to primary 
pulmonary hypertension, the attenuation of 
peripheral vascular markings is not common 
in these patients.  

•   Calcifi cation of the central pulmonary artery 
may also be present due to long-lasting pul-
monary hypertension.  

•   VSD or PDA usually has a normal or mini-
mally increased cardiothoracic ratio.  

•   Right ventricular enlargement.  
•   ASD usually has cardiomegaly due to the dila-

tation of the right atrium and ventricle.  
•   PDA usually has an enlarged aorta (duc-

tal calcifi cation may also be present), while 
in patients with ASD, the aorta seems 
inconspicuous.     

    Echocardiography 
 Intracardiac communication and concomitant 
bidirectional shunting should be assessed in all 
patients with the Eisenmenger syndrome. 
Assessment of right ventricular function is man-
datory for prognostic implications. 

 Echocardiography has been suggested as a 
pivotal screening test in PH evaluation. Doppler 
echocardiography can be used for estimation 
of systolic pulmonary arterial pressure (PAP), 
pulmonary artery (PA) diastolic pressure, mean 
PA pressure, and pulmonary vascular resistance 
(PVR). Echocardiographic estimation of systolic 
PAP is mainly based on the tricuspid regurgita-
tion (TR) peak velocity. 

 Based on the European guidelines for PH 
assessment, echocardiographic assessment of the 
PH has been classifi ed as [ 1 ]:
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•    PH unlikely when TR peak velocity is <2.8 m/s 
(assuming normal RAP about 5 mmHg) or 
(sPAP is <36 mmHg) with no additional vari-
ables suggestive for PH  

•   Possible PH when TR peak velocity is between 
2.9 and 3.4 m/s (or sPAP is between 37 and 
50 mmHg), with or without additional echo-
cardiographic signs for suggestive of PH, or 
when TR peak velocity is <2.8 m/s (or sPAP 
is <36 mmHg) with additional variables sug-
gestive for PH  

•   PH likely when TR peak velocity is >3.4 m/s 
(or sPAP is >50 mmHg), with or without addi-
tional echocardiographic variables suggestive 
for PH    
 However, there are additional variables 

(Figs.  15.1  and  15.2 ) that suggest PH although 
tend to occur late in the course of PAH as the 
following:

•    Increased pulmonary regurgitant velocity  
•   RV hypertrophy (RVH) or dilation  
•   Short acceleration time of RV ejection  
•   Abnormal shape of inter ventricular septum 

(IVS)  
•   Dilated main PA   

    Janda et al. [ 15 ] in a meta-analysis of 29 
 studies showed 83 % (95 % CI 73–90) sensitiv-
ity and 72 % (95 % CI 53–85;  n  = 12) specifi city 
for echocardiographic diagnosis of pulmonary 
hypertension. They concluded that although 
echocardiography is a useful and noninvasive 
modality for initial assessment of PAP, but due to 
its limitations, RHC should be used for defi nite 
diagnosis and monitoring PAH. 

  Based on the guideline, echocardiographic 
parameters with established prognostic value are 
pericardial effusion and tricuspid annular plane 
systolic excursion (TAPSE) <1.5 cm  [ 1 ] .   

  Fig. 15.1    Showing additional echocardiographic variables suggestive of PH       
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    Cardiac Computed Tomography 
 Dilated main pulmonary artery exceeding the 
ascending aorta or main PA ≥ 29 mm at its wid-
est point has been suggested accurate parame-
ter for diagnosis of PH (with positive predictive 
value more than 95 % and a specifi city of 
89 %) [ 1 ].  

    Cardiac Magnetic Resonance (CMR) 
 CMR is not recommended for patients with pul-
monary hypertension as a routine [ 1 ]. However, 
CMR is particularly useful in patient with PAH 
associated with CHD. CMR accurately, with a 
high degree of reproducibility assesses the RV 
size and function which has an important prog-
nostic role in PAH.  

    Cardiac Catheterization 
 Cardiac catheterization allows the direct mea-
surement of the pulmonary pressures, establish-
ment of the diagnosis of pulmonary artery 
hypertension, and assessment of the severity of 
pulmonary vascular disease. It also could aid us 
in the future treatment planning through the 
assessment of the reactivity of the pulmonary 

vasculature to pulmonary arterial vasodilators. 
Right heart catheterization (RHC) is the gold 
standard for the defi nite diagnosis of PAH.  

    Open Lung Biopsy 
 Currently, open lung biopsy has a very limited 
role in the diagnosis or management of patients 
with the Eisenmenger physiology.   

    Complications 

 A summary of the complications seen in patients 
with the Eisenmenger physiology is depicted in 
Table  15.3 .

       Prognosis 

 Median age at death for patients with the 
Eisenmenger syndrome is 53 years (i.e., 20 years 
less than expected). However, patients with the 
Eisenmenger syndrome have a substantially bet-
ter long-term prognosis than patients with pri-
mary pulmonary hypertension. 

  Fig. 15.2    Showing short acceleration time (AT) of RV ejection and abnormal IVS as systolic fl attening of  IVS  inter-
ventricular septum       
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  Long-term survival of patients with the 
Eisenmenger syndrome usually depends on: 
•    The patient’s age at the onset of pulmonary 

hypertension.  
•   Poor functional class [ 16 ].  
•   Syncope.  
•   Complex CHD.  
•   Arrhythmias.  
•   Worsened hypoxemia [ 16 ].  
•   Higher serum creatinine and uric acid levels.  
•   Right ventricular dysfunction.  
•   Left ventricular systemic dysfunction [ 16 ].  
•   Right ventricular hypertrophy.  
•   It has been suggested that voltage criteria for 

RVH, derived as the sum of the R-wave ampli-
tude in V 1  and the maximum amplitude of the 
S wave in V 5  or V 6 , may provide prognostic 
information in patients with the Eisenmenger 
physiology [ 16 ].  

•   QRS duration in the ECG.  
•   Down’s syndrome.  
•   Reduced peak oxygen consumption and 6-min 

walk distance are associated with impaired 

prognosis in patients with pulmonary artery 
hypertension [ 17 – 19 ].  

•   Pulmonary vasoreactivity was recently shown 
to have prognostic value for adult patients 
with the Eisenmenger physiology [ 20 ].  

•   Right ventricular function affects survival 
predominantly. 

  The immediate causes of death in the 
Eisenmenger syndrome include pulmonary 
ventricular failure, severe hemoptysis from 
bronchial artery rupture or pulmonary infarc-
tion, complications during pregnancy, and 
cerebral vascular events including occlusive 
strokes, systemic paradoxical embolization, 
and brain abscesses  [ 21 – 23 ] .  Death also 
occurs during noncardiac surgeries.     

    Management Strategies 

    General Considerations 
  Patients with the Eisenmenger syndrome should 
avoid the following activities or exposures: 
•    Pregnancy.  
•   Dehydration.  
•   Moderate and severe strenuous exercise, par-

ticularly isometric exercise.  
•   Acute exposure to excessive heat (e.g., hot tub 

or sauna).  
•   Chronic high-altitude exposure (particularly 

at an elevation >5,000 feet above the sea 
level).  

•   Iron defi ciency.  
•   Arrhythmias and infections should be 

promptly treated in patients with the 
Eisenmenger syndrome.    
 The principal medical treatment approaches in 

patients with the Eisenmenger physiology are 
primarily symptomatic and may include:
•    Oxygen therapy.  
•   Therapeutic phlebotomy or erythropheresis 

should only be performed if the hemoglobin is 
>20 g per dL and the hematocrit is >65 % with 
associated symptoms of hyperviscosity and no 
evidence of dehydration.  

•   Iron replacement in patients with iron 
defi ciency.  

   Table 15.3    Clinical complications of Eisenmenger 
syndrome   

 Cyanotic 
complications 

 Hematologic complications 
  Thrombosis 
  Bleeding 
  Hyperviscosity 
  Iron defi ciency 
 Central nervous system 
 Rheumatologic complications 
 Renal and gastrointestinal dysfunction 
 Endocarditis 

 Non-cyanotic 
complications 

 Hemoptysis 
 Pulmonary artery complications 
  Aneurysms 
  Thrombi 
  Rupture 
 Arrhythmias 
  Atrial fl utter 
  Atrial fi brillation 
  Ventricular tachycardia (rare) 
 Progressive valvular disease 
 Congestive heart failure 
 Sudden death 
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•   Medical treatment of congestive heart failure.  
•   Antiarrhythmic for atrial arrhythmias.  
•   Pulmonary vasodilators such as endothelin 

receptor antagonists or phosphodiesterase 
inhibitors to improve the symptoms of pulmo-
nary hypertension.    
 However, corrective surgeries or lung/heart- 

lung transplantation may also be considered in 
selected patients.       
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�Cardiac Catheterization in Adult 
Congenital Heart Disease

The role of heart catheterization in patient man-
agement continues to evolve as anatomic and 
physiologic imaging with cardiac magnetic res-
onance imaging (CMR) and computed tomog-
raphy (CT) improves and as the breadth of 
interventional catheter techniques dramatically 
widens [1, 2].

�Indications for Cardiac 
Catheterization in Adult Congenital 
Heart Disease (ACHD)

Catheterization is the only gold standard method 
of pressure measurement in a vessel or a chamber. 
Pulmonary artery pressure and pulmonary vascu-
lar resistance, two values of utmost importance 
in patients with congenital heart disease (CHD), 

can be determined accurately by catheterization. 
There are a number of situations in which non-
invasive imaging cannot provide the anatomic 
detail required for decision-making, and that 
is where the role of diagnostic catheterization 
becomes much more salient in CHD [1].

The three major indications for performing 
a  diagnostic cardiac catheterization are as 
follows [3]:
	1.	 A complete anatomic diagnosis or necessary 

hemodynamic information cannot be obtained 
by noninvasive methods.

	2.	 Clinical signs and symptoms are not consis-
tent with the patient’s diagnosis.

	3.	 The patient’s clinical course is not progressing 
as expected.

�Planning the Procedure

An exhaustive appraisal of the patient’s clinic 
chart and paying due heed not only to the struc-
tural anatomy but also to the details of previous 
surgical repairs is of vital importance. Review of 
serial imaging and previous hemodynamic and 
angiocardiographic evaluations helps to consoli-
date an understanding of potential problems or 
issues requiring specific attention at the time of 
catheterization that may not be readily apparent.
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The operator must have a thorough under-
standing of the anatomy and physiology of con-
genital cardiac defects and with the concomitant 
pathologies that might be present along with the 
primary disorder. Furthermore, the operator 
should be able to prioritize the information as to 
its level of importance. Information can be placed 
in the following categories:
	1.	 Information that is absolutely essential to 

establish the diagnosis or plan the treatment
	2.	 Information that is useful but not critical
	3.	 Information that is already available from 

other imaging studies
Prioritization of such information and the 

resulting preparedness can significantly lessen 
the duration of the procedure and thus minimize 
exposure to radiation and the amount of contrast 
media. It is crucial to avoid unnecessary renal 
injury through the pointless utilization of large 
volumes of contrast agent to show an anatomy 
previously assessed through other imaging 
modalities.

Management choice normally necessitates 
the measurement of pulmonary artery pressure, 
pulmonary artery resistance, pulmonary vascu-
lature reactivity, and shunt calculations. If 
access to the pulmonary artery is difficult, time 
invested here may be far more valuable than 
reevaluating other data already acquired from 
other diagnostic methods. Such information 
should be acquired in a steady state, and the 
occurrence of vagal reaction, administration of 
certain drugs such as atropine, and pain from the 
access site may lead to inaccuracy. An appropri-
ate amount of sedation for most adults is manda-
tory; oversedation usually elevates pulmonary 
pressure, pulmonary resistance, and arterial 
hypoxemia [1, 4, 5].

To summarize, it is essential that the operator 
have the following checklist at the beginning of 
the procedure:
	1.	 What constitutes critical hemodynamic 

information?
	2.	 Which chamber(s) and great vessel(s) require 

angiography?
	3.	 Must the coronary anatomy be determined?
	4.	 What catheters will be most useful?

	5.	 What constitutes the sequence to be followed 
throughout the procedure?

�Catheter Course

The normal course of the catheter through the right 
side of the heart and into the pulmonary artery or 
through the arterial system into the left side of 
the heart should be easily recognizable, although 
there are some variations (Fig. 16.1) [6, 7].

The most common catheter positions in 
ACHD are depicted in anteroposterior and lateral 
projections in (Figs. 16.2, 16.3, 16.4, 16.5, 16.6, 
16.7, 16.8, 16.9, 16.10, 16.11, 16.12, 16.13, 
16.14, and 16.15).

�Pressure Measurements

�Waveforms

�Right Atrial Pressure (RAP)
Normal waveform consists of two or three posi-
tive waves (a, c, and v) and three negative waves 
(x, x′, and y, respectively). The a wave denotes 
atrial contraction. The x decent follows the a 
wave and reflects atrial relaxation, followed by 

RV
RV

RA RA

IVC
IVC

Fig. 16.1  Normal right heart catheter course: Catheter 
passes from inferior vena cava through right atrium ante-
riorly into right ventricle. IVC inferior vena cava, RA right 
atrium, RV right ventricle
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tricuspid valve closure. The c wave is sometimes 
evident and is due to ventricular systole as the 
closed tricuspid valve bulges into the atrium. The 
subsequent x′ decent results from the combined 
effects of continued atrial relaxation and descent 
of the tricuspid valve during continued ventricular 
contraction. The wave that follows is the v wave, 

which denoted atrial filling, while the atrioven-
tricular valve (AVV) is still closed. The opening 
of the AVV, followed by atrial emptying, is repre-
sented by the y descent [3, 8–11].

�Right Ventricular Pressure (RVP)
Normal (subpulmonary) right ventricular (RV) 
pressure also varies considerably with age, 
respiratory status, heart rhythm, structure, and 
function. Peak systolic pressure is typically 
20–30 mmHg. End-diastolic pressure is typically 
equal or just slightly less than the right atrial a 
wave at 3–6  mmHg. RV waveform is marked 
by a rapid rise during isovolumetric contraction, 
followed by the peak systolic pressure before 
isovolumetric relaxation and a fall to minimum 
diastolic pressure (often near zero). There is a 
slow rise during diastolic filling, during which 
a small RV “a wave” inflection may be seen as 
a result of atrial contraction just prior to end-
diastole and subsequent isovolumic contraction. 
This a wave is sometimes referred to as the atrial 
kick, with first-degree AV bock. Peak RV sys-
tolic pressure is elevated in the presence of any 

LA

LA
RA

RA

RV

LV
LV

IVC
IVC

Fig. 16.2  Left ventricle: Catheter passes from inferior 
vena cava (IVC) across atrial septum, then inferiorly and 
posteriorly into left ventricle (LV), LA left atrium, RA right 
atrium, RV right ventricle

LAA LAA

LA

IVC IVC

LARA
RA

Fig. 16.3  Left atrial appendage: Catheter passes from 
inferior vena cava (IVC), through atrial septum, and supe-
riorly and leftward into left atrial appendage (LAA). RA 
right atrium, LA left atrium

LA
LA

LAA

LAA

IVC
IVC

RA
RA

Fig. 16.4  Pericardial sac, through left atrial appendage: 
Catheter enters heart from inferior vena cava (IVC), passes 
from right atrium (RA) to left atrium (LA), and then fol-
lows cardiac border. This course may mimic passage into 
the left lower pulmonary vein (LLPV), but blood cannot 
be withdrawn, pressure is negative, and injection of a min-
ute amount of contrast material confirms location. LAA 
left atrial appendix
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LV

LV

LA
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IVC
IVC

Fig. 16.5  (a) Atrial septal defects: Catheter passed from 
inferior vena cava (IVC), through various atrial defects. 
(1) The most superior catheter has passed through a sinus 
venosus. (2) The lower one through an ostium secundum. 
(3) The lowest through an ostium primum defect. (b) Left 
upper pulmonary vein (LUPV): Catheter enters heart from 
inferior vena cava (IVC), passes from right atrium (RA) to 
left atrium (LA), and leaves cardiac silhouette into left 
lung field. On lateral projection, however, it is located 
within cardiac shadow. (c) Left lower pulmonary vein 
(LLPV): Catheter passes from inferior vena cava (IVC) 
through right atrium (RA) and left atrium (LA) into LLPV. 
On lateral projection catheter is posteriorly in lung field. 
This course is more common with catheterization from 

the IVC because the catheter tip is guided by the limbus of 
the fossa ovalis. (d) Right upper pulmonary vein (RUPV): 
Catheter passes from inferior vena cava (IVC) through 
right atrium (RA) and ultimately to RUPV. Usually, this 
course is through a patent foramen ovale. Rarely, it indi-
cates direct connection of pulmonary vein to right atrium. 
(e) Partial anomalous pulmonary venous connection 
(PAPVC) of right upper pulmonary vein (RUPV) to supe-
rior vena cava (SVC): Catheter passes from inferior vena 
cava (IVC) through right atrium (RA) and proximal supe-
rior vena cava into right upper lung field. LA left atrium, 
RA right atrium, LV left ventricle, LAA left atrial 
appendix
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Fig. 16.5  (continued)

AO
AO

RA

RV

RV
RA

LV

LV

IVC IVC

Fig. 16.6  Membranous ventricular septal defect (VSD): 
Catheter enters heart from inferior vena cava (IVC), passes 
through tricuspid valve following typical course close to 
spine, through ventricular septal defect, and into the aortic 
arch. AO aorta, RA right atrium, RV right ventricle, LV 
left ventricle
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downstream obstruction, including RV outflow 
obstruction (subpulmonary stenosis or valvular 
pulmonary stenosis), main or branch pulmonary 

AO AO

LA
LA

RA

RA

IVC IVC

RV

RV

LV LV

Fig. 16.7  Ascending aorta through patent foramen ovale: 
Catheter enters heart from inferior vena cava (IVC), passes 
from right atrium (RA) to left atrium (LA) through area of 
foramen ovale, and into left ventricle (LV), where it curves 
upon itself and then shows typical course through ascend-
ing aorta (AO) and aortic arch. RV right ventricle

PA

RA

IVC

D.AO

IVC
D.AO

RVOT

RVOT

PA

Fig. 16.8  Patent ductus arteriosus (PDA) or Potts anas-
tomosis: Catheter passes from inferior vena cava (IVC) 
through right atrium (RA) and right ventricle (RV) into pul-
monary trunk. On lateral projection, posterior direction of 
passage from pulmonary artery (PA) to aorta (AO) is evi-
dent. The catheter is then advanced below the diaphragm, 
confirming its location in the aorta. It is this important sub-
diaphragmatic location of the catheter which rules out the 
much more common passage into a left pulmonary artery

I.V

LSVC

CSRA

IVC

Fig. 16.9  Coronary sinus (CS) and left superior vena 
cava (LSVC): Catheter passes from superior vena cava 
(SVC) into right atrium (RA) and then posteriorly and into 
typical “reverse J” shape. On the anteroposterior projec-
tion, catheter position could be mistaken for right ventri-
cle. Catheter can be advanced superiorly beyond cardiac 
contour into LSVC. IVC inferior vena cava

LIV

RSVC RSVC

LIV

RA

RA

IVC
IVC

Vertical
Vein

Vertical
Vein

Fig. 16.10  Vertical vein in total anomalous pulmonary 
venous connection (TAPVC): Catheter passes from infe-
rior vena cava (IVC) to right superior vena cava (RSVC). 
Left innominate vein (LIV) and vertical vein. If oxygen 
saturation is high, partial or total anomalous venous return 
must be considered. RA right atrium
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artery stenosis, elevated pulmonary vascular 
resistance (PVR) (pulmonary hypertension), or 
any lesion causing significant pulmonary venous 
or left atrial hypertension [3, 8–11].

�Pulmonary Artery Pressure (PAP)
The mean pulmonary artery pressure (PAP) 
is usually less than 20  mmHg, with a systolic 
peak equal to or slightly less than that of RVP. 
The pressure pulse is characterized by a rela-

tively slow upstroke, peak systolic pressure, 
small dicrotic notch, and slow fall to end-
diastole. The PAP tracing provides, in a single 
waveform, a significant insight into both right 
and left heart hemodynamics. If the operators 
arrive at PA through the right atrium and ven-
tricle, a peak systolic pressure significantly 
lower (>10 mmHg) than RVP denotes RV out-
flow tract obstruction, which deserves further 
characterization to distinguish subvalvular, 

SVC

RA

RV

RV

RA

AZ.V

SVC

AZ. V

Fig. 16.11  Interruption of the inferior vena cava with 
azygos vein (AZ.V) continuation. On anteroposterior pro-
jection, leading portion of catheter appears within cardiac 
silhouette, but on lateral projection, it lies behind the heart 
in azygous vein and passes anteriorly into superior vena 
cava (SVC). Once there, it passes inferiorly into right 
atrium (RA) and, typically, into apex of right ventricle (RV)

RPA

RPA

BT

BT

RIA
Arch

RIA
Arch

D.AO

D.AO

Fig. 16.12  Right Blalock-Taussig (BT) shunt: Catheter 
passes through aortic arch, into innominate artery (IA), 
and through shunt into right pulmonary artery (RPA). RIA 
right innominate artery, D.AO descending aorta

Arch
Arch

A.AO
A.AO

LPA
LPA

D.AO D.AO

Fig. 16.13  Pots shunt: Catheter passes through aortic 
arch. Above aortic valve, catheter passes leftward into 
proximal left pulmonary artery (LPA). D.AO descending 
aorta, A.AO ascending aorta

A.AO

A.AO

RV

RV

LV

D.AO

D.AO

Fig. 16.14  Congenitally corrected transposition (arterial 
approach): Catheter passes through descending aorta 
(D.  O) and aortic arch. The ascending aorta (A.AO) is 
located anteriorly and to the left. The catheter enters the 
systemic ventricle, located anteriorly and to the left (RV). 
LV  left ventricle
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valvular, or supravalvular stenosis. Normally, 
there is a demonstrable diastolic pressure gradi-
ent between PA and RV, the absence of which 
suggests truly “free” pulmonary regurgitation. 
Otherwise, PA diastolic pressure more typically 
approaches LA pressure. Elevated PAP can occur 
with either increased flow (e.g., ventricular sep-
tal defect [VSD]), increased resistance (e.g., pul-
monary vascular occlusive disease [PVOD]), or 
downstream obstruction (e.g., left atrial hyper-
tension). As such, it is important to use precise 
and unambiguous terminology. Remember that 
PA hypertension, that is, high PAP, is not syn-
onymous with high pulmonary vascular resis-
tance. For example, elevated PAP can occur 
with an unrestrictive VSD and normal pulmo-
nary resistance. Full hemodynamic assessment 
is critical to distinguish between these inasmuch 
as important management decisions are based on 
the ability to manipulate the underlying process 

(e.g.,  the operator can replace/dilate a stenotic 
mitral valve, but he/she cannot as easily replace 
end-stage PVOD-affected lungs) [3, 8–11].

�Pulmonary Capillary Wedge  
Pressure (PCWP)
A good pulmonary capillary wedge pressure 
(PCWP) resembles left atrial pressure and wave-
form with a time delay of somewhere between 
0.02 and 0.08 s unless there are significant col-
laterals or pulmonary vein stenosis. As such, 
this waveform should have interpretable a and 
v waves and normal respiratory variation. An 
underwedged tracing usually has exaggerated 
systolic peaks as PAP is transmitted around the 
catheter. An overwedged PCWP typically lacks 
identifiable waveform morphology with a high 
drifting mean pressure [3, 8–11].

�Left Atrial Pressure (LAP)
In the normal heart, left atrial pressure (LAP) is 
higher than right atrial pressure, with mean pres-
sures in the range of 6–9  mmHg. Even with 
respiratory variation, LAP is never normally 
below atmospheric pressure. The right and left 
atrial pressure waveforms are similar, but the v 
wave is usually dominant in the LA, presumably 
because of pulmonary venous contraction (e.g., 
the left atrial a wave is dominant in total anoma-
lous pulmonary venous connection [TAPVC]). 
Increased a waves may be seen in mitral stenosis 
or in situations of poor LV compliance. Prosthetic 
mitral valves in the supra-annular position char-
acteristically result in an increased v wave, prob-
ably due to the combined effects of a small, 
noncompliant LA and pulmonary venous con-
traction. However, increased v waves are more 
classically seen in mitral regurgitation. Overall, 
an increased LAP can result from any of the 
above situations, significant left-to-right shunts, 
or LV dysfunction [3, 8–11].

�Pulmonary Vein Wedge  
Pressure (PVWP)
Pulmonary venous wedge pressure (PVWP) oper-
ates under the same principle as PCWP, but in 
the opposite direction, and provides a reasonable 

A.AO

IVC

D.AO

Fig. 16.15  Situs ambiguous (abdominal heterotaxia): 
Both venous and arterial catheters are to the left of the 
spine and cross in abdomen, indicating an indeterminate 
(ambiguous) situs. D.AO descending aorta, A.AO ascend-
ing aorta, IVC inferior vena cava
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estimate of PAP (albeit often slightly underes-
timating), when the mean pressure obtained is 
less than 15  mmHg. (Above this, it is impre-
cise.) When PAP is a major reason for catheter-
ization and the patient is potentially unstable or 
access to the PAs may make him so, this can 
provide a quick estimate in case things go awry 
[3, 8–11].

�Left Ventricular Pressure (LVP)
Left ventricular pressure (LVP) varies with age 
and a host of structural and hemodynamic fac-
tors. Peak systolic pressure should equal ascend-
ing aortic pressure, failing which there must be is 
subvalvular, valvular, or supravalvular obstruc-
tion that warrants further characterization. LV 
end-diastolic pressure (LVEDP) is a crude but 
valuable marker for LV diastolic health, in that 
elevated LVEDP (>10–12  mmHg in children) 
suggests poor diastolic ventricular properties 
and/or LV failure. Similarly, a steep slope of the 
diastolic portion of the LV waveform suggests 
poor ventricular compliance. “Normal” pressures 
vary according to age, with a progressive increase 
in the average LVEDP as patients progress to old 
age [3, 8–11].

�Aortic Pressure
The aortic pressure pulse varies uniquely in mor-
phology in health and disease, much of which is 
due to the timing and magnitude of the reflected 
waves. Generally, there is systolic rise, peak aor-
tic pressure, and a variable dicrotic notch on the 
downstroke. The pulse pressure in the ascend-
ing aorta is usually 25–50  mmHg or <50  % of 
peak systolic aortic pressure. A widened pulse 
pressure (systolic minus diastolic pressure) is 
characteristic of “runoff” lesions, including sig-
nificant aortic (or neoaortic) regurgitation, patent 
ductus arteriosus (PDA), surgical shunts or sig-
nificant aortopulmonary collaterals, truncus arte-
riosus, systemic AV fistula, and ruptured sinus 
of Valsalva. More commonly in adults than chil-
dren, a widened pulse pressure may be seen in 
the setting of arterial stiffening and bradycardia. 
In contrast, a decreased or “narrow” pulse pres-
sure may be seen in low cardiac output states and/

or tamponade. A gradient between the ascending 
and descending aorta suggests coarctation of the 
aorta [3, 8–11].

�Flows and Shunts

�Sample Run

Oxygen saturation data play a significant role in 
the decision-making process for an ACHD 
patient. The first saturation sample should be 
obtained from systemic blood. Arterial desatura-
tion may be in consequence of right-to-left 
shunting or ventilation/perfusion mismatch. In 
the adult catheterization laboratory, arterial 
desaturation often tends to be the result of 
hypoventilation following sedation. In the 
sedated patient, a rise in CO2 is likely to signifi-
cantly influence pulmonary pressures and oxim-
etry. Systemic venous saturation lower than 
50 % requires that low cardiac output be taken 
into account and high saturation could signify 
either a high-output state or a left-to-right shunt. 
Calculation of shunts, cardiac output, and resis-
tances are conditional on an accurate determina-
tion of oxygen saturation. Of all physiologic 
data obtained in the adult catheterization labora-
tory, the least sensitive and most prone to error is 
oxygen saturation information.

When using oxygen as an indicator, the fol-
lowing points should be considered:
	1.	 A steady-state blood flow is vitally important 

for all measurements.
	2.	 A minimum of two samples should be taken 

from no fewer than three sites in rapid suc-
cession. This can be a tall order in a patient 
with complex congenital heart lesions. The 
estimation of oxygen consumption in the 
majority of adult catheterization laboratories 
is on the basis of the body surface area and is, 
as such, prone to significant errors (up to 
30 %).
If the patient has low mixed venous saturation, 

the addition of even a small amount of fully satu-
rated blood to the mixed venous blood can sig-
nificantly intensify the downstream saturation. 
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If the patient has a high cardiac output and high 
mixed venous saturation, the addition of a small 
amount of fully saturated blood does not result in 
a quantifiable rise in the downstream mixed 
venous saturation. In the presence of multiple 
levels of shunting, the exact significance of each 
level is not based on oxygen saturation study at a 
particular chamber, and the most significant level 
or location of shunting is documented more opti-
mally with other data (angiograms, pressure data, 
indicator curves, etc.) [1, 3–5].

�Mixed Venous Saturation

Mixed venous blood saturation has three variable 
sources: the superior vena cava (SVC), inferior 
vena cava (IVC), and coronary sinus (CS). Due to 
these different sources, SVC oxygen saturation is 
liable to vary by 10 %. (There is lower saturation 
in the jugular vein by comparison with the sub-
clavian and azygos veins.) Accordingly, no fewer 
than two separate samples should be obtained 
from these different sites. When the saturation 
levels of two separate samples do not fall within 
one or two percent of each other, we need a third 
sample from the SVC (from the mid SVC level) 
so as to ascertain which of the first two samples is 
more representative.

Oxygen saturation levels in the IVC are varied, 
with the flow varying by 10–20 %. The sample 
from the IVC is generally 5–10 % more saturated 
than that from the SVC. The very low saturation 
of the coronary sinus (25–45 %), despite the fact 
that it is responsible for 5–7% of the total venous 
return, can impact total mixed saturation. In the 
absence of shunts, a sample from the SVC (unless 
the patient has a low cardiac output) and the right 
atrium can provide a mixed venous sample. Some 
cardiologists use a weighted average of SVC and 
IVC blood as a mixed venous sample. If there is 
a shunt lesion, several samples should be obtained 
in rapid succession. A pulmonary vein sample 
may be 50–100  % disparate from a true mixed 
pulmonary venous sample. In the absence of a 
right-to-left shunt, it is advisable to use LV or 
aorta saturation as opposed to single pulmonary 
vein saturation. A pulmonary venous sample 
constitutes an integral part of the evaluation of 

the cause of arterial desaturation in acquired dis-
ease when a right-to-left shunt is in doubt through 
a patent foramen ovale (PFO) as a cause [1, 8].

�Sampling

Samples should be drawn in rapid succession, 
i.e., no more than 1–2 min for the sampling run. 
Duplicate samples should be obtained if possible 
and should not differ by more than 1 or 2 %. The 
operator must be aware of the following sources 
of error:
	1.	 Potential equipment malfunction (e.g., a very 

high hemoglobin level (>200 g/L) can lead to 
a false reading).

	2.	 The operator should clear the flush solution 
and blood from the catheter after having 
drawn a sample and subsequently fill the cath-
eter with the next sample blood.

	3.	 The blood sample may contain microbubbles 
and this can lead to oxygenation.

	4.	 The operator must avoid obtaining samples 
from the side arm of a bleed-back tap because 
it has a compartment in which there is a pos-
sibility of the contamination of the sample.
A rise in O2 saturation in the downstream 

chamber is also referred to as “step-up.” Step-up 
is of significance when it exceeds 9 % in the atrial 
level and 6 % in the ventricular level and pulmo-
nary level [1–3, 12–16]. Various reasons for step-
up in the different sides of the heart are listed in 
the table below (Table  16.1). The following 
points should be taken into account: [3]
	1.	 The absence of a significant step-up in the 

right atrium does not completely rule out a 
left-to-right shunt.

	2.	 If the aortic saturation is below 92  % (sea 
level, normal ventilation) or if there is a 
greater than 3 % drop in oxygen saturation on 
the left side of the heart, a right-to-left shunt 
may be present.

	3.	 Administration of 100  % oxygen raises pul-
monary vein and systemic artery saturation, 
making it possible to distinguish between pul-
monary parenchymal disease and a right-to-
left shunt. Pulmonary vein desaturation that 
does not resolve with the administration of 
100  % oxygen suggests an intrapulmonary 
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shunt (e.g., from a pulmonary arteriovenous 
malformation).
Reason for left heart side desaturation are 

listed in Table 16.2

�Clinical Applications

In patients with CHD, a communication between 
the two sides of the heart or between the pulmo-
nary artery and the aorta allows a shunt to exist. 
In such cases, the following calculations can be 
made [1]:
	1.	 The magnitude of a left-to-right shunt and a 

right-to-left shunt
	2.	 Pulmonary blood flow
	3.	 Pulmonary-to-systemic flow ratio (QP/QS)

QP/QS is the most useful measurement of all 
in that it yields a reliable estimate of the rise or 
drop in the pulmonary blood flow. Calculation 
of QP/QS is also very simple because it only 
requires the oxygen saturation data from systemic 
arterial blood, left atrial or pulmonary venous 
blood, pulmonary artery, and vena cava and right-
sided heart samples. The operator must obtain the 
samples in room air or a gas mixture containing 
a maximum of 30 % oxygen, or else, the satura-
tion data may not provide accurate information 
on the pulmonary blood flow. Under such cir-
cumstances, the pulmonary blood flow is usually 

overestimated, resulting in the exaggeration of 
the Qp:Qs ratio.

�Calculation of the Flow

The most used method for the calculation of the 
flow is the Fick method.

�The Fick Method

Oxygen content (mL O2/dL plasma): O2 bound to 
the hemoglobin + dissolved O2

Oxygen content:

	

mLO L Oxygen capacity SpO

pO mL mm Hg dL
d

2 2

2 0 003
10

/ [

. / / ]
( ) = ×( )

+ ×( )
× LL L/ 	

Qs = VO2/[hemoglobin × 1.36 × 10 × (Aorta sat-
uration – MVO2 sat)]

Qp = VO2/[hemoglobin × 1.36 × 10 × (Pulmonary 
vein sat – Pulmonary arterial sat)]

Qep = VO2/[hemoglobin × 1.36 × 10 × 
(Pulmonary vein sat – MVO2 sat)]

where MVO2 = mixed venous saturation, 
Qs = systemic flow, Qp = pulmonary flow, and 
Qep = effective pulmonary flow [1].

Table 16.1  Various reasons for step-up in different side of the heart

A step-up of >9 % at 
atrial level

1. �Left-to-right shunt from an atrial septal defect
2. �Anomalous pulmonary venous connection
3. �Left ventricle-to-right atrium shunt
4. �Ventricular septal defect with tricuspid insufficiency
5. �Shunt from the aorta (ruptured sinus of Valsalva aneurysm, coronary artery fistula)

A step-up of >6 % at 
ventricular level

1. Low atrial septal defect
2. Ventricular septal defect
3. �Ruptured sinus of Valsalva aneurysm
4. �Coronary atrioventricular fistula draining into the right ventricle
5. �Left-to-right shunt at the great vessel level with significant pulmonary valve insufficiency

A step-up of >6 % at 
the pulmonary artery

1. �High outlet ventricular septal defect
2. Patent ductus arteriosus
3. Aortopulmonary window
4. �Coronary artery fistula into the pulmonary artery
5. �Anomalous origin of the coronary artery from the pulmonary artery also with fistula
6. �Surgical aortopulmonary communication
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�Pulmonary-to-Systemic Blood 
Flow Ratio

This calculation is based on the Fick principle. In 
other words, factors such as oxygen-carrying 
capacity and oxygen consumption employed for 
each single flow calculation nullify each other 
when we are estimating only the ratio of the two 
flows: [1, 4–13, 17]

	
Qp Qs Sat Ao Sat MV Sat PV Sat PA/ : - / -( ) ( ) 	

where Sat Ao = aortic saturation, Sat MV = mixed 
venous saturation, Sat PV = pulmonary vein satu-
ration, and Sat PA = pulmonary artery saturation.

If a pulmonary vein has not been entered, a 
value of 96  % can be assumed. Similarly, LV 
or aortic saturation may be used instead of left 
atrial saturation on condition that there is no 
right-to-left shunt. For mixed venous saturation, 
the pulmonary artery sample may be used unless 
there is a shunt at the atrial or ventricular level. 
Mixed venous saturation is more similar to that 
of the SVC rather than the IVC. The following 
formula is often used:

	
Mixed venoussaturation SVC IVC: /3 1 4+( ) 	

In the presence of a large left-to-right shunt, 
the Q/Qs is merely reported as “greater than 3:1. 
[1–4].”

�Right-to-Left Shunting [1–8]

If the patient has no left-to-right shunt, mixed 
venous saturation and pulmonary artery satura-
tion are the same, and all of the pulmonary blood 
flow is “effective,” that is, Qp = Qep′. For all 
patients in a steady hemodynamic state, we have 
Qep′ = Qes. When there is a left-to-right shunt, 
some oxygenated blood recirculates through the 
lungs; thus, the volume of a left-to-right shunt is 
the difference between the total pulmonary flow 
(Qp) and the effective pulmonary flow (Qep):

	 Q Qp QepL R− = − 	

Similarly, when there is a right-to-left shunt, 
some of the deoxygenated “blue” blood bypasses 
the lungs and recirculates through the body; thus, 
Qs > Qes. The volume of a right-to-left shunt is 
the difference between the total systemic flow 
(Qs) and the effective systemic flow (Qes):

	
Q Qs Qes QepR L− = − ( ) 	

Table 16.2  Reason for left heart side desaturation

Pulmonary vein 
desaturation

Hypoventilation(sedation)
Pulmonary parenchymal disease
Pulmonary edema
Pulmonary atrioventricular malformation

Left atrial desaturation Desaturated pulmonary vein
Markedly decreases right ventricular compliance or right ventricular failure
With normal pulmonary vein saturation, usually resulting from a right-to-left shunt 
through an atrial septal defect or patent foramen ovale
Platypnea-orthodeoxia syndrome
Persistent left superior vena cava to the left atrium

Left ventricular 
desaturation

Any lesion that produces desaturation in the pulmonary veins or left atrium
Right-to-left shunting at the ventricular level occurs with right ventricular systolic pressure 
is equal to or greater than left ventricular systolic pressure

Aortic desaturation 
(step-down in aorta)

Patent ductus arteriosus with pulmonary hypertension or peripheral pulmonary stenosis
Aortopulmonary window with pulmonary hypertension or peripheral pulmonary stenosis

Step-down between 
ascending and 
descending aorta

Combination of a patent ductus arteriosus and coarctation of the aorta with pulmonary 
hypertension
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The volume of the left-to-right shunt = QP -QEP 
l/min/m2

The volume of the right-to-left shunt = QS -QEP 
l/min/m2

�Usefulness of the Shunt Ratio 
in Practice

In an atrial defect, if there is evidence of a signifi-
cant shunt according to clinical and noninvasive 
testing, the shunt ratio should not be included in 
the decision-making process about treatment 
because atrial shunts depend on the compliance 
of the ventricles. It is not exceptional for a mea-
sured shunt to be small (e.g., <1.5:1) in spite of 
other evidence of a significant defect [1].

�Resistance Calculations

Resistance: Delta Pressure/Flow [1–11, 17]
Therefore, PVR (pulmonary vascular resis-

tance) = (mean PAP- mean LAP)/QP.
PVR is usually indexed and expressed as 

indexed Wood units (mmHg/L/min/m2). Normal 
PVR is less than 2 indexed Wood units (WU).

SVR: (mean Aop- mean RAp)/QS: normal 
SVR 15 – 20WU

Assessment of PVR is particularly important 
in the following situations [12–17]:
	1.	 Prior to Glenn and total cavopulmonary anas-

tomoses (the risk of postoperative complica-
tions is higher in patients with PVR > 3WU)

	2.	 For risk stratification before cardiac trans-
plantation (the risk of postoperative right 
heart failure is higher in patients with 
PVR > 6WU)

	3.	 For the evaluation of responsiveness to 
medical therapy in patients with pulmonary 
hypertension

�Oxygen and Nitric Oxide  
Inhalation Studies

For patients with pulmonary hypertension, it is 
important to calculate PVR and also to identify 

responsiveness to certain pharmacologic inter-
ventions. After measurement of PVR in the adult 
cardiac catheterization laboratory, patients with 
elevated pulmonary arterial hypertension and 
PVR are given 100  % inhaled oxygen or nitric 
oxide (usually 20–80 ppm). After 10 min of 100 % 
O2, everything should be measured once more and 
PVR should be calculated. (Dissolved O2 should 
also be included.) In those with fixed elevated 
pulmonary vascular resistance, there may be no 
significant rise in left-to-right shunting (QP/QS) 
or significant drop in PVR following the admin-
istration of oxygen or nitric oxide. Conversely, 
patients with pulmonary hypertension, which is 
reactive, tend to exhibit a significant drop in the 
PVR index and PVR/SVR [3–18].

�Coronary Angiography

Coronary anomalies are quite frequent in CHD. In 
such patients, if a catheter with a usual shape fails 
to identify the origin swiftly, the operator should 
try other catheters. If the left Judkins catheter can-
not find the left coronary artery in the left coronary 
sinus, or if the left coronary artery or the circum-
flex is “missing,” the next step is to approach the 
right coronary artery. In this way, the “missing” 
artery can be identified arising from the right coro-
nary trunk. If the right coronary artery cannot be 
found, a review of the LV or aortic angiogram nor-
mally identifies the anomalous origin. At this 
juncture, the operator must select a catheter from a 
wide array of other catheter shapes. The Amplatz 
and multipurpose catheters are normally the oper-
ator’s first choice for the identification of the 
anomalous origin. If the origin of the coronary 
artery is abnormal, the operator should seek to 
define the course of the coronary artery as well. In 
an experienced center, cardiac CT may prove more 
valuable than angiography [1, 19, 20].

�Chamber Angiography

The majority of adult catheterization labora-
tories are not equipped with biplane configura-
tions. Consequently, a thorough understanding of 
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Table 16.3  Projection angles in single-plane projection

Conventional RAO 40° RAO
Cranially tilted RAO 30° RAO + 30° cranial
Frontal (AP) 0°
Shallow LAO 1–30°
Straight LAO 31–60°
Steep LAO 61–89°
Cranially tilted shallow LAO 25° LAO + 30° cranial
Cranially tilted mid LAO (long-axis oblique) 60° LAO + 20–30° cranial
Cranially tilted steep LAO (hepatoclavicular view) 45–70° LAO + 30°cranial
Left lateral 90° left
Cranially tilted frontal  
(sitting up view)

30° or 45° cranial

LAO left anterior oblique, LPA left pulmonary artery, MPA main pulmonary artery, PA pulmonary artery, RAO right 
anterior oblique, RVOT right ventricular outflow tract

Table 16.4  Biplane combinations: A plane B plane

Anteroposterior and lateral 0° + left lateral
Long-axis oblique 30° RAO 60° LAO + 20° to 30°cranial
Hepatoclavicular view 45° LAO + 30° cranial 120° LAO + 15° cranial

RAO right anterior oblique, LAO left anterior oblique

Table 16.5  Angiographic projections with specific interest

Specific side or lesion Angiographic projections

RVOT-MPA (Sitting up) 10° LAO + 40° cranial
Left lateral
RAO

Pulmonary valve Left lateral
Main PA and branches 45°straight cranial

30° caudal + 10° RAO 20° caudal
LPA long axis (Single plane) 60° LAO + 20° cranial

(Biplane) 30° RAO 60° LAO + 30° cranial
RPA Frontal

Shallow RAO (junction of RPA to MPA)
RAO cranial
35° cranial and 45° RAO (distal RPA)

ASD 30–45° LAO + 30–45° cranial
ASD with right-to-left shunt Left lateral
PFO for valve and tunnel
ASD device after insertion RAO, caudal (30° RAO and 30° caudal)

LAO, caudal (30° LAO and 30° caudal)
RAO, cranial

Perimembranous VSD LAO, with cranial angulation
Outlet extension of perimembranous VSD Steep LAO with cranial angulation
Anterior muscular VSD
Apical VSD
Inlet-type VSD Shallow LAO with cranial angulation
Posterior VSD 45° cranial, 30–45° LAO
High outlet VSD Left lateral
Most VSDs with high RV pressure (injection in RV) Left lateral
Aortic arch LAO

S. Mohammadzadeh and M. Mahdavi



139

the anatomy and the goals of the interventional 
procedure becomes essential to a successful 
procedure.

�Angiographic Projections

Mostly used projections are listed in Tables 16.3 
and 16.4; also, views with specific interest are 
listed in Table 16.5.
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        Introduction 

 Nowadays, advances in prenatal diagnosis, inter-
ventional cardiological procedures, and pediatric 
cardiac anesthesia as well as improvements in 
complex surgical techniques and apparatus, post-
operative critical care, and effi cacy of cardiovas-
cular pharmacologic agents have resulted in an 
overall increase in post-repair survival rates and 
have led to a growing number of adult patients 
with congenital heart disease (ACHD). The 
majority of these patients will require cardiac or 
noncardiac surgery; this constitutes a new chal-
lenge for anesthesiologists. What is more, these 
patients experience an increased rate of periop-
erative morbidity and mortality [ 1 ]. 

 All the below-mentioned pre-, intra-, and 
postoperative recommendations for the anes-
thetic management of patients with ACHD 
are generalizable to both cardiac and noncardiac 

procedures, so the complexity of CHD and the 
extent of the operative procedure (either cardiac 
or noncardiac) mostly determine the early and 
late outcome of these patients.  Thus, it is strongly 
recommended that all surgical procedures 
(except for those with absolute emergency) be 
performed in a referral center specifying in con-
genital cardiology, with skilled surgeons and car-
diac anesthesiologists.  Even minor noncardiac 
surgery may carry a high risk in ACHD patients, 
so consultation with ACHD experts and a cardiac 
anesthesiologist for the assessment of risk and 
for moderate- and high-risk patients, respec-
tively, is recommended in patients with ACHD 
scheduled to undergo noncardiac surgery [ 2 ,  3 ]. 

 Individualized management of these fragile 
and sophisticated patients with complex ACHD 
should be accomplished with a deep and extensive 
knowledge of the pathophysiology of various 
congenital heart anomalies (cyanotic or non-cya-
notic, obstructive or regurgitant, etc.) and of the 
effect of these chronic pathologic changes, until 
adulthood, on other organ systems (pulmonary, 
cerebrovascular, hematologic, and coagulation 
systems). Suitable perioperative care of such a 
patient requires a cardiac anesthesiologist with a 
keen understanding of the patient’s underlying 
cardiac anomaly and coexisting diseases [ 4 ]. To 
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achieve this goal, a comprehensive preoperative 
(noninvasive or invasive) cardiac imaging study, 
consisting of transthoracic echocardiography 
(TTE) or transesophageal echocardiography 
(TEE), cardiac magnetic resonance imaging 
(CMRI), and CT angiography or cardiac catheter-
ization, should be done for accurate diagnosis of 
the current complex CHD and associated pulmo-
nary and peripheral vascular disease status [ 4 ].  

    Preoperative Evaluation 

 There are three types of ACHD patients expected 
to come for evaluation: (1) patients with uncor-
rected cardiac defects, (2) patients with previous 
palliative surgery for example tetralogy of Fallot 
(TOF) with a Blalock–Taussig shunt or patients 
with transposition of the great arteries with a his-
tory of atrial septostomy or septectomy, and (3) 
patients with ACHD who, despite having previ-
ously had total correction, may have residual 
defects or may develop a new abnormal fi nding 
requiring further procedures. 

 Preoperative assessment should contain com-
prehensive information about cardiac lesions and 
altered physiology and the consequences thereof. 
Proper perioperative management of ACHD 
patients requires a careful assessment of their 
general condition such as fatigue, headache, and 
dyspnea on exertion as well as their nutritional 
status (the degree of malnutrition or in severe 
cases cardiac cachexia), lean body mass, mental 
status, and extent of probable neurobehavioral 
changes. Especially in cyanotic ACHD, polycy-
themia could lead to some neurological symp-
toms such as visual disturbances, depressed 
mentation, and limb paresthesia. 

 Examining of ACHD patients for likely infec-
tion sources, including the upper or lower respi-
ratory and genitourinary systems, or endocarditis 
in complex cardiac lesions is essential. These 
preoperative fi ndings may, therefore, have exten-
sive detrimental effects on the postoperative 
course in these fragile and high-risk patients.  The 
function of most organ systems (immune, endo-
crine, hematologic, coagulation, respiratory, 
etc.) must be optimized by proper consultation 

with relevant experts, and any signifi cant coexist-
ing problems should be resolved before admitting 
these patients for any major cardiac or noncar-
diac surgical procedures . 

 There are some inquiries which should be 
conducted during the preoperative visit of ACHD 
patients such as comprehensive understanding of 
the anatomic changes due to cardiac defects or 
palliative or corrective procedures, direction and 
extent of an existing shunt, the presence of a low 
or high pulmonary fl ow and severity of pulmo-
nary artery hypertension, extent of hypoxemia, 
and coexisting polycythemia. An anesthesiolo-
gist should also consider any possible abnormali-
ties in platelet function and coagulation. 

 A prolonged high pulmonary fl ow leads to pul-
monary congestion and even edema, causing 
repeated pulmonary infectious disease. Right- sided 
heart failure may give rise to fatigue, tachycardia, 
tachypnea, cardiomegaly, and hepatosplenomegaly 
and as such reduce the patient’s desire for food or 
drink and eventually lead to malnutrition. Attempts 
should be made to avoid dehydration in all and 
especially cyanotic ACHD patients by permitting 
them to intake clear liquids 2 h prior to surgery. If 
the timing of surgery has not been determined, the 
anesthesiologist can start an intravenous line and 
give glucose-containing solutions. 

  Polycythemia is very common in cyanotic 
ACHD patients; it raises blood viscosity and 
results to cerebral, pulmonary, and renal vessel 
thrombosis and infarction . Also, coagulation 
abnormalities happen owing to hypofi brinogen-
emia and factor defi cits. Platelet count, prothrom-
bin time (PT), and partial thromboplastin time 
(PTT) must be measured in all patients scheduled 
for a surgical procedure. Preoperative phlebotomy 
can be done in those with symptomatic hypervis-
cosity and hematocrit more than 65 % [ 2 ]. 

 Electrolyte disturbances are frequently 
observed in ACHD patients who take diuretics 
and also parenteral nutrition. Hypocalcaemia is 
usually seen in patients with the DiGeorge syn-
drome. The electrocardiogram (ECG) may show 
ventricular strain or hypertrophy patterns and axis 
deviation. Chest X-ray should be obtained to 
investigate the heart’s position (levocardia, meso-
cardia, or dextrocardia) and size, lung atelectasis, 
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pulmonary infection, vascular markings, and level 
of hemidiaphragm. An increased pulmonary 
blood fl ow raises pulmonary marking, whereas a 
decreased fl ow causes oligemic lung fi elds. 

  Echocardiography is an essential diagnostic 
tool and is usually suffi cient for planning a cor-
rect surgical procedure. Echocardiographic 2D 
or 3D studies, accompanied by Doppler and color 
fl ow mapping, provide comprehensive reports on 
ACHD patients’ cardiovascular anatomic and 
physiological abnormalities , while catheteriza-
tion yields precise information on pressures in the 
heart’s chambers, extent of shunt, and coronary 
anatomy. More specifi c cardiac imaging modali-
ties such as cardiac MRI or CT angiography in 
sophisticated congenital lesions may be needed. 
Neurological assessment and brain MRI may also 
be required in patients with neurological symp-
toms because these fi ndings could affect anes-
thetic management in such patients.  

    Intraoperative Considerations 

 The presence of CHD in adult patients poses a 
formidable challenge for the anesthesiologist as 
morbidity and mortality of surgical procedures 
are reasonably high. Anesthetic considerations in 
ACHD patients are directly affected by the 
patient’s cardiac status (repaired or unrepaired 
lesions), degree of heart failure, and New York 
Heart Association (NYHA) class as well as by 
the length and extent of the cardiac or noncardiac 
surgical procedure and the majority of hemody-
namic fl uctuations and fl uid exchanges. 

  Considering the relatively higher incidence of 
anatomic airway anomalies and craniofacial 
syndromes in patients with CHD and also reduced 
cardiopulmonary reserve, airway management in 
these patients could be challenging for the anes-
thesiologist . Compression of the airway is not 
uncommon and is a frequently undiagnosed con-
sequence of congenital cardiac and aortic arch 
disease. Airway obstruction may be caused by 
the anomalies of the tracheobronchial tree and 
grate vessels such as dilated aortic arch and pul-
monary arteries or left atrial enlargement and 
massive cardiomegaly. A high degree of suspi-

cion of airway compression should be preserved 
in patients who present with repeated respiratory 
problems, stridor, wheezing, and dysphagia 
unexplained by other reasons. MRI can be a good 
diagnostic tool for depicting all anatomic ele-
ments around the airway and allowing for accu-
rate anatomic description and better airway 
management [ 5 ]. Regarding growth retardation 
in the majority of adolescent and adult patients 
with CHD, choosing the proper size of the cuffed 
endotracheal tube according to the patient’s body 
size may be challenging [ 6 ]. 

 A confi dent intravenous (IV) line should be 
positioned in all ACHD patients even for minor 
procedures.  All IV tubing must be free of even 
small air bubble because of the probability of 
systemic air emboli through right-to-left shunts. 
Polycythemic patients must be adequately 
hydrated before induction of anesthesia via IV or 
orally . Sevofl urane is favored over halothane 
owing to the superior hemodynamic stability in 
ACHD patients and much lower risk of 
 hepatotoxicity. The majority of ACHD patients 
tolerate induction with IV drugs. On the other 
hand, in those with poor cardiac function, induc-
tion drugs such as hypnotics and opioids must be 
administered as titrated dosing while continu-
ously monitoring the blood pressure. Various 
types of inotropes and vasopressors must be 
immediately available and should be used as 
needed. Especially in ACHD with stenotic lesions 
such as subvalvular, valvular, or supravalvular 
aortic stenosis or pulmonary stenosis, because of 
the fi xed cardiac output, the anesthesiologist 
must provide adequate preload before induction 
and avoid profound reduction in afterload. 
Cardiopulmonary resuscitation has a very poor 
outcome in patients with stenotic lesions, and any 
severe arrhythmia or hypotension during the 
induction or maintenance of anesthesia in such 
patients could be fatal [ 7 ].  

    Monitoring 

 In patients with complex cardiac anomalies and 
underlying (right- or left-sided) heart failure 
scheduled to undergo major surgery, in addition 
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to standard monitoring [ECG, peripheral oxygen 
saturation (SpO 2 ), and end-tidal CO 2  (ETCO 2 )], 
what needs to be established is an extensive mon-
itoring system encompassing invasive arterial 
and central venous pressure (CVP) measure-
ments, TEE, cerebral oximeter, and advanced 
coagulation and blood glucose monitoring (acti-
vated clotting time and thromboelastography). 

 Although the ECG can be useful in the recog-
nition of ST alterations, it is mainly utilized for 
arrhythmia recognition in ACHD patients. Even 
arrhythmia fi nding might be diffi cult if there is 
baseline tachycardia. A 3- or 5-lead system is 
commonly used. 

 Invasive BP monitoring not only delivers con-
tinuous beat-to-beat blood pressure measurement 
but also delivers an easy route for arterial blood 
sampling for gas analyses and other additional 
laboratory tests such as blood sugar, lactate, and 
electrolytes.  Pressure monitoring stopcocks and 
tubing must be de-aired to prevent air emboli and 
also damping of the system.  Dextrose solution 
can be used; however, commonly heparinized 
normal saline is the fl ushing fl uid because bacte-
rial growth is less possible. 

 Central venous access is useful in the monitor-
ing of the CVP and also delivers a confi dent way 
for drugs, fl uids, and blood. The right internal 
jugular vein is usually used because of its straight 
course to the right atrium. The subclavian and 
femoral veins can also be used, alternatively. 

 The pulse oximeter consists of two light- 
emitting diodes (LED) and one photodiode for 
the recognition of red and infrared lights. The 
accuracy of the pulse oximeter is distributed by 
some factors, including hypothermia, hypoten-
sion, and electrocautery. Also, thick skin, bright 
external light, dark color, or the presence of 
dyes such as methylene blue and indocyanine 
green and unusual hemoglobins such as methe-
moglobin and carboxyhemoglobin can cause 
artifacts [ 8 ]. 

 Cerebral oximetry via transcranial near- 
infrared spectroscopy (NIRS) provides sensitive 
monitoring of regional hypoperfusion. It is valu-
able in cardiopulmonary bypass (CPB) and total 
circulatory arrest. The cerebral oximeter detects 
the intravascular (mostly venous and some arte-

rial) hemoglobin oxygen saturation of the frontal 
cerebral cortex, over which the oximetry leads 
are placed. 

  Intraoperative TEE plays an essential role in 
betterment of surgical outcome in all cardiac sur-
geries, including ACHD surgical procedures, by 
approving diagnosis and recognizing residual 
defects . It is also useful in interventional procedures 
in the catheterization laboratory. Multiplane TEE 
probes and 3D technologies are novel developments 
in the echocardiography fi eld. Intraoperative epicar-
dial echocardiography is an alternate choice in cen-
ters where smaller TEE probes are not available. 
Adult TEE probes can be placed in patients with 
body weight >20 kg [ 8 ].  

    Anesthetic Management of Altered 
Circulation Physiology in Adult 
Congenital Heart Disease 

 Anesthetic management in ACHD is to some 
extent infl uenced by the presence or absence of 
shunts, direction of the shunt fl ow, pulmonary 
artery hypertension, severity of hypoxemia, left 
or right ventricular dysfunction and also pulmo-
nary blood fl ow, and arrhythmia. 

 Shunting through congenital heart defects 
depends upon the diameter of the defect and the 
balance between systemic and pulmonary 
 vascular resistance.  Balance between systemic 
vascular resistance and pulmonary vascular 
resistance is crucial in the anesthetic manage-
ment of patients with shunts.  In a normal pul-
monary blood fl ow, the systemic ratio (Qp:Qs 
ratio) is 1:1, which demonstrates either no 
shunting or a bidirectional shunt of equal 
amount. In the catheterization lab, this ratio is 
assessed by oxygen saturation measurement by 
sampling from the pulmonary artery and 
venous, arterial, and also mixed venous blood. 
Heart defects with left-to- right shunts (Qp:Qs 
ratio ≥2:1) consist of atrial septal defect (ASD), 
ventricular septal defect (VSD), patent ductus 
arteriosus (PDA), atrioventricular canal defects, 
and complete or partial anomalous venous 
return and also surgically created Blalock–
Taussig shunts [ 7 ,  8 ]. 
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 In anesthetized patients, the left-to-right shunt 
decreases signifi cantly with a fall in systemic 
vascular resistance (SVR) or a rise in pulmonary 
vascular resistance (PVR). A left-to-right shunt 
increases the pulmonary blood fl ow and eventu-
ally leads to pulmonary artery hypertension and 
right-sided heart failure, if left untreated. These 
patients are usually acyanotic, but worsening in 
gas exchange may occur due to pulmonary con-
gestion. Applying 100 % oxygen and hyperventi-
lation in these patients must be avoided. Patients 
with large patent ductus arteriosus are susceptible 
to coronary ischemia due to partial pulmonary 
runoff during diastole. Thus, diastolic blood 
pressure (BP) must be monitored throughout 
anesthesia in cases with patent ductus arteriosus. 
The blood pressure of the arm could be lower in 
patients with Blalock–Taussig shunt, so the oppo-
site arm should be used. In patients with pulmo-
nary atresia, the presence of major aortopulmonary 
collateral arteries may create signifi cant left-to- 
right shunts. 

 Right-to-left (Qp:Qs ratio <1:1 ratio) shunts 
tend to prolong the inhalation induction. Such 
shunts are likely to occur in TOF. Shunt reversal 
happens when systemic vascular resistance falls 
or pulmonary vascular resistance rises.  A 
 hypercyanotic spell during anesthesia will 
respond to fl uid administration and increase 
 systemic vascular resistance with alpha-agonist 
agents such as phenylephrine.  The inappropriate 
administration of beta-agonists such as 
 ephedrine, dopamine, and dobutamine in patients 
with TOF anatomy and physiology leads to 
dynamic right ventricular outlet obstruction and 
severe desaturation and eventually systemic 
hypotension. 

 In cyanotic ACHD patients, blood desatura-
tion and eventually ischemia result from an insuf-
fi cient pulmonary blood fl ow and/or mixing of 
oxygenated with deoxygenated blood in the sys-
temic circulation. Also, pulmonary congestion 
and poor exchange of O 2  can cause hypoxemia. 
Persistent hypoxemia leads to slightly increased 
heart rate, hyperventilation, erythrocytosis, and 
decreased chemoreceptor response to hypox-
emia. In these patients, the CNS and myocardial 
oxygenation is maintained (although myocardial 

ischemia and dysfunction in some cases ensue) 
and splanchnic and muscular oxygenation is 
decreased. Moreover, the majority of these 
patients have growth retardation. The anesthetic 
management in cyanotic ACHD includes suffi -
cient hydration, maintenance of systemic vascu-
lar resistance, reduction of further resistance to 
pulmonary blood fl ow, and prevention of an 
abrupt rise in oxygen demand (pain, agitation, 
and light anesthesia). 

 Pulmonary artery hypertension in early stages 
is reactive and reacts with pain, hypothermia, 
stress, metabolic acidosis, high PaCO 2 , hypoxia, 
and elevated intrathoracic pressure, whereas 
advanced pulmonary artery hypertension 
becomes fi xed. In this end stage, where pulmo-
nary vascular resistance (PVR) exceeds systemic 
vascular resistance (SVR) and symptoms of a 
right-to-left shunt appear, the Eisenmenger syn-
drome occurs. The risk of anesthesia is very 
high, consisting of RV failure, bronchospasm, 
PAH crisis, and eventually cardiac arrest.  The 
emphasis in the management of anesthesia in the 
Eisenmenger syndrome is on avoiding a further 
rise in the right-to-left shunt by maintaining SVR 
higher and PVR lower, keeping adequate myocar-
dial contractility, and avoiding any  arrhythmia 
and volume depletion.  

 Most ACHD patients experience some 
degrees of ventricular (left- or right-sided or 
biventricular) dysfunction due to long-lasting 
volume (excessive shunts or valvular insuffi -
ciency) or pressure (obstructive lesions) over-
load and cardiomyopathies. Arterial blood gas 
analyses and X-ray may demonstrate metabolic 
acidosis and pulmonary congestion, respectively. 
Patients are commonly on digoxin, diuretics, and 
inotropes. 

 Generally, the principle of anesthesia in 
patients with a poor ventricular function is based 
on opioid anesthesia. Etomidate and fentanyl 
maintain good cardiovascular stability during 
anesthesia induction. The anesthesiologists must 
avoid or minimize the use of inhalation anesthet-
ics because of related myocardial depression. 
The patient’s normal sinus rhythm, preload, and 
afterload should be maintained within an accept-
able physiological limit [ 7 ,  8 ].  

17 Anesthesia in Adults with Congenital Heart Disease



146

    Neurological Sequels in Patients 
with Adult Congenital Heart Disease 

 There is increasing concern over quality of life 
and neurobehavioral outcomes in ACHD patients 
owing to the prolonged survival of these patients. 
About one-third to half of these patients may 
experience neurological defi ciency and damage 
due to long-lasting hypoxemia, thromboembolic 
accidents due to hyperviscosity syndrome, and 
hemodynamic and infl ammatory consequents of 
CPB (ischemia/reperfusion injury).  

    Coagulation Abnormalities 

 Coagulation defects are very prevalent in ACHD 
patients, especially in cyanotic lesions and those 
that are polycythemic. Coagulation abnormalities 
allied to high hemoglobin concentrations consist 
of low platelet count and performance, fi brinoly-
sis, and compromised coagulation factor con-
struction. The coagulopathy use of blood products 
is common during cardiac operations, not least 
those with CPB; as a result, various blood conser-
vation protocols have been established to lower 
transfusion problems. Preoperative administra-
tion of 20 ml/kg fresh frozen plasma (FFP) to 
replace the same amount of blood is a reliable 
manner to prevent coagulopathy. Antifi brinolytic 
agents such as aprotinin and tranexamic acid 
have been used to reduce postoperative bleeding. 
Tranexamic acid is administered as a bolus dose 
of 100 mg/kg and then by 10 mg/kg/h infusion. 
Transfusion of whole blood is very effective in 
these patients. Although there is some warning 
about aprotinin usage, there are reports of using 
low doses or even ultra-low doses of this drug in 
cardiac surgical patients [ 9 ].  

    Postoperative Pain Management 

 Intraoperative use of high-dose opioids in adult 
congenital heart surgery is useful for continu-
ing the analgesic effect until the postoperative 
period.  Appropriate intraoperative and postop-
erative analgesia is correlated with improvement 

in the surgical outcome . Morphine in the dose of 
25 μ/kg/h will deliver acceptable analgesia and 
moderate sedation in the postoperative period. 
Continuous infusions of 1–5 μ/kg/h of fentanyl 
will provide adequate analgesia along with minor 
sedation in the postoperative period. In moderate 
pain levels, non-opioid agents such as ketamine 
and paracetamol could also be employed in these 
patients [ 10 ].  

    Anesthesia in ACHD Undergoing 
Noncardiac Surgery 

 ACHD patients who undergo any noncardiac 
 surgeries are at a greater risk of morbidity and 
mortality than matched control cohort patients 
[ 11 ]. Any adult with ACHD may require surgical 
procedure in any part of body in their life; how-
ever, some specifi c subgroups such as cyanotic 
patients may need certain procedures (i.e., opera-
tion for gallstones, cerebral abscess, or scoliosis). 
 The risk of noncardiac surgery is mostly infl u-
enced by the complexity of the underlying CHD 
and the extent and urgency of the procedure . The 
patients at highest risk are those with a functional 
single ventricle (prior Fontan operation), supra- 
systemic PAH, dilated cardiomyopathy, LV out-
fl ow tract obstruction, complex CHD, or cyanotic 
CHD with residua such as cardiac failure [ 12 ]. 
Also those before stage II palliative surgery, 
undergoing major operations and getting inotro-
pes, digoxin, and ACE inhibitors, seem to be at 
risk for hemodynamic abnormality during opera-
tion [ 13 ].  Even for noncardiac operation, it is 
recommended that the preoperative assessment 
and surgery be done in an ACHD center by 
skilled surgeons and cardiac anesthesiologists.  

 Preoperative phlebotomy can decrease the risk 
of bleeding when hematocrit >65 %. Prolonged 
surgeries accompanying with hemodynamic vari-
ability and large-volume fl uid shift are related 
with higher perioperative death. Fluid balance is 
crucial in cyanotic and single ventricle lesions 
and those with CHF. Patients with CHD may 
need ICU monitoring services even after rela-
tively minor procedures. Even for noncardiac 
surgery, special considerations should be planned 
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that include endocarditis and deep venous 
 thrombosis prophylaxis, perioperative anticoagu-
lation, fi lters for IV lines in cyanotic patients, 
monitoring of renal function, and the decreased 
arm BP in patients with previous Blalock–Taussig 
shunt [ 3 ,  8 ].     
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       Introduction 

 Over the past decades, due to tremendous 
improvement in cardiothoracic surgery, 95 % of 
newborns with congenital heart disease survive 
into adulthood in the current era. Although most 
of adult patients with congenital heart disease 
(CHD) have undergone surgical intervention dur-
ing childhood and also there have been recently 
remarkable advances in percutaneous techniques 
to treat adult congenital heart disease (ACHD), a 
signifi cant proportion of these patients will have 
to undergo cardiovascular surgery at some point 
in adulthood. 

 Surgeries may be considered in a number of 
patients with ACHD. These patients include 
those with prior palliative operations or residual 
defects. Patients with associated cardiac lesions 
who have not been operated due to missed diag-

nosis or lack of sever lesions may also need the 
surgery in adulthood. Underlying medical disor-
ders, previous cardiac surgeries, and anatomic 
variations lead to a more complex operation. 
Despite the recent improvement in minimally 
invasive surgeries, the standard median sternot-
omy provides better surgical exposure to evaluate 
the various and even unexpected cardiac anoma-
lies, safe cannulation and decannulation, de-air-
ing, and cardioplegia administration.  History of 
multiple cardiac surgeries, previous mediastini-
tis, aneurysmal dilatations of the LVOT and 
RVOT, calcifi ed arterial conduits, close adher-
ence of the aorta, or right-sided heart chambers 
to the sternum are the main risk factors for tissue 
injuries during re-sternotomy . Peripheral cannu-
lation and pre-sternotomy establishment of the 
cardiopulmonary bypass may reduce the inci-
dence of cardiac rupture in this high-risk group 
of patients with ACHD. 

 The detailed treatment strategies in adults 
with various CHD have been discussed in the 
related chapters, and the following section pro-
vides an overview on surgery in ACHD. 

 Progressive improvement in surgical tech-
niques and medical care has led to a rise in the 
number of adults with congenital heart disease 
(CHD). Although most newborns with CHD sur-
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vive to adulthood, their life is fraught with long- 
term complications, residual defects, or 
progressive disease. A signifi cant number of cor-
rective surgical procedures are performed in CHD 
patients without important hemodynamic effects 
during the early years of life.  About 30–40 % of 
these patients have previous reconstructive car-
diac surgery and need repetitive surgical re-inter-
ventions  [ 1 ,  2 ]. Adult patients with a history of 
tetralogy of Fallot repair form the largest group of 
the patients requiring redo operations [ 1 ]. 

 Usually cardiac surgery in adult patients with 
CHD is more complex owing to concomitant dis-
eases, coagulopathy, and need for re-sternotomy. 
Therefore, a multidisciplinary approach may 
play an important role in the achievement of 
favorable surgical results and better quality of 
life. A team approach and close follow-up are 
also important during the transition between 
childhood and adulthood. 

 Despite the remarkable advances in percuta-
neous intervention in some forms of CHD such 
as atrial septal defect (ASD), patent ductus arte-
riosus (PDA), ventricular septal defect (VSD), 
and coarctation of aorta, surgery remains the 
gold standard for most patients, especially in 
complex or recurrent diseases. Because of ana-
tomic variations, previous surgical procedures, 
and unanticipated surgical fi ndings, the surgery 
of complex congenital disorders should be done 
by trained cardiac surgeons in CHD and 
redo surgeries.  

   Surgical Approaches 

 Different surgical approaches have been 
described for the repair of CHD. Median ster-
notomy, however, remains the standard incision 
for adult patients with CHD.  Median sternotomy 
provides good surgical exposure not only for the 
evaluation of various and even unexpected car-
diac anomalies but also for safe cannulation 
and decannulation, de-airing, and cardioplegia 
administration via different routes.  On the other 
hand, median sternotomy can cause unneces-
sary trauma to the collateral arteries. Although 
median sternotomy is the standard approach for 

redo operations, right anterolateral thoracotomy 
can be used for selected redo cases with mitral 
or  tricuspid valve disease. The length of the inci-
sion and the higher chance of hypertrophic scar 
formation are two cosmetic disadvantages of 
median sternotomy. T-shaped or J-shaped mini- 
sternotomy can provide better cosmetic results 
for fi rst-time operations in selected patients with 
isolated aortic valve disease, isolated subaortic 
stenosis [ 3 ,  4 ], or even hypertrophic obstructive 
cardiomyopathy. 

 Robotic and minimally invasive surgeries 
have been recently employed for the correction 
of defects in simple cardiac anomalies such as 
isolated primary or secondary ASD and PDA as 
well as isolated congenital mitral valve disease. 
Better cosmetic results, less pain, shorter intuba-
tion time, and shorter postoperative hospital stay 
are the main advantages of the right mini- 
thoracotomy approach in these patients. The 
major disadvantages of minimally invasive sur-
geries include the longer cardiopulmonary bypass 
(CPB) and aortic cross-clamping time, need for 
peripheral cannulation, and more complex surgi-
cal process [ 5 ]. Right anterior thoracotomy and 
central cannulation are also recommended for 
nonobese patients with isolated ASD or sinus 
venosus-type ASD.  

   Special Considerations 
in Re-sternotomy 

 As was mentioned before, reoperations are not 
uncommon in patients with CHD. Residual 
defects, progressive disorders, and conduit com-
plications constitute the principal causes of redo 
surgeries in these patients. Heart failure and 
enlarged cardiac chambers (especially right atrium 
and right ventricle), degenerative and calcifi ed 
conduit, aneurysm or pseudoaneurysm of the aor-
tic root, aneurysmal transannular patch, collateral 
small arteries, baseline coagulopathies, and his-
tory of deep mediastinal wound infection are the 
risk factors for reentry injury. History of multiple 
cardiac operations and evidence of severe adhe-
sion of the right ventricle, arterial conduit, or 
ascending aorta to the inner table of the sternum in 
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chest computed tomography are the other risk fac-
tors for tissue injury during re- sternotomy [ 6 ,  7 ].  

   Re-sternotomy in Low-Risk Patients 

 Femoral vessel exploration and peripheral can-
nulation are not used routinely in low-risk cases. 
Usually, direct re-sternotomy with an oscillating 
saw after the excision of the previous scar tissue 
and removing the sternal wire is utilized to 
divide the sternum. To reduce the risk of soft tis-
sue injury, we recommend pulling up the ster-
num during sawing using two towel clips from 
both sides of the sternum. Small bleeding from 
the soft tissue injury of the right ventricle can be 
usually stopped with a transient local pack. 
When major bleeding occurs immediately after 
sternotomy, the patient’s position should be 
changed to Trendelenburg without delay. The 
bleeding site between the two segments of the 
sternum should be packed with sponge, and the 
two separate segments of the sternum should be 
closed together by the surgeon’s assistant. The 
femoral vessels should be explored and cannu-
lated by the senior surgeon as soon as possible. 
Rarely, when the femoral artery is not deemed 
suitable for cannulation based on the preopera-
tive or intraoperative fi ndings, the surgeon 
should extend the incision toward the neck to 
explore the innominate or the right carotid artery. 
Right axillary artery cannulation is usually time-
consuming and is not recommended in emergent 
condition. After peripheral cannulation and 
establishment of CPB, the sternum should be 
opened carefully and tissue dissection in the sur-
gical plane should be continued. The position of 
the venous cannula in the inferior vena cava 
should be checked by transesophageal echocar-
diography (TEE) guidance, and the superior 
vena cava should be cannulated if necessary.  

   Re-sternotomy in High-Risk Patients 

 We recommend the liberal use of peripheral can-
nulation for high-risk cases, not least in patients 
with aneurysmal or calcifi ed biological conduits 

and aneurysmal dilatation of the transannular 
patch. A more conservative approach can be 
adopted for selected cases. The femoral vessels 
should be explored and controlled before ster-
notomy in these patients. If re-sternotomy is car-
ried out uneventfully, central standard cannulation 
is performed. Emergent peripheral cannulation 
and CPB are employed when signifi cant medias-
tinal bleeding occurs during re-sternotomy. 
 Usually trying to suture and control the severe 
mediastinal bleeding from the aorta, right ven-
tricle, or right atrium before the establishment of 
CPB and decompression of the heart chambers is 
unsuccessful . It is recommended to control the 
bleeding after cardiac decompression and ade-
quate division of the two sides of the sternum. 
The Trendelenburg position helps reduce the risk 
of air emboli. 

 Axillary artery cannulation is recommended 
for patients with a dilated calcifi ed homograft in 
the aortic position. This approach facilitates reen-
tering and controlling the aorta and also facili-
tates inducing the hypothermic circulatory arrest 
with antegrade cerebral perfusion when needed. 
The same approach is appropriate for Marfan 
patients with aneurysm of the ascending aorta 
and the aortic arch and also for patients with large 
pseudoaneurysms of the aortic root. In complex 
surgeries for patients with frank heart failure, it is 
advisable to use peripheral cannulation and CPB 
before re-sternotomy. These patients are tran-
siently weaned from CPB during the division of 
the sternum from the heart and control of the 
aorta to reduce the CPB time. CPB can be rees-
tablished right before cross-clamping the aorta.  

   Atrial Septal Defect 

 Surgical closure has been considered the “gold 
standard” treatment for patients with atrial septal 
defect (ASD) [ 8 ]. Surgical closure of secundum 
ASD may be performed during a concomitant 
surgical repair/replacement of the tricuspid valve. 
Since a primum ASD or partial anomalous pul-
monary venous drainage may be found unexpect-
edly during operation and pose additional 
challenges, surgical repair of this type of ASD 
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should be performed by experienced surgeons in 
adult congenital heart disease. In such cases, 
anomalous pulmonary venous drainage should be 
repaired by creating a baffl e with autologous 
pericardium or synthetic patches to divert the 
blood fl ow to the left atrium. 

 In patients that the anomalous pulmonary 
venous drainage connects to the mid- or upper 
superior vena cava, the incision of the right 
atrium (RA) should be extended toward the lat-
eral side of the superior vena cava (SVC), and the 
defect should be repaired with a patch. The RA 
and SVC incision should be repaired by another 
pericardial patch or V-Y plasty of the right atrial 
appendage (RAA) to prevent the SVC stenosis. 
The Warden procedure may be an alternative 
method to a sinus venosus-type ASD [ 8 ]. In this 
technique, the azygous vein is ligated, and SVC 
is transected above the orifi ce of the anomalous 
pulmonary vein and is anastomosed to the RAA. 
Then SVC-RA junction is closed with a patch, 
and the superior vena cava with the anomalous 
draining pulmonary veins remains draining to the 
left atrium via the sinus venosus ASD. 

 Moreover, surgical closure of ASD may be 
preferred to percutaneous intervention for 
patients in whom the anatomic characteristics of 
the defect preclude the use of a percutaneous clo-
sure device.  Ideally, some types of ASD such as 
sinus venosus, coronary sinus, or primum ASD 
should be closed surgically rather than by percu-
taneous intervention.  However, it should be noted 
that ASD closure is contraindicated in patients 
with severe irreversible PAH and Eisenmenger 
physiology (class III,  level of evidence: B ) [ 8 ]. 

 Depending on the size of the ASD, it can be 
closed primarily with continuous suture or using a 
patch by either right thoracotomy or sternotomy 
approaches. Concomitant tricuspid valve repair 
should be performed in the presence of signifi cant 
tricuspid regurgitation (TR).  In adult patients who 
suffer from intermittent or chronic atrial tachyar-
rhythmia, a concomitant Maze procedure may 
also be considered during ASD closure which 
reduces the incidence of atrial fi brillation/fl utter  
(class IIb,  level of evidence: C)  [ 8 ]. However, 
atrial arrhythmias may develop after repair. 
Although SVC or pulmonary vein stenosis may 

necessitate reoperation following closure of sinus 
venosus-type ASDs, residual/recurrent ASD is an 
uncommon cause of reoperation in ASD patients.  

   Ventricular Septal Defect 

 Isolated VSD is usually repaired via trans-atrial 
approach using patch closure with a synthetic 
material or autologous pericardium. Primary clo-
sure is rarely used in isolated VSDs [ 8 ]. In the 
presence of multiple VSDs, shunting from the 
associated defects might only develop following 
closure of the dominant VSD. As a result, trans-
esophageal echocardiography is required intra-
operatively to carefully visualize the muscular 
septum and identify these lesions. Concomitant 
cardiac lesions should also be addressed during 
surgical repair of VSD. Associated infundibular 
RVOT obstruction should be corrected by myo-
cardial resection or patch enlargement technique. 
Aortic valve replacement may be required in sig-
nifi cant aortic regurgitation. Subaortic stenosis is 
usually treated by resection of the subaortic 
membrane.  Rarely, the complex tunnel-shaped 
LVOT obstruction or small aortic root can be 
repaired by the Konno-Rastan procedure  [ 9 ]. 

 Reoperation due to residual VSD is not com-
mon; however, late reoperation may be necessary 
for signifi cant tricuspid or aortic regurgitation.  

   Patent Ductus Arteriosus 

  Surgical closure of PDA in the adult is more chal-
lenging due to the fragile or calcifi ed tissue of the 
ductus, aortic isthmus, and pulmonary artery.  
Moreover, device closure is usually feasible in 
patients with isolated PDA, and adults with PDA 
are usually preferred for percutaneous closure 
with either the occlusion device or coils [ 10 ]. A 
PDA in association with other concomitant 
lesions may be closed simultaneously at the time 
of cardiac operation. However, the preoperative 
device closure of the PDA may decrease the risk 
of cardiopulmonary bypass and should be under-
taken in patients undergoing other cardiac surger-
ies such as coronary artery bypass grafting. 
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 The primary surgical approach for PDA closure 
may be provided by either left thoracotomy or 
sternotomy, with or without cardiopulmonary 
bypass. It should be considered that in patients 
with a large PDA, severe reduction of the systemic 
arterial pressure occurs immediately after the 
establishment of the cardiopulmonary bypass 
(CPB), due to the large left to right shunt of the 
arterial blood fl ow. As a result, in these cases tran-
sient occlusion of the PDA orifi ce in PA side could 
be done by fi nger compression immediately before 
the CPB. The presence of ductal calcifi cation may 
be associated with increased surgical risk. 
 Depending on the tissue characteristics and the 
size of the PDA, surgical strategies may include 
division and ligation or patch closure. Patch repair 
technique with cardiopulmonary bypass is recom-
mended for larger or calcifi ed PDA in adult 
patients . More than 95 % of PDAs can be repaired 
surgically and recanalization is rare [ 8 ].  

   Coarctation of the Aorta 

 Although the appropriate management for native 
coarctation of the aorta (Co-A) in adults contin-
ues to be controversial, surgery should be consid-
ered in patients with previously repaired 
coarctation and long re-coarctation segment or 
concomitant hypoplasia of the aortic arch (which 
both affect the adjoining arch arterial branches). 
Since the unreliable tissue integrity of the paraco-
arctation region in young ladies in childbearing 
age, surgical repair with excision of the paraco-
arctation tissue may be the preferred method in 
these patients. 

 Reoperation is performed using sternotomy or 
posterolateral thoracotomy approaches, depend-
ing on the anatomic characteristics of coarctation 
in any given and associated lesions such as bicus-
pid aortic valve; dilated aortic root is required to 
be repaired concomitantly.  Single-stage extra- 
anatomic bypass of the coarctation segment and 
simultaneous aorta surgery by sternotomy 
approach under cardiopulmonary bypass can be 
performed in selected patients with Co-A and 
concomitant intracardiac congenital defects or 
aorta disease  [ 11 ]. In this technique, a tube graft 

was used to bypass the ascending aorta to the 
descending aorta in supradiaphragmatic region 
with two end-to-side anastomoses. Partial or full 
cardiopulmonary bypass may be needed to pre-
vent spinal cord injuries. Preoperative adminis-
tration of a beta-blocker may prevent or reduce 
the rebound hypertension which can be encoun-
tered early after repair. 

 Co-A repair with patch aortoplasty technique 
(especially with the use of a Dacron patch) or 
resection of coarctation shelf may be compli-
cated by aneurysm formation at the site of repair. 
False or true aneurysms at the suture line or dis-
section in both sides of repair site may also 
develop later [ 12 ].  Paraplegia secondary to the 
spinal cord injury is rare and more commonly 
seen in patients with poor collateral circulation . 
Arm claudication or subclavian steal syndrome is 
also a rare complication; however, it may particu-
larly be seen with the subclavian fl ap technique.  

   Tetralogy of Fallot 

 Usually, the residual defects and recurrent dis-
ease are the main causes of surgical intervention 
in adult patients with tetralogy of Fallot. The sur-
gical technique of tetralogy of Fallot in adults 
(with or without history of palliative procedure) 
is the same as in children. VSD closure with syn-
thetic or pericardial patch and relief of the RVOT 
obstruction are the main parts of the total correc-
tion of TF. Although simple resection of infun-
dibular tissue may relieve the RVOT obstruction, 
RV outfl ow enlargement with limited infundibu-
lar patch or even transannular patch is necessary 
in patients with severe complex RVOT stenosis 
and small pulmonary annulus. Transannular 
patch increases the risk of subsequent pulmonary 
insuffi ciency and need for valve replacement due 
to disruption in the continuity of the pulmonary 
annulus and aneurysmal dilatation of the RVOT. 

 Infrequently, a homograft or other conduit 
must be used to relieve the RVOT obstruction in 
patients with an anomalous coronary artery 
across the RVOT. 

  To avoid interruption of this important coro-
nary vessel, the AHA/ACC guideline recommends 
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that the presence or absence of an anomalous 
anterior descending coronary artery across the 
RVOT should be determined prior surgery  (class 
I,  level of evidence: C ) [ 8 ]. 

 Valvotomy or resection of the pulmonary 
valve may also be required in the presence of pul-
monary valve abnormalities, particularly when 
complete repair is performed in adulthood [ 13 ]. 
Pulmonary valve replacement is mandatory for 
severe pulmonary regurgitation in patients with 
related symptoms or in asymptomatic cases with 
decreased exercise tolerance and signs of pro-
gressive RV dysfunction or severe RV enlarge-
ment [ 8 ,  14 ]. A PFO, small ASD, or residual 
VSD is usually closed simultaneously. 

 Long-term survival after reparative surgery of 
tetralogy of Fallot is excellent and has been esti-
mated as a 35-year survival of more than 85 % 
[ 15 ,  16 ].  The most common complications 
encountered in the adulthood after the TF repair 
include pulmonary regurgitation, residual 
RVOTO, RV dilation and dysfunction with subse-
quent TR, residual VSD, aortic root dilation with 
AR, LV dysfunction, atrial/ventricular tachycar-
dia, and rarely endocarditis  [ 14 ]. Sudden cardiac 
death (SCD) most commonly arises from VT/
ventricular fi brillation (VF) due to progressive 
hemodynamic abnormalities and/or surgical scar-
ring and has been reported in 1–6 % of cases. 
SCD also constitutes approximately one-third up 
to half of late deaths [ 17 ]. After the second 
decade of life, the need for pulmonary valve 
insertion increases the rate of re-interventions. 
RV-to-pulmonary artery conduit repairs may 
undergo conduit stenosis or regurgitation, neces-
sitating further interventions. Moreover, in some 
patients aortic regurgitation deteriorates which 
requires surgical intervention.  

   Dextro-transposition 
of the Great Arteries 

 Dextro-transposition of the great arteries 
(d-TGA) generally presents with cyanosis in 
infancy, and admixture of blood is required for 
survival. Initial presentation in adulthood is 
extremely rare unless it has an appropriate admix-

ture of blood. These patients usually have a VSD 
with pulmonary stenosis, or pulmonary vascular 
disease represents the TF physiology. As a result, 
most d-TGA adult patients who visited at adult 
congenital heart disease clinics have usually had 
1 or more operations in infancy and childhood. 

   After Atrial Baffl e Procedure 
(Mustard, Senning) 

 Baffl e procedure (atrial switch) provides blood 
mixing and partial physiological correction in 
patients with complete TGA. This operation con-
sists of anastomosis of the right pulmonary veins 
to the right atrium and of the inferior vena cava to 
the left atrium. 

 Patients with previous atrial switch may need 
the re-intervention due to the pulmonary venous 
pathway stenosis or SVC and IVC obstruction or 
severe subpulmonary stenosis. Pulmonary venous 
pathway stenosis is usually treated by patch aug-
mentation technique under cardiopulmonary 
bypass. Superior and inferior vena cava baffl e 
limb obstruction may manage by percutaneous 
interventions or surgical methods. Surgical 
options include the extra-anatomic conduit to 
connect the SVC to IVC, bidirectional cavopul-
monary shunt, or patch augmentation technique. 

 Late subvalvular LVOT (pulmonary trunk) 
obstruction is usually managed by fi bromuscular 
resection via transpulmonary approach.  

   After Arterial Switch Operation 
(Jatene Procedure) 

 This operation is used in complete TGA and con-
sists of removal of the aorta from its attachment 
to the right ventricle and of the pulmonary artery 
from the left ventricle. The great arteries are reat-
tached to the contralateral ventricles with reim-
plantation of the coronary arteries into the 
neoaorta. This operation provides the supporting 
of the systemic circulation by the left ventricle. A 
Lecompte procedure, translocation of the pulmo-
nary artery confl uence anterior to the ascending 
aorta, is often performed. 
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  Surgery may be considered in patients after the 
arterial switch operation (ASO) if they had RVOT 
obstruction coronary artery stenosis with myocar-
dial ischemia (not amenable to percutaneous inter-
vention) and severe neoaortic valve problems.  

 In patients which have higher desired exercise 
level or concomitant severe pulmonary regurgita-
tion or are planning for pregnancy lesser degrees 
of RVOT obstruction should conduct patients to 
reoperation after arterial switch [ 8 ,  18 ]. 

 Severe RVOT obstruction can be treated surgi-
cally by fi bromuscular resection, transannular 
patch, valvuloplasty, or valve replacement accord-
ing to the type and level of the obstruction. Coronary 
artery stenosis is usually managed by standard coro-
nary artery bypass grafting. Rarely coronary ostium 
reimplantation (with or without patch) may be con-
sidered in patients with coronary ostium stenosis. 

 Neoaortic root replacement or neoaorta sur-
gery is usually more challenging because of pre-
vious Lecompte maneuver in arterial switch 
operation. Transection of the pulmonary trunk or 
its branches may be essential to facilitate the 
operation in these cases.  

   After Rastelli Procedure 

  Rastelli procedure is performed to repair a com-
plete TGA in association with a large VSD and 
LVOT obstruction . In this operation, a communi-
cation is made between the left ventricle and the 
aorta through VSD closure with a baffl e within 
the right ventricle. The right ventricle is then 
linked to the pulmonary artery via a valved con-
duit, and the left ventricle-to-pulmonary artery 
communication is blocked. The result is the left 
ventricular support for the systemic circulation. 

 Patients after Rastelli repair of d-TGA may 
need reoperation for conduit and/or valve replace-
ment because of conduit stenosis, pulmonary 
artery branch stenosis, subaortic stenosis, and 
residual VSD severe aortic valve insuffi ciency 
(see Chap.   13    ). 

 Intermittent or chronic atrial tachyarrhythmia 
in adults with d-TGA can be treated effectively 
with a concomitant Maze procedure during reop-
eration for any reason [ 8 ,  14 ].   

   Ebstein’s Anomaly 

 The primary operation in this anomaly generally 
includes closure of any interatrial communica-
tions; antiarrhythmia procedures such as surgical 
division of accessory conduction pathways, cryo-
ablation of AV node reentry tachycardia, or Maze 
procedure; and also tricuspid valve surgery. 
 The tricuspid valve should be repaired, and when 
the tricuspid valve is not amenable to repair 
or the repair result is not satisfactory, tricuspid 
valve replacement approach is adopted using a 
mechanical or heterograft bioprosthesis.  Right 
atrial reduction is often considered. 

 Selected patients with severe RV dysfunction 
and preserved LV function with low left atrial 
pressure may benefi t from a bidirectional cavo-
pulmonary anastomosis. In patients with signifi -
cant LV dysfunction (ejection fraction less than 
30 %) and symptoms of heart failure, heart trans-
plantation may be considered. 

 Reoperations are usually performed for tricus-
pid valve replacement or re-replacement (tissue 
or mechanical). Re-repair of the tricuspid valve is 
seldom successful [ 14 ].  

   Tricuspid Atresia/Single Ventricle 

 Surgical options for the treatment of adults with 
tricuspid atresia/single ventricle consist of the 
following. 

   Systemic-to-Pulmonary Artery Shunt 

 This operation is rarely performed as an isolated 
procedure and often connects the ascending aorta 
and the main or right pulmonary artery (central 
shunt). It is considered only if the Glenn shunt is 
contraindicated.  

   Bidirectional Glenn (Bidirectional 
Cavopulmonary Anastomosis [BDCPA]) 

 This is a term to describe end-to-side anasto-
mosis of the divided superior vena cava to the 
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 undivided right pulmonary artery. This operation 
directs superior vena cava blood to both right and 
left pulmonary arteries. This is most commonly 
performed in infancy or early childhood as a 
staged procedure toward the Fontan completion. 
The current procedure provides a stable source 
of pulmonary blood fl ow without volume load-
ing the SV. It generally should not be the only 
source of pulmonary blood fl ow (except as the 
stage II procedure for hypoplastic left-sided heart 
syndrome).  

   BDCPA Plus Additional Pulmonary 
Blood Flow 

 The most reliable source of additional pulmonary 
blood fl ow is through the native RVOT with 
native PS or with a pulmonary artery band. A 
simultaneous systemic-to-pulmonary artery 
shunting may be performed if an increase in sys-
temic oxygenation is needed, but this is at the 
expense of an increase in volume load on the SV 
and often elevated superior vena cava pressure.  

   Single-Ventricle Repair 

 When the rudimentary pulmonary ventricle is 
less than 30 % of its normal volume, a Fontan 
operation is performed. 

 The Fontan operation was introduced in 1968 
and is a palliative operation for patients with a 
functional or anatomic single-ventricle or com-
plex anomaly who are not considered appropriate 
for a biventricular reparative operation [ 19 ]. In 
patients with univentricular circulation, the 
Fontan operation results in diversion of systemic 
venous return directly to the pulmonary artery, 
usually without the interposition of a subpulmo-
nary ventricle. The operation has gone through 
several modifi cations to the procedure; each 
 provides the systemic venous return to enter the 
pulmonary circulation directly leading to 
improvement of systemic oxygen saturation and 
elimination of volume overload of th e systemic 
ventricle.  

   Modifi ed Fontan Procedures 

 The most commonly used procedures in modifi ed 
Fontan operation include bidirectional Glenn 
shunt plus conduit from inferior vena cava to 
right pulmonary artery/main pulmonary artery 
(extracardiac conduit) and bidirectional Glenn 
shunt plus intra-atrial conduit from inferior vena 
cava to right pulmonary artery/main pulmonary 
artery (intra-atrial conduit). The latter is pre-
ferred in patients that the ventricular mass would 
lie on top of an extracardiac conduit, such as in 
isolated dextrocardia or isolated levocardia with 
situs inversus [ 8 ,  14 ].  

   One-and-a-Half-Ventricle Repair 

 It is a term used to describe a procedure for 
patients with cyanotic congenital heart disease 
performed when the pulmonary ventricle is insuf-
fi ciently developed to accept the entire systemic 
venous return. In this operation, a BDCPA is con-
structed to enable superior vena cava blood to 
directly enter into the pulmonary arteries, while 
the inferior caval blood is directed to the lungs 
via the small pulmonary ventricle.  

   Two-Ventricle Repair 

 It is a term used to describe a procedure for 
patients with cyanotic congenital heart disease 
with a common ventricle or adequately sized pul-
monary ventricles and SVs that communicate via 
a VSD. The pulmonary and systemic circulations 
are surgically separated by placement of an inter-
ventricular patch (for common ventricle) or a 
VSD patch (for separate pulmonary and systemic 
ventricle cavities).  

   Transplantation 

 Heart transplantation and heart/lung transplanta-
tion are reserved for severe systemic ventricle 
failure with or without pulmonary artery 
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 hypertension (PAH) when there is no conven-
tional surgical option. 

 Selected adult patients with prior Fontan 
repair for single-ventricle physiology should 
be considered for  reoperation , as described in 
Chap.   13    . 

 For patients with recurrent atrial fi brillation or 
fl utter without hemodynamically signifi cant ana-
tomic abnormalities, reoperation for Fontan con-
version may be useful.  This operation includes 
revision of an atriopulmonary connection to an 
intracardiac lateral tunnel, intra-atrial conduit, 
or extracardiac conduit . In these patients, a con-
comitant Maze procedure should also be consid-
ered. Reoperation usually consists of a single or 
combination of the procedures, including valvu-
lar repair/replacement in the presence of systemic 
atrioventricular valve regurgitation, resection of 
subaortic obstruction, closure of an unintended 
residual shunt, revision of Fontan pathway 
obstruction, and Fontan conversion for atrial 
tachyarrhythmia with or without anatomic abnor-
malities [ 20 ]. A modifi ed Fontan procedure may 
be applied to ameliorate venous collateral chan-
nels or arteriovenous malformations in the right 
lung in the presence of a classic Glenn shunt. 
Following this procedure, hepatic venous blood 
will perfuse the right-sided pulmonary vascular 
bed [ 19 ]. If arteriovenous malformations are not 
large and have not been long standing, they would 
regress. Transcatheter occlusion is usually used 
to treat clinically signifi cant persistent venous 
collateral channels or systemic aortopulmonary 
collaterals. Catheter ablation may be benefi cial 
for the treatment of atrial tachycardia. Complete 
atrioventricular block or sick sinus syndrome 
commonly necessitates permanent pacing, usu-
ally epicardial. In patients suffering from protein 
losing enteropathy (PLE) in whom medical or 
catheter therapy is not effective, creation of an 
atrial septal fenestration or the Fontan conversion 
may be required. The Fontan communication 
revision may also be considered in patients with 
PLE due to the Fontan pathway obstruction. 

 Heart transplantation is often required for 
severe ventricular dysfunction [ 21 ] or PLE [ 22 ], 
though PLE does not always resolve.   

   Bicuspid Aortic Valve 

 There is no general consensus regarding the 
most appropriate size of the aortic root which 
necessitates valvular replacement, even though 
a diameter of greater than 5 cm has been pro-
posed [ 23 ]. Furthermore, the benefi cial results 
of aortic root replacement in these patients have 
remained to be elucidated. The surgical inter-
vention in patients with bicuspid aortic valve 
may include AV repair or replacement, aortic 
root reconstruction (valve- sparing techniques or 
composite graft implantation), or even Ross 
procedure if indicated.  

   Subaortic Stenosis 

 Surgical treatment of discrete subaortic steno-
sis includes circumferential resection of the 
fi brous ring and partial resection of the muscu-
lar base along the left septal surface. This oper-
ation may damage the mitral apparatus or aortic 
valve, cause a complete heart block necessitat-
ing permanent pacemaker implantation, or per-
forate the interventricular septum (i.e., an 
acquired VSD). Aortic valve can be repaired 
simultaneously with subaortic resection in 
patients with AR.  Against discrete lesions, 
those with fi bromuscular or tunnel- type sub-
aortic stenosis usually need a more extensive 
septal resection and in some instance a mitral 
valve replacement.  Subaortic stenosis with 
long-segment LVOT obstruction may need a 
Konno-Rastan procedure. It has been demon-
strated that the Konno-Rastan procedure is fea-
sible and has acceptable morbidity and mortality 
in adult patients with diffuse subaortic stenosis, 
even when associated with other congenital 
abnormalities such as coarctation of aorta, pat-
ent ductus arteriosus, and Shone syndrome 
[ 24 ]. Though the surgical results are satisfac-
tory, restenosis may ensue [ 8 ,  14 ]. In the pres-
ence of signifi cant aortic regurgitation, aortic 
valve replacement may be needed simultane-
ously with the Konno procedure.  
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   Coronary Arteriovenous Fistula 

 No treatment is needed for  small arteriovenous 
shunts , though IE prophylaxis is advised for 
patients with more than minimal volume of shunt. 
In contrast,  large arteriovenous shunts may be 
associated with signifi cant hemodynamic conse-
quences and should be closed in conditions with a 
high pulmonary-to-systemic fl ow (Q   P   :Q   S   ).  Success 
rate of the operation would be enhanced if the anat-
omy of the fi stula is clearly defi ned. In cases with 
suboptimal anatomic defi nition, recurrences may 
ensue, particularly in patients with typically distal 
fi stulous connections which are poorly visualized 
[ 14 ]. Coronary vein bypass grafts may be associ-
ated with favorable results, especially in cases with 
tortuous and aneurysmal fi stula which may cause 
perioperative myocardial infarction due to their 
potential risk of turbulent fl ow, clot formation, and 
extension of the thrombosis [ 25 ].     
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      Atrial Septal Defect 

   Atrial Septal Defect: Defi nition 
and Classifi cation 

 One of the most common adult congenital heart 
defects (CHD) is the atrial septal defect (ASD), 
which is a true, direct, and permanent communi-
cation between two atria. There are four major 
types of the ASD: ostium secundum, ostium pri-
mum, sinus venosus defect (superior and inferior 
types), and coronary sinus defect or unroofed 
coronary sinus (CS) [ 1 ,  2 ]. 

 The ostium secundum is a true defect of the 
atrial septum which involves the fossa ovalis. 
Atrioventricular septal defects (AVSD) constitute 
a form of anomalies with defects in the atrioven-
tricular (AV) septum and abnormalities of the AV 
valves. The sinus venosus ASD usually occurs at 
the junction of the superior vena cava and the 
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right atrium (RA) and is almost always associ-
ated with partial anomalous pulmonary venous 
connection (PAPVC). The unroofed CS is a 
defect between the CS and the left atrium (LA), 
resulting in a left-to-right shunt [ 1 ,  3 ]. 

 The patent foramen ovale (PFO) is a fl ap-like 
communication in which the septum primum, 
which covers the fossa ovalis, overlays the supe-
rior limbic band of the septum secundum. In 
some cases, the septum primum or septum secun-
dum is aneurysmal and has several small fenes-
trations [ 1 ,  2 ].  

   Epidemiology and Associated 
Lesions 

 The ASD accounts for about 10–15 % of all 
CHDs and also is the most common form of 
CHD in adults. The most common form of the 
ASD is the ostium secundum type (70 %), and 
65–75 % of patients with the secundum ASD 
are female. The ostium primum type accounts 
for almost 20 % of all types of the ASD. 
Complete AV canal accounts for about 3 % of 
all cardiac malformations, and females are 
affected slightly more frequently than males. 
The sinus venosus ASD accounts for approxi-
mately 4–11 % of all ASDs, and fi nally the 
unroofed CS is a rare type [ 1 ,  2 ,  5 ]. 

 The ASD can be correlated with additional 
CHD in approximately 30 % of patients. The pri-
mum ASD is almost always seen with a cleft in 
the anterior mitral valve leafl et. The sinus veno-
sus ASD defect often has PAPVC of the right 
pulmonary veins. Of course this association 
exists in a small group of patients with the 
secundum- type ASD. Also, mitral valve pro-
lapse is often seen in cases with the ASD. 
Valvular pulmonic stenosis may be seen in 
patients with the ASD; however, sometimes, 
mildly increased right ventricular outfl ow tract 
gradient is present only due to a greater passing 
fl ow. 

 The CS septal defect may be complemented 
by PAPVC or total anomalous pulmonary venous 
connection (TAPVC) or a persistent left superior 
vena cava draining into the CS [ 1 – 3 ,  6 ].  

   Pathophysiology 

 In the ASD, the defect allows the crossing of the 
blood through the atrial septum. The extent of the 
shunt depends on size of the defect, end-diastolic 
pressures of both ventricles, and function of the 
atrioventricular valves. 

 Regarding the lower right ventricular end- 
diastolic pressure (RVEDP) compared to the left 
ventricular end-diastolic pressure (LVEDP), the 
ASD usually creates a left-to-right shunt. 

 In case of signifi cant tricuspid regurgitation, 
elevated RVEDP due to the abnormal compli-
ance of the RV, and pulmonary hypertension, a 
right-to- left shunt can occur. In the ASD with 
signifi cant left-to-right shunting, pulmonary 
artery pressure increases mildly, despite normal 
pulmonary vascular resistance. Nevertheless, 
Eisenmenger’s syndrome with a right-to-left 
shunt occurs in about 5 % of the secundum-type 
ASD, mostly in women [ 1 ,  4 ,  5 ].  

   Clinical Signs and Symptoms 
for All Types  

 Patients with the ASD frequently remain asymp-
tomatic until adulthood. The most frequent signs 
and developed symptoms are reduced functional 
class, exertional dyspnea and tachycardia (supra-
ventricular tachyarrhythmias), and less fre-
quently pulmonary infections and right-sided 
heart failure [ 2 ]. 

 A large ASD [pulmonary artery blood fl ow 
relative to systemic blood fl ow (Q p /Q s  >2.0)] may 
cause congestive heart failure and failure to thrive 
in an infant or child. An undetected ASD with a 
signifi cant shunt (Q p /Q s  >1.5) possibly causes 
symptoms over time in adolescence or adulthood, 
and symptomatic cases frequently become pro-
gressively more physically limited as they age. 
Clinical fi ndings are the fi xed splitting of the sec-
ond heart sound (S2) without respiratory varia-
tion (although this fi nding is not invariable), 
systolic murmur in the pulmonary area, and dia-
stolic murmur across the tricuspid valve due to an 
increased fl ow across the pulmonary valve and 
tricuspid valve [ 6 – 8 ]. 
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 Effort dyspnea is seen in about 30 % of 
patients by the third decade and in more than 
75 % of cases by the fi fth decade of life. 
Supraventricular arrhythmias such as atrial 
fi brillation or atrial fl utter and right-sided heart 
failure develop by 40 years of age in about 
10 % of cases and become more frequent with 
aging. Paradoxical embolism resulting in a 
transient ischemic attack or stroke can call 
attention to the diagnosis. The development of 
pulmonary hypertension, though probably not 
as common as originally thought, can happen at 
an early age. If pulmonary hypertension is 
severe, a second causative diagnosis must be 
sought. 

 The CS ASD usually does not show important 
symptoms in childhood. Occasionally, even 
infants develop clinically signifi cant symptoms 
of congestive heart failure with other contribut-
ing factors. The symptoms that occasionally hap-
pen in the CS ASD include mild exercise 
intolerance, frequent respiratory infections, exer-
tional dyspnea, systemic emboli, cerebral 
abscess, transient ischemic attacks, and cyanosis 
[ 1 – 3 ,  5 ].  

   Electrocardiography 

 The electrocardiogram (ECG) may be normal 
with an uncomplicated ASD and a small shunt. 
Most affected individuals have a normal sinus 
rhythm, but atrial arrhythmias often occur 
beyond the third decade. The ECG hallmark of 
an ASD is an rSr’ or rsR’ pattern in the right 
precordial leads. RV volume overload is respon-
sible for enlargement and increased thickness, 
which causes the terminal force of the QRS to 
be directed to the right, superior, and anterior 
sides. 

 A notch near the apex of the R wave in the 
inferior leads of the ASD is referred to as “cro-
chetage.” It correlates with the severity of the 
shunt, and the sensitivity and specifi city of this 
sign are prominent when it is associated with 
an incomplete right bundle branch block or 
when it is present in all the inferior limb leads 
[ 1 ,  2 ,  4 ,  9 ].  

   Chest Radiography 

 Cardiomegaly may be present from right heart 
dilation (in all types of the ASD) and occasion-
ally from left heart dilation if signifi cant mitral 
regurgitation is present in the patient with the 
ostium primum ASD or in older adults with atrial 
fi brillation rhythm. 

 The central pulmonary arteries are character-
istically enlarged with increased pulmonary vas-
cular markings due to pulmonary arterial 
overfl ow. Shunt vascularity is apparent by uni-
formly distributed vascular markings with the 
absence of the normal lower lobe vascular pre-
dominance and right descending pulmonary 
artery diameter >17 mm. 

 In a signifi cant ASD, the chest X-ray fi lm is 
often (but not always) abnormal. 

 The sinus venous ASD may be accompanied 
by the localized enlargement or ampullary dila-
tion of the superior vena cava proximal to its 
attachment to the RA. 

 In comparison to the classic chest X-ray fi nd-
ings, the radiographic appearance in patients diag-
nosed at a later age (mostly after age 50) may be 
atypical. The atypical fi ndings include normal vas-
culature, evidence of pulmonary venous hyperten-
sion, LA enlargement, and even pulmonary edema. 

 On the chest X-ray, the ascending aorta is sel-
dom border-forming because the shunt does not 
traverse the aortic root [ 1 – 4 ,  9 – 11 ].  

   Echocardiography 

 Echocardiography can document the presence, 
type, and size of the ASD besides the direction of 
the shunt. 

 Subcostal view, parasternal short-axis view, 
and off-axis four-chamber view are the most use-
ful views for the evaluation of the ASD. The 
interatrial septum in the fossa ovalis region is thin 
and is parallel with the ultrasound beam; accord-
ingly, in apical four-chamber view fi nding, a 
dropout in the septum would be misleading. 

 Color Doppler study and contrast echocar-
diography using agitated saline can confi rm the 
presence of the communication [ 2 – 6 ]. 
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 Echocardiography is particularly useful for 
the evaluation of the morphology of the AV 
valves. The vast majority of the AV canal defects 
are  diagnosed by echocardiography alone. 
Echocardiographic assessment is required for the 
evaluation of the associated anomalies and can 
determine their signifi cance. Transthoracic echo-
cardiography (TTE) can show the hemodynamic 
signifi cance of the shunt based on right-sided 
volume overload, presence/absence of paradoxi-
cal septal motion (RV volume overload), and 
ventricular septal orientation. TTE is the primary 
diagnostic imaging modality for the evaluation of 
the ASD in that it can reveal right heart dilation. 
Enlargement of the RA and RV with diastolic 
fl attening and paradoxical interventricular septal 
motion are the evidence of a signifi cant left-to- 
right shunt and RV volume overload. False- 
negative diagnoses are relatively common in 
adults with poor-quality transthoracic images, 
especially patients with the sinus venosus ASD. 
Even a bubble study may be falsely negative 
because the shunt is usually completely left to 
right. Transesophageal echocardiography (TEE) 
may be necessary to identify the presence and 
type of the ASD and confi rm the normal connec-
tion of all pulmonary veins to the LA. Also in 
patients with pulmonary artery hypertension, the 
low velocity of the shunt fl ow may be diffi cult to 
diagnose. 

 All associated lesions should be considered 
during the echocardiographic study too [ 2 ,  6 – 8 ].  

   Cardiac Catheterization 

 Cardiac catheterization is not required in younger 
patients with an uncomplicated ASD and ade-
quate noninvasive imaging. Cardiac catheteriza-
tion remains essential in case of pulmonary 
hypertension (pulmonary artery pressure 50 % of 
systemic pressure) documented by Doppler 
 echocardiography. Cardiac catheterization is 
generally required for the evaluation of coronary 
artery disease in patients at risk and reactivity in 
patients with signifi cant pulmonary artery hyper-
tension [ 2 ,  4 ,  5 ].   

   Septum Secundum-Type Atrial 
Septal Defect 

 The most common form of the ASD is the ostium 
secundum type (70 %). The secundum-type ASD 
involves the fossa ovalis. More often than not, the 
defi ciency of the infolding of the atrial wall 
results in the extension of the defect to the out-
side of the true limits of the fossa ovalis. It is 
called the secundum defect due to its presence at 
the site of the embryologic ostium secundum. 
The shape of the defect varies, but it is often oval 
shaped and sometimes irregular. Less often, the 
secundum defect with multiple perforations of 
the membrane creates a fenestrated appearance, 
which suggests multiple defects (Video  19.1 ). 
Infrequently, a defect can extend posteriorly and 
inferiorly, approaching the site of the inferior 
vena cava entering into the RA [ 1 – 3 ]. 

 The ECG and chest X-ray demonstrate the 
aforementioned fi ndings (Figs.  19.1  and  19.2 ).

    TTE and TEE have the main role in diagnosis 
as well as the study of the associated disease and 
evaluation of the presence and indeed the size of 
the defect and the presence and size of rims for 
determining the possibility of device closure [ 6 ] 
(Figs.  19.3 ,  19.4 ,  19.5  and  19.6 . Video  19.2 ).

      In adults, TTE shows false-positive two- 
dimensional dropout, mostly in four-chamber 
view in the fossa ovalis region. Consequently, 
pulsed wave Doppler study and color fl ow imag-
ing can be drawn upon to identify the true defect 
[ 2 ,  3 ] (Figs.  19.7  and  19.8 . Video  19.3 ).

    Contrast echocardiography with agitated 
saline is used to detect atrial shunt and shows 
positive and negative contrasts [ 2 ,  6 ]. (To be 
demonstrated in (Figs.  19.9  and  19.10 ).

    During early systole, there can be a minor 
reversal of the shunt fl ow, resulting in a positive 
contrast study (Video  19.4 ). Three-dimensional 
TEE affords precise anatomic detail of the ASD 
regarding the morphology, size, and surrounding 
rims (Fig.  19.11 ).

   Right heart catheterization in the secundum- 
type ASD shows that the catheter enters the LA 
and the left upper pulmonary vein via the ASD 
(Video  19.5 ). 
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 Currently, the majority of secundum ASDs 
can be closed with a percutaneous catheter tech-
nique. When this is not possible or not suitable, 
however, surgical closure of the ASD is recom-
mended. In the postoperative evaluation, the 
patch should appear in proper position without 
any residual shunt or any mass [ 1 ,  2 ,  6 – 8 ] 
(Figs.  19.12  and  19.13 , Videos  19.6  and  19.7 ).

       Septum Primum-Type Atrial 
Septal Defect 

 The ostium primum type accounts for almost 
20 % of all types of the ASD. An ostium primum 
ASD is found in the most anterior and inferior 
portion of the atrial septum (Fig.  19.14a ,  b . 
Videos  19.8  and  19.9 ).

   It is the simplest form of the AV canal or AV 
septal defect (AVSD). In the partial AVSD, a 

  Fig. 19.1    Right-axis deviation: peaked P wave in lead II, rsR’ in lead V 1 , tall R wave in leads V 1 –V 2 , and deep S wave 
in leads I, AVL, and V 4 –V 6  are noted in this electrocardiogram       

  Fig. 19.2    Chest X-ray in posteroanterior projection, 
demonstrating levocardia, situs solitus, prominent pulmo-
nary artery segment, shunt vascularity, small aortic knob, 
increased cardiothoracic ratio, and cardiomegaly due to 
right ventricular and right atrial enlargement       
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primum- type ASD is always present with two 
distinct tricuspid and mitral valve annuli. The left 
AV valve (mitral valve) is invariably trileafl et 
with a cleft in the anterior mitral leafl et [ 1 – 3 ] 
(AML) (Fig.  19.15  Video  19.10 ).

   The common pathology in all types of the 
AVSD is the absence of the AV septum, associ-

ated with the abnormalities of the AV valves. On 
echocardiographic examination, the AV valves are 
at the same level (Video  19.11 ) with an elongated 
LV outfl ow tract, which is called the “goose neck 
deformity” [ 1 ,  2 ,  4 – 6 ] (Figs.  19.16  and  19.17 ).

    The complete form also includes a primum 
ASD, but it is contiguous with an inlet ventricular 

  Fig. 19.3    Transthoracic 
echocardiography in 
four-chamber view, showing a 
two-dimensional defect in the 
atrial septum associated 
( arrow ) with right atrial and 
ventricular enlargement, 
highly suggestive of the 
secundum-type atrial septal 
defect (It should be confi rmed 
in other views).  RV  right 
ventricle,  LV  left ventricle,  LA  
left atrium,  RA  right atrium       

  Fig. 19.4    Secundum-type 
atrial septal defect with a 
left-to-right shunt by color 
fl ow imaging       
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septal defect (VSD) and the common AV valve 
has a single annulus. During fetal growth, the 
rudimentary and primary atrium is divided by the 
septum primum, except for the anterior and infe-
rior part, which is the ostium primum. Of course, 
it is sealed by the fusion of the superior and infe-
rior endocardial cushions around the fi fth week 
of fetal development; if this development fails to 

happen, an ostium primum ASD is created [ 1 ,  3 , 
 5 ,  8 ]. The endocardial cushions are also impor-
tant in the completion, formation, and separation 
of the two separate AV valves in tandem with the 
inlet interventricular septum. For this reason, the 
ostium primum ASD is generally allied to the 
malformations of these parts. The ostium primum 
ASD may happen alone, but most frequently it is 

  Fig. 19.5    Two-dimensional 
transesophageal echocardiog-
raphy, demonstrating a 
secundum-type atrial septal 
defect ( arrow ). The surround-
ing rims are noted as 
posterosuperior and anteroin-
ferior (mitral) rims       

  Fig. 19.6    Bicaval view, 
confi rming the location and 
type of the atrial septal defect 
( arrow ) with superior 
(superior vena cava) and 
inferior (inferior vena cava 
or inferoposterior) rims. 
 LA  left atrium,  IVC  inferior 
vena cava,  RA  right atrium, 
 SVC  superior vena cava       
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  Fig. 19.7    Color fl ow imaging 
on the two-dimensional 
defect, showing a low-velocity 
 blue color jet  representing a 
left-to- right fl ow across the 
atrial septal defect       

  Fig. 19.8    Pulsed wave Doppler study on the  blue color jet , confi rming the left-to-right fl ow across the atrial septal 
defect       
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present with a cleft in the anterior leafl et of the 
mitral valve. This is referred to as a partial AV 
canal defect or a partial AVSD. In the chest X-ray 
of these patients, left heart dilation may be pres-
ent (concomitant with right heart dilation) if there 
is signifi cant mitral regurgitation. 

 TTE and TEE are the major diagnostic tools in 
the diagnosis of the AVSD spectrum, divided into 
the partial or the complete AVSD [ 4 ,  6 ].  

   Sinus Venosus-Type Atrial 
Septal Defect 

 The sinus venosus ASD accounts for approxi-
mately 4–11 % of ASDs. Sinus venosus ASD dif-
fers from secundum-type ASD; sinus venosus 
ASD is an interatrial defect outside the fossa ovalis, 
in the unfolding wall which separates the LA and 
the superior vena cava or the inferior vena cava. 

  Fig. 19.9    Contrast echocar-
diography by the rapid 
injection of the agitated saline, 
confi rming the presence of an 
atrial septal defect. Non-
contrast blood that crosses the 
atrial septal defect results in 
negative contrast in the right 
atrium       

  Fig. 19.10    Right heart 
contrast study, showing the 
passage of a few bubbles from 
the right atrium to the left 
atrium       
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  Fig. 19.11    Three-dimensional transesophageal echocardiography, affording precise anatomic detail of the atrial septal 
defect’s morphology, size, and surrounding rims       

  Fig. 19.12    Postoperative 
echocardiography in an adult 
patient with atrial septal defect 
repair by pericardial patch, 
showing an echogenic mass 
attached to the right side of 
the interatrial septum, 
suggestive of thrombosis 
( arrow ).  RV  right ventricle, 
 RA  right atrium,  LV  left 
ventricle       
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  Fig. 19.13    Transesophageal 
echocardiography in the same 
patient, showing the round 
echogenic mass attached to the 
inferoposterior side of the 
interatrial septum, suggestive of 
thrombosis ( arrow ), which was 
subsequently resolved by 
anticoagulation therapy       

a

b

  Fig. 19.14    ( a ,  b ) Transthoracic 
and transesophageal echocardiog-
raphy in four-chamber view, 
showing the same level atrioven-
tricular valves associated with a 
large defect in the most anteroin-
ferior portion of the atrial septum 
suggestive of primum-type ASD 
and partial AVSD.  RA  right 
atrium,  RV  right ventricle,  LV  left 
ventricle,  LA  left atrium       
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 The superior form of the sinus venosus ASD 
is more common than the inferior type and 
accounts for 5–10 % of all ASDs. Posterior 
aspect is the RA free wall, and its superior border 
is often absent because of an overriding superior 
vena cava. As a result of defect, superior vena 
cava or less commonly the inferior vena cava 
overrides across interatrial septum; its superior 
border is often absent. Anomalous connection of 
some or all of the right pulmonary veins, espe-
cially the right upper pulmonary vein (RUPV), to 

the superior vena cava or the right atrium is very 
common in sinus venosus ASD [ 1 – 3 ,  12 ]. 

 In the ECG of the sinus venosus ASD patients, 
sinus node dysfunction can cause persistent sinus 
bradycardia (<50 bpm), ectopic atrial rhythm 
(inverted inferior P wave), junctional rhythm, and 
a wandering pacemaker rhythm [ 1 ,  2 ] (Fig.  19.18 ).

   A sinus venosus ASD may or may not be 
accompanied by localized enlargement of the 
superior vena cava proximal to its attachment to 
the RA (Fig.  19.19 ).

  Fig. 19.15    The trileafl et left 
AV valve (mitral valve) with a 
cleft in the anterior mitral 
leafl et ( AML )       

a b

  Fig. 19.16    ( a ,  b ) Elongated LVOT with shorter distance from MV annulus to LV apex than AV annulus to the apex.  AO  
aorta,  RVOT  right ventricular outfl ow tract,  LV  left ventricle  LA  left atrium       
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  Fig. 19.17    Transesophageal 
echocardiography in 
four-chamber view, showing 
multiple defects in the internal 
cardiac crux (including the 
atrial septum, ventricular 
septum, and septal portions of 
the AV valves).  Arrows  
showing a cleft in the anterior 
mitral valve and direct LVOT 
to RA communication.  RA  
right atrium,  RV  right 
ventricle,  LV  left ventricle, 
 LA  left atrium,  LV  to RA left 
ventricle to right atrium       

  Fig. 19.18    Electrocardiogram, revealing right axis devi-
ation; incomplete right bundle branch block (RBBB); rSR 
pattern in lead V1; deep S wave in leads I, AVL, and 
V4-V6; a notch on the R wave in lead AVF (“crochetage 
pattern”); and ectopic atrial rhythm (negative P wave in 

leads III and AVF and positive in leads I and AVL), highly 
suggestive of a sinus venous-type atrial septal defect 
(ASD) due to absent or defi cient sinus node or ASD 
located near the sinus node       
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   The important, false-negative diagnosis in 
TTE is sinus venosus ASD although it can be 
visualized in off-axis view [ 6 – 8 ] (Fig.  19.20 , 
Video  19.12 ).

   TEE plays a major role in the diagnosis of the 
sinus venosus ASD (Figs.  19.21  and  19.22a ,  b , 
Videos  19.13  and  19.14 ).

    PAPVC, especially the abnormal drainage of 
the right upper pulmonary vein into the superior 

vena cava, may be present, which is detected well 
by TEE (Figs.  19.23  and  19.24 , Video  19.15 ), 
  and also by contrast echocardiography; it inter-
estingly shows negative contrast in the site of the 
right upper pulmonary vein drainage into the 
superior vena cava (Fig.  19.25  and Video  19.16 ).

   Cardiac CT confi rms the diagnosis [ 2 ,  6 ,  8 ] 
(Fig.  19.26 ).

   Cardiac catheterization is generally required 
for the evaluation of coronary artery disease in 
patients at risk and reactivity in patients with sig-
nifi cant pulmonary artery hypertension. 

 The right catheter course: right femoral 
vein → inferior vena cava → RA → superior vena 
cava → right upper pulmonary vein [ 3 – 5 ,  13 ,  14 , 
 15 ] (Fig.  19.27 , Videos  19.17  and  19.18 ).

      Coronary Sinus-Type Atrial 
Septal Defect 

 The unroofed CS is a communication between 
the CS and the LA. The most common anomaly 
associated with this type of the ASD is the left 
superior vena cava. The unroofed CS is classifi ed 
into four types: type I, completely unroofed CS 
with the left superior vena cava; type II, com-
pletely unroofed CS without the left superior 
vena cava; type III, partial unroofed midportion 

  Fig. 19.19    Chest X-ray, demonstrating increased pulmo-
nary blood fl ow and shunt vascularity, central pulmonary 
artery enlargement, small aortic knob, and enlargement of 
the right heart chambers       

  Fig. 19.20    Transthoracic 
echocardiography (TTE), 
showing an atrial septal defect 
( ASD ) located at the superior 
region of the interatrial 
septum adjacent to the to the 
right pulmonary veins       
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  Fig. 19.21    Transesophageal 
echocardiography (TEE) (0°) 
in high esophageal view, 
demonstrating a two-dimen-
sional defect at the superior 
vena cava to the right atrium 
and left atrium junction       

a

b

  Fig. 19.22    ( a ,  b ) 
Transesophageal echocardiog-
raphy (TEE) in bicaval view 
(90°), confi rming the sinus 
venous-type atrial septal 
defect diagnosis.  RA  right 
atrium,  LA  left atrium,  SVC  
superior vena cava,  ASD  atrial 
septal defect       
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of the CS; and type IV, partial unroofed terminal 
portion [ 2 – 6 ]. 

 The clinical presentation is largely deter-
mined by the size of the defect and the degree of 

left-to- right shunting. These patients may not 
exhibit important symptoms, although some can 
even develop clinically signifi cant symptoms of 
congestive heart failure. The symptoms that 

  Fig. 19.23    Color Doppler 
imaging, showing abnormal 
drainage of the right upper 
pulmonary vein to the right 
atrium.  PAPVC  partial 
anomalous pulmonary venous 
connection,  RUPV  right upper 
pulmonary vein        

  Fig. 19.24    Doppler study, confi rming the abnormal drainage of the right upper pulmonary vein to the right atrium       
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occasionally happen in the CS ASD include 
mild exercise intolerance, frequent respiratory 
infections, exertional dyspnea, systemic emboli, 
cerebral abscess, transient ischemic attacks, 
supraventricular arrhythmia, and cyanosis. 

 The unroofed CS is often seen in association 
with other CHDs. Apart from the left superior 
vena cava, other kinds of CHD such as cor tria-
triatum, pulmonary atresia, Tetralogy of Fallot, 
and PAPVC have also been reported in patients 
with CS defects [ 1 ,  3 ,  7 ,  9 ]. 

 TTE is typically used as the fi rst imaging 
modality for a suspected unroofed CS. 

Nonetheless, inability to visualize the posterior 
cardiac structures such as the CS and pulmo-
nary veins is a major disadvantage of TTE. In 
contrast, TEE can assess these posterior struc-
tures more accurately, particularly in mid-
esophageal long- axis views, and can confi rm 
the anomaly [ 2 ,  6 ,  8 ] (Fig.  19.28 , Videos  19.19  
and  19.20 ).

   Importantly, in echocardiography, a large CS 
orifi ce with signs of atrial shunting may specify a 
defect in the roof of the CS. As a result, the entire 
CS roof must be imaged when this is suspected. 
Cardiac catheterization can confi rm the diagnosis 
(Video  19.21 ). When a CS defect is a related 

  Fig. 19.25    Contrast injection 
in the high esophageal view 
(0°), demonstrating the 
negative contrast in the site of 
the right upper pulmonary 
vein draining into the superior 
vena cava.  RA  right atrium, 
 SVC  superior vena cava, 
 RUPV  right upper pulmonary 
vein,  AO  aorta,  RPA  right 
pulmonary artery        

  Fig. 19.26    Cardiac CT showing the abnormal drainage 
of the right upper and middle pulmonary veins to the right 
atrium       

  Fig. 19.27    Right catheter course: Right femoral 
vein → inferior vena cava → right atrium → superior vena 
cava → right upper pulmonary vein       
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 disease that causes right-to-left shunting, the ori-
fi ce of the CS may not be enlarged, and the defect 
may not be documented until after defi nitive sur-
gery and the occurrence of left-to-right shunting 
[ 1 – 4 ]. 

   Diagnostic Pitfalls for All Types 

 The slow onset of symptoms and the subtle physi-
cal fi ndings with the ASD frequently lead to late 
diagnosis, which puts the patient at superior risk of 
creating and developing pulmonary artery hyper-
tension, arrhythmia, and paradoxical embolism. 
False-positive detection of the ASD can result 
from apparent interatrial septal dropout on two-
dimensional echocardiography. By using TEE or 
contrast echocardiography, false-positive interpre-
tations may be reduced. Patients with PAPVC 
without an ASD, which will have RV volume 
overload, should be considered as a false- positive 
diagnosis for a concomitant ASD [ 1 ,  3 ,  7 ]. 

 False-negative diagnoses are common too, espe-
cially in adults with poor window transthoracic 
images, and particularly the sinus venosus ASD 
because of its superior location. Accordingly, all 
patients with an unexplained RV volume overload 
by TTE should be assessed further by TEE or other 
imaging modalities not only to completely evaluate 

the intra-atrial septum and all pulmonary veins but 
also to rule out defects in the roof of the CS [ 2 – 6 ,  8 ].  

   Management and Follow-Up 

 Patients with small shunts and a normal RV size 
are usually asymptomatic and need no medical 
therapy. Follow-up of patients with a small ASD 
without pulmonary artery hypertension or RV 
enlargement should include evaluation of symp-
toms (arrhythmias and probable paradoxical 
embolic events) and echocardiography every 
2–3 years to assess the RV size and function and 
pulmonary hypertension. Atrial arrhythmias 
must be treated to maintain the sinus rhythm. If 
atrial fi brillation occurs, both antiarrhythmic and 
anticoagulation therapies are recommended [ 1 –
 4 ,  16 ]. 

 ASDs that are large and cause pulmonary artery 
hypertension should be closed if there is evidence 
of pulmonary vascular reactivity and left-to-right 
shunting. Medical therapy for the ASD with pul-
monary artery hypertension is planned only for 
irreversible pulmonary artery hypertension. 
Medical therapy for congestive heart failure 
improves the signs and symptoms and can be a 
bridge until surgery. Medications for heart failure 
include digitalis, diuretics, and vasodilators and 

  Fig. 19.28    Unroofed 
coronary sinus with persistent 
LSVC (agitated saline contrast 
injection via the left antecubi-
tal vein shows rapid LA 
opacifi cation via the persistent 
LSVC to LA connection)  LAA  
left atrial appendix.  LSVC  left 
superior vena cava       
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some new generations of pulmonary vasodilators. 
Surgery consists of ASD repair and also repair of 
the concomitant diseased valves before the occur-
rence of pulmonary hypertension. Also, cardiover-
sion, rate control, and anticoagulation are 
suggested for atrial fi brillation [ 1 ,  4 ,  16 – 18 ]. 

 Indications for ASD closure include cases 
with signifi cant shunts and signs of RV volume 
overload besides pulmonary vascular resistance 
<5 Wood units. These patients should undergo 
ASD closure. Device closure is the treatment of 
choice for most secundum-type ASDs except for 
patients with Eisenmenger’s physiology. After 
ASD closure by device, the risk of arrhythmia 
such as atrial fl utter and atrial fi brillation and sick 
sinus syndrome is very low. Antiplatelet therapy 
is necessary for at least 6 months. 

 Surgical closure is essential for cases with the 
ostium primum and the sinus venosus ASD and 
also patients with the secundum ASD whose 
anatomy is not suitable for device closure. Device 
closure is the fi rst choice for the secundum-type 
defect. If morphology is appropriate and the pro-
cess is supported by TEE or intracardiac echocar-
diography, this type of treatment minimizes 
hospitalization and recovery period. After device 
closure, some small residual shunts are likely to 
persist; however, these are not hemodynamically 
signifi cant and many will close spontaneously 
within 1 year. Other complications such as atrial 
tachyarrhythmias, erosion of the atrial wall or 
aorta, and thromboembolic events are rare. 

 Surgical repair of the sinus venosus ASD can 
be associated with postoperative sinus node dys-
function, venous obstruction, and right-to-left 
shunting. The precise evaluation of the extrasep-
tal nature of the interatrial communication 
reduces the risk of sinus node dysfunction during 
surgery. The sinus venosus ASD repair with 
PAPVC is associated with low morbidity and 
mortality even in old age, and severe complica-
tions such as sinus node dysfunction are rare 
[ 2 ,  10 ,  11 ,  17 ]. 

 Of note, small ASDs (diameter <5 mm) with 
no evidence of RV volume overload do not affect 
the natural history; thus, they may not need clo-
sure except when they are correlated with para-
doxical embolism. 

 It is not uncommon to detect the ASD in 
adults, which raises the question regarding the 
benefi t of ASD closure in these patients, particu-
larly when the patient is 40 years of age or more. 
In a randomized clinical trial, surgical closure of 
the ASD was performed in patients >40 years and 
the results showed reduced morbidity (but not 
mortality). In contrast, another study reported 
survival improvement even in patients older than 
60 years [ 2 ,  4 ,  16 ] (Tables  19.1  and  19.2 ).

       Endocarditis Prophylaxis 

 Endocarditis does not happen in cases with iso-
lated ASDs and is typically related with concom-
itant valvular disease, such as a cleft MV. So 
endocarditis prophylaxis is not needed for iso-
lated ASDs before or after any surgery except for 
the fi rst 6 months after closure procedure [ 3 ,  7 ].  

   Pregnancy 

 Pregnancy in cases with ASDs is usually well tol-
erated, without maternal mortality and no impor-
tant maternal or fetal morbidity. Though the 
left-to-right shunt may increase with the rise in 
cardiac output in pregnancy, of course, this is 
counterbalanced by the reduction in peripheral 
resistance. 

 Mothers with large shunts and also PAH may 
have arrhythmias and ventricular dysfunction and 
also progression in PAH. It is important that preg-
nancy in patients with ASD and Eisenmenger’s 
syndrome is contraindicated due to high maternal 
and fetal mortality and must be strongly discour-
aged. Paradoxical embolism may infrequently be 
faced in small or large ASDs [ 1 ,  3 ,  7 ].  

   Activity 

 Cases with small ASDs and with no PAH have 
normal exercise capability and do not need any 
limitation in physical activity. In patients with 
large left-to-right shunts, exercise is frequently 
self-limited due to reduced cardiopulmonary 
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function. Symptomatic supraventricular or ven-
tricular arrhythmias might also compromise the 
exercise capacity. Also patients with signifi cant 
PAH must limit their activities to low intensity 
sports. Severe PAH with right-to-left shunting is 
typically self-limiting, and active physical efforts 
should be avoided [ 3 ].       
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   Table 19.2    Recommendations for postintervention fol-
low- up (ACC/AHA 2008 Guidelines)   

 1. In early postoperative symptoms of undue fever, 
fatigue, vomiting, chest pain, or abdominal pain 
may represent postpericardiotomy syndrome with 
tamponade and should prompt immediate 
evaluation with echocardiography  (level of 
evidence: C)  

 2. Annual clinical follow-up is recommended for 
patients postoperatively if their ASD was repaired 
as an adult and the following conditions persist or 
develop: 

  (a) PAH  (level of evidence: C)  
  (b) Atrial arrhythmias  (level of evidence: C)  
  (c) RV or LV dysfunction  (level of evidence: C)  
  (d) Coexisting valvular or other cardiac lesions 

 (level of evidence: C)  
 3. Evaluation for possible device migration, erosion, 

or other complications is recommended for patients 
3 months to 1 year after device closure and 
periodically thereafter  (level of evidence: C)  

 4. Device erosion, which may present with chest pain 
or syncope, should warrant urgent evaluation  (level 
of evidence: C)  

   Table 19.1    Recommendations for interventional and surgical therapy (ACC/AHA Guidelines 2008)   

  Class I  
 1. Closure of an ASD either percutaneously or surgically is indicated for RA and RV enlargement with or without 

symptoms  (level of evidence: B)  
 2. A sinus venosus, CS, or primum ASD should be repaired surgically rather than by percutaneous closure  (level of 

evidence: B)  
 3. Surgeons with training and expertise in CHD should perform operations for various ASD closures  (level of 

evidence: C)  
  Class IIa  
 1. Surgical closure of secundum ASD is reasonable when concomitant surgical repair/ replacement of a tricuspid 

valve is considered or when the anatomy of the defect precludes the use of a percutaneous device  (level of 
Evidence: C)  

 2. Closure of an ASD, either percutaneously or surgically, is reasonable in the presence of: a. Paradoxical 
embolism  (level of evidence: C)  

 3. b. Documented platypnea-orthodeoxia  (level of evidence: B)  
  Class IIb  
 1. Closure of an ASD, either percutaneously or surgically, may be considered in the presence of net left-to-right 

shunting, pulmonary artery pressure less than two thirds systemic levels, PVR less than two thirds systemic 
vascular resistance, or when responsive to either pulmonary vasodilator therapy or test occlusion of the defect 
(patients should be treated in conjunction with providers who have expertise in the management of pulmonary 
hypertensive syndromes)  (level of evidence: C)  

 2. Concomitant Maze procedure may be considered for intermittent or chronic atrial tachyarrhythmias in adults 
with ASDs  (level of evidence: C)  

  Class III  
 Patients with severe irreversible PAH and no evidence of a left-to-right shunt should not undergo ASD closure  (level 
of evidence: B)  
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       Morphology 

 In the normal anatomy four separate pulmonary 
veins (PVs) directly connect to the left atrium. 
However, normal variations in the number of PVs 
are not uncommon. Partial anomalous pulmonary 
venous connection (PAPVC) is a condition in 
which a segment or all of one lung drain into a 
site other than the left atrium. Sinus venosus type 
defects are correlated with PAPVC classically 
from the right upper and right middle lobe pul-
monary veins to the superior vena cava. PAPVC 
can be directed to the superior vena cava at the 
level or above the right pulmonary artery, left 
vertical vein, and azygos vein and also to the 

 coronary sinus. PAPVC to the inferior vena cava 
(scimitar syndrome) can be related to right lung 
hypoplasia and pulmonary sequestration with an 
abnormal collateral supply [ 1 – 4 ]. 

 PAPVC can be seen in <10 % of patients with a 
secundum type atrial septal defect (ASD). When 
there is PAPVC to the right atrium and the pulmo-
nary veins in the normal position, the septum pri-
mum is deviated to the left. This lesion is seen more 
often in hearts with visceral heterotaxia [ 1 ,  2 ,  5 ].  

    Clinical Findings 

 In the absence of related abnormalities, the number 
of anomalous veins, their site of junction, size of 
ASD (if present), and pulmonary vascular resistance 
determine the physiologic disturbance. Usually, in 
patients with an isolated connection or with connec-
tions between two anomalous veins, the hemody-
namic status and the physical fi ndings bear striking 
similarities to those of patients with ASD [ 1 ,  6 ].  
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    Electrocardiography 

 In isolated PAPVC cases, the electrocardio-
graphic (ECG) fi ndings are similar to those in 
secundum type ASD [ 2 ,  6 ].  

    Chest Radiography 

 Most cases reveal cardiomegaly involving the 
right ventricle, with increased and prominent pul-
monary vascular markings. In the scimitar syn-
drome, one or all of the right lung PVs connect to 
the IVC. These anomalous PVs orientation are 
more vertical and dilated making a curved sword 
appearance mainly on the Chest X Ray. 

 In the scimitar syndrome, there is dextro-
position associated with right lung hypoplasia 
[ 1 ,  2 ,  5 ] (Fig.  20.1 ).

       Echocardiography 

 Echocardiography plays an important role in 
detection of the PAPVC and associated hemo-
dynamic effect on the chambers (as the right 

ventricular enlargement with paradoxical sep-
tal motion in the signifi cant left-to-right shunt). 
When there is left-sided PAPVC with connection 
to the innominate vein through the vertical vein, 
the suprasternal long-axis view is very useful.  In 
the suprasternal long-axis view, leftward angu-
lation can identify the left vertical vein as a red 
color fl ow toward the innominate vein. The left 
vertical vein connects the left pulmonary veins 
to the innominate vein which drains to the SVC  
[ 1 ,  2 ] (Fig.  20.2a ,  b . Videos  20.1 ,  20.2  and  20.3 ). 
Transesophageal echocardiography (TEE) may 
also be helpful in the diagnosis of PAPVC. In 
the scimitar syndrome, the abnormal pulmo-
nary vein drainage is observed in subcostal 
view during evaluation of the inferior vena cava 
(Fig.  20.2 . Videos  20.4 ,  20.5  and  20.6 ). It is also 
likely to detect the stenosis of the pulmonary 
vein. In PAPVC to the coronary sinus, what can 
usually be seen is a dilated coronary sinus [ 1 ,  4 ].

       Cardiovascular Magnetic 
Resonance Imaging 

 TEE can be employed with a considerable degree 
of accuracy and precision in older patients with 
poor echocardiographic window; nevertheless, it 
is practically less invasive to fi nd data by 
 cardiovascular magnetic resonance imaging 
(CMR), which yields outstanding images of the 
course, position, and junction site of the connect-
ing veins. Moreover, CMR is capable of calculat-
ing the pulmonary-to-systemic fl ow [ 7 ,  8 ].  

    Management 

 In cases with right ventricular enlargement, it is 
advisable that surgery be contemplated. Surgery, 
however, is rendered unnecessary when there is 
only one anomalously draining vein and no right 
ventricular enlargement. The surgery type hinges 
on the site of the abnormal drainage but gener-
ally comprises reconnection of the abnormally 

  Fig. 20.1    In the scimitar    syndrome, one or all of the right 
PVs connect to the IVC making a curved sword appear-
ance (resembles Turkish sword) on the chest X-ray associ-
ated with right lung hypoplasia and dextroposition of the 
heart. Abnormal pulmonary vein connecting IVC ( arrow )       
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draining veins to the left atrium, either directly 
in the case of a left vertical vein or with a baffl e 
in many other cases. In the scimitar syndrome, it 
is necessary to block the collateral arteries and 
redirect the pulmonary veins [ 1 ,  4 ,  9 – 11 ].  

    Outcomes 

 Overall, patients with repaired PAPVC have a 
good prognosis, as is the case in those with an 
isolated ASD. Nonetheless, the exact patency 
rate of the veins that are reconnected the left 
atrium has yet to be clearly determined. Patients 
with the scimitar syndrome have a good outcome 
if their lesion is relatively isolated, but the 

 existence of other important associated intracar-
diac diseases signifi cantly compromises the out-
come [ 2 ,  12 ,  13 ].      
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  Fig. 20.2    ( a ,  b ) Transthoracic echocardiographic evalua-
tion of PAPVC in the suprasternal view demonstrating a 
vessel parallel to the aortic arch with red color fl ow sug-
gestive for vertical vein as it is connecting the left pulmo-
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mal pulmonary vein drainage to the inferior vena cava 
suggestive for scimitar syndrome.  IVC  inferior vena cava, 
 HV  hepatic vein,  RA  right atrium,  PVS  pulmonary veins       
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    Total anomalous pulmonary venous connection 
(TAPVC) is a congenital abnormality in which 
all pulmonary veins drain into the right atrium, 
although by varied route. Consequently in the 
TAPVC, the systemic and pulmonary venous 
blood drain and will be mixed in the right atrium. 
An atrial defect or foramen ovale (part of the 
complex) is important in left ventricular output 
both in the fetal and in newborn circulation [ 1 ,  2 ]. 

 There are four variants of TAPVC:
    1.    Supracardiac (50 %): The blood drains into 

one of the innominate veins (brachiocephalic 
veins) or the superior vena cava.   

   2.    Cardiac (20 %): The blood drains into the 
coronary sinus or directly into the right atrium.   

   3.    Infradiaphragmatic (20 %): The blood drains 
into the portal or hepatic veins.   

   4.    Mixed type (10 %).     
 Pulmonary venous obstruction happens in 

 virtually all patients with subdiaphragmatic drain-
age and in about 50 % of patients with supracardiac 
drainage, and patients with obstruction develop 
symptoms early, usually at 24–36 h, including 
tachypnea, tachycardia, and cyanosis. Signs of pul-
monary hypertension progress with a decreasing 
pulmonary blood fl ow and worsening cyanosis. 
However, patients with an unobstructed pulmonary 
venous fl ow present with symptoms more similar 
to a very large atrial septal defect (ASD) [ 1 ,  2 ,  4 ]. 

    Electrocardiography 

 The electrocardiogram (ECG) resembles a nonre-
strictive, secundum-type ASD. The PR interval 
tends to be prolonged. Atrial fi brillation occurs in 
older patients as it does with a secundum-type 
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ASD. Also in the presence of pulmonary hyper-
tension, the ECG exhibits peaked RA, P waves, 
right axis deviation, tall right precordial R waves, 
inverted T waves, and deep left precordial S 
waves of right ventricular hypertrophy [ 1 ,  5 ].  

    Chest X-Ray 

 The “snowman” heart is a typical appearance in 
the chest X-ray. It is not likely to be detected in 
the fi rst few months of life because it takes time 
for the unique venous channels to become large 
and, thus, radiodense enough to be visible on the 
X-ray. Albeit a rare incidence, it is conceivable 
for the communicating venous channel to appear 
within the substance of the lung rather than in 
the mediastinum. In this scenario, the channel 
looks rather like “the scimitar sign” of a partial 
anomalous pulmonary venous connection 
(PAPVC). Although the agenesis of the right 
lung is rare with TAPVC, it is common in the 
scimitar syndrome. Sometimes TAPVC with 
obstruction results in pulmonary edema, which 
is striking with the distention of the pulmonary 
veins and lymphatics and a reticular nodular 
“ground- glass” appearance. What stand out in 
contrast here are the abnormality of the lung 
fi elds and the ordinariness of the cardiac silhou-
ette. Figure  21.1   shows a typical snowman 
appearance in the chest X-ray; the left-sided 
dilated vertical vein, the prominent innominate 
vein on the top, and the right-sided superior 
vena cava all together give form to a specifi c 
image called “snowman sign” or fi gure of eight  
[ 1 ,  2 ,  6 ,  7 ] . 

       Echocardiography 

 For patients with TAPVC or PAPVC, echo-
cardiography is the preferred examination. 
Echocardiographic results usually confi rm the 
diagnosis. In the PAPVC at least one pulmo-
nary vein connects normally to the left atrium. 
The echocardiography in the TAPVC demon-
strates an enlarged right ventricle and a small 
left atrium. The  common pulmonary venous 

 chamber which receives all pulmonary veins 
does not enter to the left atrium; instead, this 
confl uence chamber enters the vertical vein and 
fi nally drains to the SVC. This is the most com-
mon type of TAPVC which is known as supra-
cardiac type  (Fig.  21.2a ,  b ,  c ; Videos  21.1 ,  21.2 , 
 21.3  and  21.4 ) .  In all types of TAPVC, an obliga-
tory right-to-left shunt almost always is present. 
All the aforementioned types can be diagnosed 
by  echocardiography [ 1 ,  2 ,  4 – 6 ].

   When the pattern of the Doppler venous fl ow 
of the abdominal veins is obtained, the fi nding of 
the venous fl ow away from the heart is pathog-
nomonic of TAPVC below the diaphragm. 
Often, shunting occurs almost exclusively from 
the right atrium to the left atrium, at the atrial 
level. Sometimes, in anomalous pulmonary 
venous return, echocardiographic views are lim-
ited, but magnetic resonance imaging (MRI) or 
computed tomography (CT) may be necessary 
[ 1 – 4 ]. 

 MRI and fast CT scan can also assist with 
defi ning pulmonary venous drainage, and car-
diac catheterization via selective pulmonary 

  Fig. 21.1    A typical snowman appearance in the chest 
X-ray. The left-sided dilated vertical vein, the prominent 
innominate vein on the top, and the right-sided superior 
vena cava all together give form to a specifi c image called 
“snowman sign” or fi gure of eight       
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 arteriography can demonstrate the presence of 
anomalous pulmonary veins.  

    Cardiac Catheterization 

 Regarding the high accuracy of 2-D and Doppler 
echocardiography, the need for diagnostic car-
diac catheterization is nearly eliminated. Cardiac 
catheterization in TAPVC is rarely performed for 
accurate measurement of systolic pulmonary 
artery pressure or for what is undiagnosed by 
echocardiography. 

 Interestingly the oxygen saturation in the 
right and left cardiac chambers are nearly identi-
cal, and right atrium saturation ranges between 

80 and 95 %. Oxygen saturation in pulmonary 
artery even goes higher than systemic artery. In 
the  selective  pulmonary angiography, the levo-
phase study shows the anomalous pulmonary 
veins connection to the innominate vein. The 
contrast delineates the innominate vein connec-
tion to the SVC and right atrium [ 1 ,  4 ,  5 ] 
(Fig.  21.3 , Video  21.4 ).

       Management 

 It is vitally    important that corrective surgery be 
undertaken as soon as possible. However, when a 
child is asymptomatic and without pulmonary 
hypertension, it is possible to postpone surgery 

ba

c

  Fig. 21.2    ( a – c ) Echocardiographic    evaluation of TAPVC 
demonstrating enlarged right-side chambers, small left 
atrium, and common pulmonary venous chamber just 
behind the left atrium with no connection to the left atrium 
(as  this confl uence chamber enters the vertical vein) and 

associated ASD which is obligatory for TAPVC. Doppler 
study demonstrating the typical low-velocity pulmonary 
vein fl ow pattern.  RV  right ventricle,  LV  left ventricle, 
 RA   right atrium,  LA  left atrium,  ASD  atrial septal defect, 
 PVs  pulmonary veins       
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until the child is 3–6 months of age. Finally, it is 
logical to assume that adult patients have invari-
ably undergone surgical repair in their childhood 
[ 1 ,  2 ,  7 ,  8 ].      
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       Defi nition 

 Ventricular septal defect (VSD), as the most 
common congenital heart disease (CHD) at birth 
[ 1 ], is found less in older infants and in the adults 
since most of small VSDs will close spontane-
ously over the time [ 2 ,  3 ]. 

 Four anatomic types of VSDs have been 
described (with various nomenclature and syn-
onyms) [ 2 – 6 ]:
•     Type 1:  Outlet supracristal, sub-arterial, sub- 

pulmonary, infundibular, supracristal, or conal 
VSD is located in the outfl ow tract of the right 
ventricle (RV), under the semilunar valves in 

conal or outlet septum, and has a variable 
prevalence ranging from approximately 6 % 
of defects in non-Asian patients to up to 33 % 
in Asian populations [ 4 ].  Spontaneous closure 
in type 1 VSD is uncommon.  This type of VSD 
is often related to the progressive aortic regur-
gitation (AR) secondary to prolapse of the 
aortic valve cusps (usually right cusp).  

•    Type 2:  Perimembranous, paramembranous, or 
conoventricular VSD constitutes almost 80 % 
of defects in the membranous septum. This 
defect might also extend into inlet, trabecular, or 
outlet septum. Perimembranous VSD is near to 
the tricuspid septal leafl et, which can frequently 
adhere to the defect and create a pouch or “aneu-
rysm” in the ventricular septum. This pouch 
limits left-to-right shunting and may result in 
partial or complete closure of septal defect. This 
type of defect is also close to the aortic valve on 
the LV side of interventricular septum.  

•    Type 3:  Inlet, atrioventricular (AV) canal, or 
AV-type VSD lies in the lower portion of RV, 
near to the tricuspid valve, and just inferior of 

     Keywords   

  Ventricular Septal Defect (VSD)   •   Perimemberanous   •   Sub-arterial VSD    
  Muscular VSD   •   Echocardiography  

        A.   Alizadehasl ,  MD, FACC      (*) 
  Echocardiography Lab, Department of Cardiology , 
 Rajaie Cardiovascular Medical and Research Center, 
Iran University of Medical Science ,   Tehran ,  Iran   
 e-mail: alizadeasl@gmail.com, alizadeasl@rhc.ac.ir   

    A.   Sadeghpour ,  MD, FACC, FASE      
  Echocardiography Lab, Department of Cardiology , 
 Adult Congenital Heart Disease Clinic, 
Rajaie Cardiovascular Medical and Research Center, 
Iran University of Medical Science ,   Tehran ,  Iran   
 e-mail: anita.sadeghpour@gmail.com, 
asadeghpour@rhc.ac.ir   

    M.   Chitsazan ,  MD    
  Research Lab, Rajaie Cardiovascular Medical and 
Research Center ,   Tehran ,  Iran    

  22

   Electronic supplementary material The online version 
of this chapter (doi:   10.1007/978-1-4471-6383-1_22    ) con-
tains  supplementary material, which is available to autho-
rized users. 

      Isolated Ventricular Septal Defect 

           Azin     Alizadehasl      ,     Anita     Sadeghpour      , 
and        Mitra     Chitsazan    

mailto:alizadeasl@gmail.com
mailto:alizadeasl@rhc.ac.ir
mailto:anita.sadeghpour@gmail.com
mailto:asadeghpour@rhc.ac.ir
http://dx.doi.org/10.1007/978-1-4471-6383-1_22


194

AV valve apparatus. This type of VSD is typi-
cally seen in patients with Down syndrome.  

•    Type 4:  Muscular or trabecular VSD is com-
pletely surrounded by muscle. It may have a 
central position (midmuscular) or an apical 
position or may be located at the margin of 
septum and RV free wall. This type of VSD is 
frequently multiple in number. Spontaneous 
closure is particularly common in this type, 
and although these lesions account for up to 
15–20 % of VSDs in infancy, the incidence is 
much less in adults.     

    Associated Lesions 

 Although VSD is most often an isolated lesion, 
multiple defects can also be seen. Moreover, 
VSD is a common part of complex cardiac lesions 
such as tetralogy of Fallot (TOF) and transposi-
tion of great arteries (TGA). VSD also occurs in 
association with left-sided obstructive anomalies 
such as subvalvular aortic stenosis and coarcta-
tion of the aorta. Spontaneous closure of VSD 
most often occurs in muscular/trabecular type but 
is uncommon in perimembranous and outlet 
defects [ 7 ]. Although small defects can close 
spontaneously at any age, this most commonly 
happens during infancy [ 8 ,  9 ]. 

 Pulmonary vascular resistance (PVR), size of 
the defect, LV and RV systolic/diastolic function, 
and presence of RV outfl ow tract obstruction 
(RVOTO) are the main determinants of the shunt 
direction and magnitude.  

    Clinical Presentation and Natural 
History 

 Possible scenarios for adults with an isolated 
VSD might contain:
•    An asymptomatic patient with a systolic 

murmur  
•   Fever and bacteremia caused by infective 

endocarditis (IE)  
•   Progressive pulmonary vascular disease in 

patients with large VSD with originally large 
left-to-right shunting eventually resulting in 

cyanosis and exercise intolerance secondary 
to shunt reversal (Eisenmenger complex)    
 Clinical presentation of isolated VSDs is 

mainly determined by the defect size and PVR:
•    Small VSDs (less than or nearly equal to 25 % 

of the aortic annulus diameter) have small 
left-to-right shunts, no LV volume overload, 
and no pulmonary artery hypertension (PAH) 
and present as systolic murmurs.  

•   Moderate VSDs (more than 25 % but less than 
75 % of the aortic annulus diameter) have 
small to moderate left-to-right shunts, mild to 
moderate LV volume overload, and mild or no 
PAH. These patients may remain asymptom-
atic or experience symptoms of mild conges-
tive heart failure. Symptoms generally subside 
with the medical management and with time 
as VSD diameter decreases in absolute terms 
or relative to the increasing size of the body.  

•   Large VSDs (greater than or equal to 75 % of 
the aortic diameter) are associated with a 
moderate to large left-to-right shunts, LV vol-
ume overload, and PAH. A history of conges-
tive heart failure during infancy might be 
noted in most of adult patients with large 
VSDs.  

•   In patients with a small VSD, endocarditis 
(IE) may be complicated by pulmonary embo-
lism or cerebral abscess.  

•   Postsurgical presentation consists of signs and 
symptoms associated with IE, aortic regurgi-
tation, heart block, LV dysfunction, PAH, tri-
cuspid regurgitation (TR), recurrent VSDs, 
and ventricular arrhythmias.     

    Clinical Examination 

 Clinically, VSD is characterized by a systolic 
murmur maximal at the left lower sternal border. 
A precordial thrill may also be palpable. The 
VSD murmur is “blowing” and “pansystolic” if 
the RV pressure is low. With higher RV pres-
sures, the murmur becomes “shorter,” “softer,” 
and “lower pitched.” Small muscular VSDs are 
usually very high pitched and are heard only in 
early systole due to the closure of the defect by 
muscular contraction.  
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    Diagnostic Workup 

    Clinical Examination 

 Clinically, VSD is characterized by a systolic 
murmur that is usually maximal at the left lower 
sternal border. A precordial thrill may also be 
palpable. The VSD murmur is blowing and pan-
systolic in the presence of a low pressure RV. 
With higher RV pressure, the murmur is shorter, 
softer, and lower pitched. Small, muscular VSDs 
are usually very high pitched and are heard only 
in early systole due to the closure of the defect by 
muscular contraction.  

    Electrocardiogram 

 The ECG may show biventricular hypertrophy or 
isolated RV hypertrophy in patients with a large 
VSD and signifi cant PAH (Fig.  22.1 ).

       Chest X-Ray 

 Patients with a small VSD have a normal chest 
x-ray. In the presence of signifi cant left-to-right 
shunt, evidences of left atrial (LA) and LV 
enlargement and increased pulmonary vascular 
markings can be seen on CXR (Fig.  22.2 ). 
Patients with signifi cant PAH do not demonstrate 
LV enlargement but will have a prominent pul-
monary artery and diminished pulmonary vascu-
lar markings at the periphery of the lung.

       Echocardiography 

 Echocardiography is the mainstay diagnostic 
technique used in both the diagnosis and assess-
ment of disease severity. The large VSDs are eas-
ily detected by 2D echocardiography, as the small 
VSDs may be diffi cult to visualize. Most of the 
VSDs in adults have small fl ow; consequently a 

  Fig. 22.1    Electrocardiography showing left atrium enlargement associated with biventricular hypertrophy       
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complete 2D and color fl ow imaging study 
besides the physical exam would be helpful. 

 Key fi ndings on echocardiographic examina-
tion include the number of defects, location of 
defects, chamber size, ventricular function and 
the severity of LV volume overload, presence or 
absence of aortic valve prolapse and/or regurgi-
tation especially in the case of outlet (supracris-
tal) and high perimembranous VSDs, presence 
or absence of RV or LV outfl ow obstruction, and 
presence or absence of TR and estimated PAP. 

 VSDs that are categorized earlier will be 
described based on the adjacent structure:
    A.     Perimembranous VSD  which is the most 

common type of VSD is seen  adjacent to the 
aortic valve and tricuspid valve . Usually it is 
imaged in parasternal view (both long axis 
and short axis), apical 5-chamber view, and 
subcostal view (Fig.  22.3 ).

       B.     Subarterial or doubly committed VSD  which 
is more common in Asian population is seen 
 adjacent to the both aortic valve and pulmonic 
valve  ( doubly committed VSD)  in the short- 
axis view (Fig.  22.4 ) . 

       C.     Inlet-type VSD  usually is seen as a part of 
atrioventricular septal defect (AVSD) although 
it can be seen as isolated defect. It is  adjacent 
to both the mitral and tricuspid valves and 
best seen in the apical 4-chamber view  and 
short-axis view.   

   D.     Muscular-type VSD  which is surrounded by 
muscle is located anterior, posterior, apical, or 
midmuscular. Sometimes the muscular VSD 
has multiple defects known as “Swiss cheese” 
septum. Detection of muscular VSDs needs 
precise sweeping of the whole septum by 2D 
and color Doppler study (Fig.  22.5 , Video  22.1 ).

       Estimation of RV systolic pressure from TR 
jet, VSD jet, and/or septal confi guration should 
also be performed. 

 Echocardiographic evaluation of VSD con-
sists of the precise sweeping of the whole septum 

  Fig. 22.2    Shunt vascularity with left-to-right shunt; left 
ventricular and left atrial enlargement are suggestive for 
ventricular septal defect (VSD)       

  Fig. 22.3    Transthoracic 
   echocardiography in 
fi ve-chamber view showing 
large perimembranous VSD 
( white arrow ).  RV  right 
ventricle,  LV  left ventricle, 
 RA  right atrium,  Ao  aorta       
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by 2D and color fl ow imaging from the base to 
apex in multiple views.  

    Cardiac Magnetic Resonance 

 CMR may be useful, particularly for the following:
•    Assessment of pulmonary artery, pulmonary 

venous, and aortic anatomy in the presence of 
coexisting lesions  

•   Assessment of LV volume overload and shunt 
quantifi cation  

•   Assessment of the anatomy of unusual VSDs 
such as inlet or apical defects which are not 
well seen by echocardiography     

    Cardiac Catheterization 

 In patients with high PAP based on echocar-
diography data, cardiac catheterization is 
required to measure PVR. Moreover, ACC/
AHA recommends to use cardiac catheteriza-
tion for the assessment of the operability of 
adults with VSD and PAH (Class I,  Level of 
Evidence: C)  [ 10 ]. 

 Cardiac catheterization provides the following 
data in adults with VSD:
•    Quantifi cation of shunting.  
•   Assessment of pulmonary pressures and resis-

tance in patients with suspected PAH. Using 

  Fig. 22.4     White arrow  
   demonstrating the subarterial 
location of the VSD and  red 
line  showing the location of 
the perimembranous VSD. 
 RVOT  right ventricular 
outfl ow tract,  TV  tricuspid 
valve,  AO  Aorta  PA  pulmo-
nary artery       

  Fig. 22.5    Transthoracic 
echocardiography in 
4-chamber view showing 
multiple midmuscular VSD 
(Swiss cheese septum) 
associated with left heart 
enlargement       
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pulmonary vasodilators, reversibility of PAH 
should be evaluated.  

•   Assessment of concomitant lesions such as 
aortic regurgitation and double-chambered 
right ventricle.  

•   Evaluation of VSD anatomy, particularly for 
patients in whom device closure is planned 
(Video  22.2 ) (Fig.  22.6 ) . 
      Coincident opacifi cation of the left and right 

ventricles indicates the presence of a VSD.   

    Management Strategies [ 10 ] 

    Medical Therapy 

 Adults with VSDs and severe PVD may benefi t 
from pulmonary vasodilator therapy.  

    Surgical Ventricular Septal Defect 
Closure 

 In patients with a Qp/Qs (pulmonary to systemic 
blood fl ow ratio) of 2.0 or more and clinical 
 evidence of LV volume overload, VSD should 
be closed surgically. Patients with a history of 
IE should also undergo surgical closure of the 
VSD. However, VSD closure is not recom-
mended for patients with severe irreversible 
PAH.  

    Interventional Catheterization 

 Device closure may be considered in muscular 
VSDs, especially if the VSD is remote from the 
tricuspid valve and the aorta. Catheter device clo-
sure of VSD is performed in patients with residual 
defects following prior surgical closure, restrictive 
VSDs with a signifi cant left-to-right shunt, trau-
matic VSDs, or iatrogenic VSDs after surgical 
replacement of the aortic valve. Restrictive VSDs 
in the adults may be closed in patients with a his-
tory of bacterial endocarditis or a hemodynami-
cally signifi cant left-to-right shunting (Qp/Qs 
>1.5:1). Percutaneous closure of VSD provides an 
alternative to surgery in patients with increased 
surgical risk factors, multiple previous cardiac sur-
geries, poorly  accessible muscular VSDs, or 
“Swiss cheese”-type VSDs (Video  22.3 ).  

    Follow-up 

 Adults with VSD with residual heart failure, shunts, 
PAH, AR, or RVOT or LVOT obstruction should 
visit at least annually at an adult CHD center. In 
patients with a small residual VSD and no other 
lesions, 3- to 5-year intervals may be reasonable. 
Adults undergoing device closure of a VSD should 
be seen every 1–2 years depending on the location 
of the VSD. Continued follow-up is not required in 
adults with no residual VSD, no associated lesions, 
and normal pulmonary artery pressure. 

 Bifascicular block or transient trifascicular 
block after VSD closure increases the risk of 
development of complete heart block in later 
years. Thus, these patients should be followed up 
yearly by history, ECG, ambulatory monitoring, 
and/or exercise testing [ 10 ].   

    Additional Considerations 

    Pregnancy 

 Pregnancy in asymptomatic women with small 
VSDs, normal LV function, no PAH, and no associ-
ated lesions is generally well tolerated and not 

  Fig. 22.6    LV injection showing subaortic VSD       
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accompanied by increased maternal mortality or 
cardiovascular risk for pregnancy. It is believed that 
although the increase in cardiac output during preg-
nancy may accentuate the left-to-right shunt, the 
decrease in peripheral resistance would counterbal-
ance this effect. Pregnancy is contraindicated in 
patients with severe PVD (Eisenmenger physiology) 
since arrhythmias, ventricular dysfunction, and pro-
gression of PAH might occur in these patients lead-
ing to maternal and fetal mortality [ 10 ,  11 ].  

    Activity/Exercise 

 No activity restrictions are requisite for patients 
with small VSDs without associated lesions, pul-
monary hypertension, signifi cant arrhythmias, 
and normal left ventricular function and also after 
VSD closure. However, in the presence of PAH, 
activity is usually self-restricted, but patients 
should be advised to limit themselves to low- 
intensity recreational activity/sports and to avoid 
travel to altitudes above 5,000 ft. In long-distance 
air travel, dehydration should be prevented, and 
the need for supplemental oxygen must be con-
sulted with an adult CHD specialist.  

    IE Prophylaxis 

 The European Society of Cardiology and also 
AHA/ACC recommend IE prophylaxis only for 
high-risk VSD patients.       
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    Atrioventricular septal defect (AVSD) consists of 
a group of anomalies with the common main 
pathology of the absence of the atrioventricular 
(AV) septum associated with the abnormalities of 
the AV valves [ 1 ]. AVSD has been divided into 
the two main categories as the partial and com-
plete forms and two other subtypes as the transi-
tional (which is the subtype of partial AVSD) and 
intermediate (which is the subtype of complete 
AVSD). In complete AVSD, a primum ASD is 
concomitant with an inlet-type ventricular septal 
defect (VSD), and a common AV valve has only 
single annulus. In addition, transitional AVSD is 
used when a partial AVSD also has a small inlet- 

type VSD that is partially obstructed via chordal 
attachments to the intraventricular septum. Also, 
intermediate subtype of AVSD has separate right 
and left AV valve orifi ces even though having 
only one common annulus. These distinct ori-
fi ces are referred to as right and left AV valve ori-
fi ces rather than mitral and tricuspid [ 2 ,  3 ]. 

   Partial Atrioventricular (AV) Septal 
Defect: Primum ASD + Cleft Anterior 
Leafl et of the Mitral Valve  

    Azin     Alizadehasl      ,     Anita     Sadeghpour      , 
and     Nehzat     Akiash        

 Partial AVSD is characterized by the defect in 
both interatrial septum and the left atrioventric-
ular valve (mitral valve) with two distinct MV 
and tricuspid valve (TV). Mitral and tricuspid 
annuli insert in the same level on the interven-
tricular septum due to the absence of the atrio-
ventricular (AV) septum and consequently 
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apical displacement of the left AV annulus. In 
partial AV canal, left ventricular outfl ow tract 
(LVOT) is elongated resulting in goose neck 
deformity [ 3 ,  4 ]. 

 Lack of fusion of the atrial septum primum 
with the endocardial cushion causes the primum 
atrial septal defect (ASD), and there is abnormal 
development of the septum secundum. Most pri-
mum ASDs are large and located anteroinferior 
to the fossa ovalis. The abnormal attachment of 
the left AV valve causes malcoaptation of leafl ets 
and mitral valve regurgitation. The papillary 
muscles are also abnormal and occasionally close 
to each other and sometimes create single papil-
lary muscles [ 1 ,  4 ]. 

   Clinical Presentation 

 The presentation of patient with AVSD and no 
diagnosis in childhood occurs in adulthood due 
to symptoms of exercise intolerance or dyspnea 
on exertion and also palpitations from a new 
atrial arrhythmia. The patients may present the 
typical fi ndings of an ASD’s physical fi ndings 
including systolic ejection-type murmur at the 
left sternal border (LSB), a widely split or fi xed 
second heart sound (S2), and a diastolic rumble 
along the lower LSB from greater fl ow across 
the TV. Seldom, mitral stenosis will develop in 
an adult with unrepaired partial AVSD. These 
cases usually have a single LV papillary muscle 
[ 1 ,  5 ,  6 ].  

   Electrocardiogram 

 The following ECG is showing the classic fi nd-
ings of the patient with partial AVSD [ 1 ,  2 ] 
(Fig.  23.1 ).

      Chest X-ray 

 In uncomplicated forms of partial AVSD, atrial 
septal defect causes the dilation of the right heart 
and mitral valve results in the left atrium and left 
ventricle enlargement [ 1 ,  3 ,  6 ] (Fig.  23.2 ).

      Echocardiography 

 The typical echocardiographic fi ndings in partial 
AVSD are as follows:
    A.    Same level insertion of the left and right AV 

valves (MV and TV); lack of offsetting septal 
insertion of the AV valves (Fig.  23.3 ).

       B.    Primum-type interatrial septal defect (usually 
large) (Fig.  23.4 ).

       C.    Cleft anterior mitral valve leafl et or left AV 
valve cleft associated with insuffi ciency, 
which is best seen in parasternal and subcostal 
short-axis views (Fig.  23.5 ).

       D.    Elongated left ventricular outfl ow tract 
(LVOT). Normally, the AV annulus to LV apex 
distance is equal to the MV annulus to the LV 
apex. In AVSD, the distance from MV annulus 
to LV apex is shorter than AV annulus to the 
apex [ 2 ,  3 ,  6 ] (Fig.  23.6 ).
       Systemic and pulmonary venous return usually 

is normal. Importantly, there is inferior displace-
ment of the AV valves and attachment of a portion 
of the left AV (mitral) valve to the septum. The 
free edges of the cleft do not insert on the papil-
lary muscles, but may attach to the septum. 
Infrequently, a parachute or a double-orifi ce MV 
also happens. The anterior component of the sep-
tal leafl et of tricuspid valve is abnormal and 
results in widening of anteroseptal commissure. 
The papillary muscles that are closer to each other 
can be evaluated in the left parasternal short-axis 
view. There is myxomatous appearance in AV 
valves, and apical 4-chamber view is suitable for 
evaluation of AV valves. Evaluation of LVOT, 
MV displacement, and subaortic component is 
possible in the apical long-axis or left parasternal 
views. Also we should be aware in our echocar-
diographic assessment that progressive LVOT 
obstruction may happen in up to 15 % of cases 
after repair of partial AVSD. Indeed, it occurs 
more frequently in patients with the partial form 
of AVSD than in patients with the complete form; 
this is due to the special LVOT anatomy in these 
patients. For this reason, after repair surgery, these 
patients require lifelong periodic echocardio-
graphic study for development or progression of 
LVOT obstruction as well as aortic valve regurgi-
tation and MV regurgitation (MR) [ 1 – 3 ,  6 ]. 
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 In echocardiographic assessment, the associ-
ated lesions should be evaluated as the most com-
mon ones are secundum-type ASD and persistent 
left superior vena cava connecting to the coronary 
sinus and the less frequent ones are tetralogy of 
Fallot, double-outlet RV, pulmonary valve atresia, 
anomalous pulmonary venous connections, LV 
hypoplasia, and coarctation of the aorta [ 3 ,  4 ,  7 ].  

   Cardiac Catheterism 

 There is a limited role of cardiac catheterization in 
these patients unless the suspicion exists regarding 
the pulmonary vascular resistance. Classically, we 
would prefer pulmonary vascular resistance to be 
less than six units for successful and safe repair. 
In patients aged 40 years or older, noninvasive 

  Fig. 23.1    Sinus rhythm, left atrial abnormality, left axis deviation, biventricular hypertrophy, and right ventricular 
volume overload pattern due to left-to-right shunt       

 

23 Atrioventricular Septal Defect (AVSD)



204

methods and coronary angiography are performed 
for assessment of coronary artery disease prior to 
surgery. In addition, it should be mentioned that 
primum ASDs are not appropriate to closure with 
transcatheter devices [ 1 – 4 ,  7 ,  8 ] (Fig.  23.7 ).

      Management 

 Once diagnosed, repair of partial AVSD is classi-
cally suggested due to volume overload of the 
right heart chambers that caused by left-to-right 

shunt at the atrial level. In addition, closure of the 
MV cleft is indicated to stop progression of MR 
severity. Reoperation is performed in at least 
25 % of patients due to progressive MR or devel-
opment of LVOT obstruction [ 1 ,  3 ,  8 – 10 ].   

   Complete AV Canal: Common AV 
Valve + Large Primum ASD + Large 
Inlet-Type VSD 

    Azin     Alizadehasl       and     Anita     Sadeghpour        

 Complete AVSD consists of a common AV valve, 
ostium primum atrial septal defect, and interven-
tricular septum defect (usually large size) 
(Fig.  23.8 , Video  23.1 ).

   Common AV valve is the key point for the 
anatomic classifi cation in all types of complete 
AVSD. Complete AVSD is basically built up of 
fi ve leafl ets (superior bridging, left mural, infe-
rior bridging, right mural, and right anterosupe-
rior) [ 1 ,  2 ,  6 ] (Fig.  23.9 , Videos  23.2 ).

   According to the morphology of the superior 
leafl et of the common AV valve, three types of 
CAVC have been classifi ed (types A, B, and C, 
according to Rastelli’s classifi cation) (Videos 
 23.3  and  23.4 ) (Figs.  23.10  and  23.11 ) 
(Table  23.1 ).  Fig. 23.2    Cardiomegaly and shunt vascularity with left-

to- right shunt in AVSD pattern       

  Fig. 23.3    Same    level 
atrioventricular valves 
associated with septal 
attachment of left AV valve 
( white arrow ).  RA  right 
atrium,  LA  left atrium,  RV  
right ventricle,  LV  left 
ventricle       
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     The least common form of complete AVSD is 
type B. Type A is most frequently accompanied 
with left-sided obstructions. Type C is often asso-
ciated with other complex cardiac anomalies. 
Anomaly of the left component of the common 
AV valve causes the LV infl ow and outfl ow 
obstructions. Although in the modern era, this 
classifi cation’s clinical and surgical signifi cance 
has become less important. The common AV 
valve may be divided into distinct right and left 

orifi ces by a tongue of tissue that connects the 
two bridging leafl ets, representing the intermedi-
ate form of AVSD [ 2 – 6 ]. 

   Chest Radiography 

 Classically demonstrates cardiomegaly and sig-
nifi cantly increased pulmonary vascularity con-
sistent with the large left-to-right shunt [ 1 – 3 ].  

  Fig. 23.4    Transesophageal 
echocardiography in 
four-chamber view, showing 
large defect in the most 
anteroinferior portion of the 
atrial septum associated with 
right-sided enlargement 
suggestive of primum-type 
ASD and partial AVSD. 
 RA  right atrium,  LA  left 
atrium,  RV  right ventricle, 
 LV  left ventricle       

  Fig. 23.5    The trileafl et left 
AV valve (mitral valve) with a 
cleft in the anterior mitral 
leafl et ( AML ) that is directed 
to the mid-part of ventricular 
septum. In isolated cleft of 
MV, the cleft is directed to the 
LVOT       
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   Electrocardiography 

 Characteristically demonstrates a superior frontal 
plane axis (extreme left axis deviation) and volt-
age criteria for ventricular hypertrophy [ 1 – 3 ,  5 ].  

   Clinical Presentation 

 Classically, children with complete AVSD should 
have surgical repair at 3–6 months of their age. 
Patients with Down syndrome may have insistent 

pulmonary artery hypertension (PAH) even 
despite early repair. Similarly, cases with com-
plete AVSD who were not repaired in the fi rst 9 
months of their life are expected to have persis-
tent PAH. The patients with complete AVSD that 
followed in an adult congenital heart disease 
clinic classically had repair of lesion in early 
childhood and need continued careful observa-
tion for development of important left AV valve 
regurgitation or stenosis. Also, some of them 
may need reoperation in adulthood, for example, 
the left AV valve is frequently replaced, and how-
ever, the surgery should be done by a congenital 
cardiac surgeon [ 2 ,  4 ].  

   Echocardiography 

 In echocardiographic assessments, all of the 
patients show AV septal defects. Cases with a 
common AV valve have fi ve leafl ets pattern: two 
(right and left) anterosuperior leafl ets, two (right 
and left) lateral leafl ets, and a common posterior 
leafl et. Hearts with two AV valves reveal pattern 
of three leafl ets [ 2 ]. 

 The classifi cation of Rastelli type in AVSD 
with a common AV valve and a VSD is deter-
mined by the mode of insertion of the left and 
right anterior leafl ets. In the common valve, 
echocardiographic fi ndings show ostium primum 

  Fig. 23.6    Parasternal    long-axis view showing elongated LVOT with shorter distance from MV annulus to LV apex than 
AV annulus to the apex.  AO  aorta,  LA  left atrium,  RVOT  right ventricular outfl ow tract,  LV  left ventricle (LV is right)       

  Fig. 23.7    Elongated LVOT, gooseneck deformity in car-
diac catheterism       
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ASD and VSD. In Rastelli type A, the chordae 
tendineae of the anterior leafl ets attach to the 
crest of the ventricular septum; apical 4-chamber 
echocardiographic view shows the confl uent sep-
tal defects, common AV junction with attachment 
of the anterior leafl ets in the crest of the septum, 
and ventricular septal defect; and the VSD is con-
tinuous with the ostium primum. Type B    of com-
plete AVSDs, which is rare, is characterized by 
chordal attachments from the left AV valve to 
papillary muscles in the RV. In a Rastelli type C 
defect, the superior bridging leafl et is said to be 
“free fl oating” because it is undivided and unat-
tached to the crest of the VSD [ 1 ,  3 ]. 

 In echocardiography studies in complete 
AVSD, the common AV valve may be positioned 
equally over both ventricles (balanced) or 
unequally over the right or left ventricle (unbal-
anced). MV abnormalities are seen in complete 
forms of AVSD; in parasternal and short-axis view 
analysis, cleft is the most common abnormality of 
MV. Rarely, double-orifi ce MV and parachute MV 
are detected in echocardiography study. LVOT 
obstruction may occur in all forms of AVSD, and 
it is more common when there are two atrioven-
tricular valve orifi ces than common orifi ce. 
Evaluation of LVOT is performed in apical four-
chamber echocardiographic view [ 2 ,  5 ,  6 ]. 

  Fig. 23.8    Complete    AVSD 
with a common AV valve, 
large ostium primum-type 
atrial septal defect, and large 
inlet- type interventricular 
septum defect.  RA  right 
atrium,  LA  left atrium,  RV  
right ventricle,  LV  left 
ventricle,  VSD  ventricular 
septal defect       

Right anterosuperir
leaflrt

Left mural
leaflrt

Inferior bridging leaflet
Right mural leaflrt

Superior bridging
leaflrt

  Fig. 23.9    Complete AVSD with common AV valve and its fi ve leafl ets       
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  Fig. 23.11    Rastelli type C in short-axis and four-chamber views; the superior bridging leafl et is attached to the papil-
lary muscle on RV free wall ( white arrow )       

  Fig. 23.10    Rastelli    type A; 
the superior bridging leafl et is 
attached to the crest of 
ventricular septum.  RV  right 
ventricle,  LV  left ventricle       

   Table 23.1    Anatomic classifi cation of CAVC   

  Type A  
 The superior bridging leafl et is almost completely adherent to the left ventricle and is fi rmly attached on the crest of 
ventricular septum by multiple chordal insertions 
  Type B  
 The superior bridging leafl et is attached over the ventricular septum by an anomalous papillary muscle (PM) of the 
right ventricle (RV) 
  Type C  
 The superior bridging leafl et is not attached to the ventricular septum (free-fl oating leafl et) as it is attached to the 
PM of RV free wall 

  Calabrò and Limongelli [ 17 ] 
  PM  papillary muscle,  RV  right ventricle,  CAVC  complete AV canal  
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 Spectral and color Doppler help to assess the 
sites of shunting, severity of AV valve regurgita-
tion, and also connections of the pulmonary 
veins. In addition, secundum ASDs, a properly 
common associated fi nding, can be identifi ed 
from the subcostal four-chamber view and via 
clockwise rotation of the transducer in subcostal 
imaging view. Anomalous pulmonary venous 
connections are rarely associated with complete 
AVSDs and may be assessed with two- 
dimensional Doppler echocardiography or trans-
esophageal echocardiography from multiple 
imaging views and planes [ 1 ,  2 ,  6 ].  

   Management 

 The aims of surgical repair are closure of inter-
atrial and interventricular septal defects, 
 construction of two separate and competent AV 
valves from obtainable leafl et tissues, and also 
repair of associated lesions. Infrequently, these 
cases will have hemodynamically important 
residual shunts after surgery. These shunts are 
classically not amenable to closure with devices 
due to the proximity of the AV valves [ 10 – 13 ]. 

 Patients with late repaired or unrepaired 
lesions or patients with Down syndrome may 
develop PAH; these cases with PAH can be 
treated with pulmonary vasoactive agents, such 
as sildenafi l or bosentan, and improvement in 
symptoms and functional class may happen. 
These patients also face with progressive left and 
right AV valves regurgitation and also progres-
sive RV and LV systolic dysfunction. Survival for 
this subgroup beyond the fi fth decade has been 
reported but is rare. These patients need manage-
ment for secondary erythrocytosis, urate 
nephropathy, hemoptysis, thromboembolic 
events, and sometimes arrhythmia [ 12 – 14 ].  

   Pregnancy in AVSD 

 Outcomes for pregnancy in women with AVSD 
have been good, even if recent studies indicated 
that atrial arrhythmia can complicate as many 
as 10 % of pregnancies in women with AVSD. 

It is overall suggested that women with unre-
paired AVSD undergo repair prior to preg-
nancy; however, in women with partial AVSD, 
pregnancy is generally well tolerated. Of 
course, pregnancy is contraindicated in women 
with unrepaired AVSD who have Eisenmenger 
physiology [ 15 ,  16 ].       
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    The ductus arteriosus originates from the left 
sixth primitive aortic arch and links the proximal 
left pulmonary artery to the descending aorta, 
just beneath to the left subclavian artery. 

 In the normal fetus, the ductus is patent. 
Functional closure of the ductus from vaso-
constriction happens shortly after a term birth, 
while anatomic closure occurred several weeks 
later from intimal proliferation and fi brosis. In 
some disease, the circulation depends on the 
ductus for pulmonary blood fl ow, such as in 

severe aortic coarctation, hypoplastic left heart 
syndrome, and sometimes d-TGA. If spontane-
ous closure of this ductus happens in such neo-
nates, clinical deterioration and even death may 
happen [ 1 – 3 ]. 

 Usually patent ductus arteriosus (PDA) is 
classifi ed based on the degree of left-to-right 
shunting, which is determined by both the size of 
the duct and the difference between systemic and 
pulmonary vascular resistances, as follows:
    1.    Silent: Tiny PDA detected only by paraclini-

cal means (generally by echocardiography).   
   2.    Small: Continuous murmur is common; Qp/

Qs <1.5:1.   
   3.    Moderate: Continuous murmur is common; 

Qp/Qs of 1.5 to 2.2:1.   
   4.    Large: Continuous murmur is present always; 

Qp/Qs >2.2:1.   
   5.    Eisenmenger: Continuous murmur is absent; 

considerable pulmonary hypertension, differ-
ential hypoxemia, and cyanosis (pink fi ngers 
with blue toes) [ 1 ,  4 – 6 ].     
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    Natural History 

    Patency of a ductus arteriosus is prevalent in a 
preterm newborn who has no normal mecha-
nisms for postnatal ductal closure due to imma-
turity. A PDA is, therefore, a predictable fi nding 
in a premature infant, and delayed spontaneous 
closure of the ductus may be expected. 

    Although some full-term newborns have per-
sistent patency of the ductus arteriosus because 
of their relative hypoxemia, in a full-term new-
born, usually patency of a ductus is a true con-
genital malformation [ 2 ,  5 ,  7 ,  8 ]. 

 Children and adults with silent PDAs are 
identifi ed by nonclinical means, usually echo-
cardiography, and face almost no long-term 
complications. Of course an exception happens 
if the patient’s murmur is inaudible because 
of obesity or other anatomic factors. A small 
ductus accompanied by a small shunt does not 
cause a signifi cant hemodynamic imbalance but 
may dispose to endarteritis, especially when a 
murmur is audible. A moderate-sized duct usu-
ally poses a volume load on the left atrium and 
left ventricle (LV) with resulting dilation and 
dysfunction of LV and maybe sometimes atrial 
fi brillation. A large duct sometimes results 
fi rstly in LV volume overload but progresses a 
rise in pulmonary artery pressures and fi nally 
irreversible pulmonary vascular changes by 2 
years [ 3 – 5 ].  

    Clinical Findings 

 Most preterm infants with a birth weight less than 
1,500 g have a PDA, and about one-third have 
a large enough shunt to cause important cardio-
pulmonary worsening. Clinical fi ndings in these 
patients contain bounding peripheral pulses, 
interscapular systolic murmur (infrequently a 
machinery murmur), precordial hyperactivity, 
and hepatomegaly [ 1 ,  2 ]. 

 But in full-term infants, children, and adults, 
a small audible duct frequently produces no 
symptoms but may rarely be manifested as an 
end arthritis. Physical examination may reveal 
a grade 1 or 2 continuous murmur peaking in 
late systole. Patients with a moderate-sized 

duct may produce with dyspnea or palpitations 
from atrial arrhythmias. A loud machinery mur-
mur in the fi rst or second left intercostal space 
is typically accompanied by a wide systemic 
pulse pressure from aortic diastolic fl ow into the 
pulmonary trunk and signs of left ventricular 
volume overload, such as an emigrant left ven-
tricular apex and even a left-sided S3. With a 
moderate degree of pulmonary artery hyperten-
sion, the diastolic part of the murmur disappears 
and just leaves a systolic murmur. Adults with 
a large uncorrected PDA fi nally present with a 
short systolic ejection murmur, hypoxemia in 
the feet more than in the hands (differential cya-
nosis) (Fig.  24.1 ), and Eisenmenger syndrome 
[ 1 ,  3 ,  4 ,  9 ].

       Electrocardiography 

 A small duct produces a normal ECG. A moder-
ate duct may display left ventricular volume over-
load with broad, notched P waves composed with 
deep Q waves, tall R waves, and peaked T waves 

  Fig. 24.1    Differential cyanosis in a patient with PDA- 
related Eisenmenger syndrome. Cyanosis and clubbing of 
the toe are more profound than the fi ngers. In this setting, 
blood bypasses the lungs via the PDA, which results in 
direct perfusion of the lower limbs with the desaturated 
blood       
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in V5 and V6.    A large duct with Eisenmenger 
physiology produce fi ndings of right ventricular 
hypertrophy [ 1 ,  2 ].  

    Chest Radiography 

 A small duct creates a normal chest radiograph. 
A moderate-sized duct produces moderate car-
diomegaly with left heart enlargement, a promi-
nent aortic knuckle, and increased pulmonary 
perfusion. Calcifi cation of the ductus can be seen 
through the soft tissue density of the aortic arch 
or pulmonary trunk in older adults. The large 
PDA creates an Eisenmenger appearance with a 
prominent aortic knuckle [ 1 ,  2 ,  5 ] (Fig.  24.2 ).

       Echocardiography 

 In adults, direct visualization of PDA may be dif-
fi cult as they usually have larger body habitus. 
However, the hemodynamic effect on LA and LV, 
color fl ow imaging (CFI), and Doppler study in 
parasternal short-axis and suprasternal view are 
important keys for diagnosis. 

 Detection of diastolic ductal fl ow in the pul-
monary artery (PA) along the lateral wall of main 
PA has high sensitivity and specifi city for diag-
nosis of a PDA [ 2 ,  10 ]. 

 Echocardiography may be normal or dem-
onstrate right or left ventricular hypertrophy or 
both; left ventricular dilation or dysfunction 
depends on the volume of left-to-right shunting 
and the degree of associated pulmonary artery 
hypertension. 

 In echocardiography, PDA may be imaged 
completely and its size well estimated (Figs.  24.3 , 
 24.4 ,  24.5 ,  24.6 ,  24.7  and  24.8 , Videos  24.1 , 
 24.2 ,  24.3 ,  24.4  and  24.5 ). Also Doppler study 
proves the shunt and documents an accurate 
assessment of mean pulmonary artery pressure. 
Measurements of the left atrial and left ventricu-
lar size provide indirect evidence of the degree of 
left-to-right shunting [ 1 ,  4 ,  10 ,  11 ].

        This determines the presence, size, and degree 
of shunting and the also the physiologic out-
comes of the shunt. The PDA is seen with diffi -
culty in an Eisenmenger context. A bubble study 
may help in diagnosis of communication [ 1 ,  2 ] 
(Fig.  24.7 , Videos  24.6  and  24.7 ).  

    Indications for Treatment 

 Management of preterm infants with a PDA 
varies with the degree of shunting and the 
severity of hyaline membrane disease since the 
ductus may contribute prominently to mortality 
in newborns with respiratory distress syndrome. 
However, closing in asymptomatic infants with a 
small left-to- right shunt is needless because the 
PDA virtually experiences spontaneous closure. 
Those infants with signifi cant left-to-right shunt 
during the period of respiratory distress syn-
drome are often unresponsive to medical treat-
ment to control heart failure and need closure 
of the PDA to live. Often, these newborns are 
treated by pharmacologic inhibition of prosta-
glandin synthesis with “indomethacin or ibupro-
fen.” Surgical closure is needed in the estimated 
10 % of infants who are nonresponsive to indo-
methacin [ 1 – 3 ]. 

 But sometimes the ductus reserves pulmonary 
blood fl ow, and the spontaneous closure of the 

  Fig. 24.2    Cardiomegaly, left ventricular enlargement, 
prominent aortic knob, and left-to-right shunt differential 
diagnosis: (1) patent ductus arteriosus and (2) ventricular 
septal defect       
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PDA is associated with deep clinical deterioration 
and even death. By an infusion of prostaglandin E1, 
unwanted ductal closure may be reversed. By dila-
tion of the constricted PDA, a temporary increase 
in arterial blood oxygen may occur. But in children 
and adults closing a hemodynamically signifi cant 
PDA is necessary (Fig.  24.9 ). There is discussion 
about the facts of closing a silent or small PDA to 
reduce the risk of endarteritis. Even in the pres-
ence of severe pulmonary artery hypertension, clo-
sure is rarely indicated. Contraindications include 

 irreversible pulmonary artery hypertension and 
active endarteritis [ 2 ,  4 ,  12 ].

       Management 

    Transcatheter Treatment 

 In centers with appropriate properties and also 
experience, transcatheter device closure should be 
the method of choice. During the past 20 years, the 

  Fig. 24.3    Parasternal SAX 
view demonstrating 2D 
dropout between the left 
pulmonary artery ( LPA ) and 
descending aorta ( DAO ) 
suggestive of PDA.  LPA  left 
pulmonary artery,  PDA  patent 
ductus aretriosus,  Main PA  
main pulmonary artery,  AO  
aorta,  DAO  descending aorta       

  Fig. 24.4    Color Doppler fl ow 
imaging in parasternal 
short-axis view showing 
high-velocity continuous 
turbulent fl ow entering to the 
pulmonary artery (PA) near 
the LPA origin       
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effi ciency and safety of transcatheter device closure 
for ducts smaller than 8 mm have been well known, 
with complete ductal closure reached in more than 
85 % of patients by 1 year after device engagement 
with a mortality rate of less than 1 % [ 2 ,  3 ,  12 – 14 ].  

    Surgery 

 Surgical closure (ductal ligation or division) 
has been performed for more than 50 years with 

a higher closure rate than by devices but with 
slightly bigger morbidity and mortality. Surgical 
closure is a low-risk procedure in children. 
Surgical mortality in adults is 1–3.5 % and relates 
to the presence of pulmonary arterial hyperten-
sion or hard ductal morphology (calcifi ed or 
aneurysmal) that is frequently seen in adults. 
Surgical closure should be kept for those in 
whom the PDA is too large for device closure or 
at centers without experience for device  closure 
[ 2 ,  4 ,  13 ,  14 ].  

  Fig. 24.5    Continuous wave 
Doppler tracing showing 
high-velocity continuous 
(systolic and diastolic) 
turbulent fl ow across the PDA 
with late systolic peal velocity       

  Fig. 24.6    Suprasternal 
long-axis view showing a 
large PDA between the LPA 
origin and proximal DAO       
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    Follow-up 

 Patients with device closure or after surgical 
closing should be examined intermittently for 
possible recanalization. Endocarditis prophylaxis 
is recommended for 6 months after PDA device 
closure or for lifelong if any residual defect per-
sists. Patients with a silent or small PDA perhaps 

do not need endocarditis prophylaxis or even 
follow-up [ 1 ,  2 ,  15 – 17 ]. 

 Pregnancy is well tolerated in women with 
silent and small PDAs and in all patients who were 
asymptomatic before pregnancy. But in women 
with a hemodynamically signifi cant PDA, preg-
nancy may initiate or worsen heart failure. We all 
know pregnancy is contraindicated in Eisenmenger 

  Fig. 24.7    Right-sided 
contrast injection (agitated 
saline injection) in the 
antecubital vein showing the 
bubble transmission from 
pulmonary artery to the 
descending aorta (DAO) in a 
patient with PDA and high 
pulmonary vascular resistance       

  Fig. 24.8    Large PDA in 
transesophageal echocardio-
graphy study.  PDA  patent 
ductus arteriosus       
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syndrome due to the high maternal (≈50 %) and fetal 
(≈60 %) mortality (Videos  24.8  and  24.9 ) [ 16 ,  17 ] .   

    Conclusions 

 PDA is a congenital disorder found in patients 
of all ages and sizes, from premature infants 
to older adults. The clinical fi ndings vary 
depending on the anatomy of the ductus arte-
riosus, associated disease, and the underlying 
cardiovascular status of the patient. 

 During the past three decades, transcath-
eter methods have replaced surgical therapy 
in most patients with PDA. Concomitantly, 
advances in diagnostic echocardiography and 
the widespread availability of echocardiog-
raphy have resulted in improved diagnosis 
and characterization of PDA in patients of all 
ages. Complications of PDA can be avoided or 
amended by proper diagnosis and management.      
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  Fig. 24.9    Catheter passes from the inferior vena cava 
(IVC) through the right atrium (RA) and the right ventri-
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      Morphology and Associated 
Lesions 

 Persistent truncus arteriosus is an anomaly in 
which a single vessel makes the outlet of both 
ventricles and provides blood supply to the 
 systemic, pulmonary, and coronary arteries. It is 
classifi ed as a type of congenital heart disease 
(CHD) with great complexity. It is always 
attended by a VSD and commonly with a right- 
sided aortic arch. The common trunk classically 
straddles a defect in the outlet portion of the 
interventricular septum (or conal septum), but, in 
sporadic cases, it might originate almost totally 
from the right or left ventricle [ 1 ,  2 ]. 

 Truncal valve is frequently tricuspid but is 
quadricuspid in about 30 % of patients. The trun-
cal valve regurgitation and stenosis are each seen 
in 10–15 % of truncus arteriosus patients. Patients 
with a history of truncus arteriosus also have a 
high prevalence of DiGeorge syndrome. Many 
patients with this chromosome deletion reveal 
impairment in social function. Coexisting dis-
eases associated with this syndrome include 
schizophrenia, mental disability, deafness, 
immune defi ciencies, endocrinopathies, and 
clubbed foot [ 1 ,  3 ]. 

 Also there can be a single coronary artery in 
truncus arteriosus patients, and also the proximal 
portion of the coronary arteries is abnormal in 
many patients. 

 Other moderately common but minor rela-
tions contain right aortic arch, left-sided superior 
caval vein, aberrant subclavian artery, and also 
atrial septal defect [ 3 ,  4 ].  
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   Classifi cation 

 Truncus arteriosus is classifi ed anatomically 
based on the mode of origin of pulmonary vessels 
from the common trunk.

   Type I: Partially separate pulmonary trunk of 
variable elongation exists and gives rise to 
left and right pulmonary arteries (this is the 
frequent type of truncus arteriosus).  

  Type II: Each pulmonary artery rises sepa-
rately but close to each other from the pos-
terior side of the truncus.  

  Type III: Each pulmonary artery arises from 
the lateral aspect of the truncus away to 
each other.    

 Less commonly, one pulmonary artery may be 
absent, with aortopulmonary collaterals supply-
ing the lung that does not obtain a pulmonary 
artery branch from the truncus [ 1 – 3 ,  5 ].  

   Pathophysiology and Natural 
History 

 Pulmonary blood fl ow is provided by the size of 
the pulmonary arteries and the pulmonary vas-
cular resistance. Indeed because the systemic 
and pulmonary circulations are basically in par-
allel, pulmonary blood fl ow classically is at 
least three- fold higher than systemic blood fl ow, 
with pulmonary over-circulation and increased 
myocardial labor that results in augmented rest-
ing oxygen demand and reduced metabolic 
reserve. However, pulmonary vascular resis-
tance increases with time, increasing the cyano-
sis. When pulmonary vascular resistance 
reaches to systemic level, Eisenmenger physiol-
ogy and bidirectional shunting happen. 
Signifi cant truncal valve regurgitation creates a 
volume load on both right and left ventricles 
[ 2 – 4 ,  7 ,  8 ]. 

 Most deaths happen before 1 year of age from 
heart failure. Unrepaired patients who live past 1 
year most likely present with established severe 
pulmonary hypertension. The occurrence of sig-
nifi cant truncal valve regurgitation increases with 
age, causing biventricular heart failure and 
increasing probability of endocarditis [ 1 ,  2 ].  

   Clinical Findings 

 Newborns with truncus arteriosus usually present 
with minimal cyanosis concomitant with fi ndings 
of a large left-to-right shunt. Signs and symptoms 
of heart failure and poor physical growth usually 
appear in the fi rst weeks or months of life. The 
most common physical fi ndings contain cardio-
megaly, loud and single second heart sound, 
harsh systolic murmur with an ejection click, and 
low-pitched mid-diastolic rumbling murmur and 
bounding pulses. A decrescendo diastolic mur-
mur suggests related truncal valve regurgitation 
[ 1 – 3 ]. 

 With increasing age, the physical fi ndings 
are different, because the pulmonary blood fl ow 
is restricted by high pulmonary vascular resis-
tance. Cyanosis is eminent, and only a short 
systolic murmur can be heard with an ejection 
click. Pulmonary vascular resistance frequently 
does not restrict pulmonary blood fl ow before 
the fi rst year of age. Older patients with an 
unrepaired TA are at very high risk of develop-
ing pulmonary hypertension, whereas those 
with VSDs or ASDs are at moderate and rela-
tively low risk, respectively. The variation in 
these risks is associated with shunt fl ow or even 
with an underlying unknown genetic predispo-
sition [ 3 ,  4 ]. 

 The nature of the anatomic abnormality also 
defi nes the age at presentation. Patients with 
AVSD, truncus arteriosus, transposition of the 
great vessels, large PDA, and VSD present earli-
est. Adults presenting with an unrepaired truncus 
arteriosus have Eisenmenger syndrome and its 
classic fi ndings, and also patients with signifi cant 
truncal valve regurgitation have a tendency to 
present with more signifi cant symptoms of con-
gestive heart failure [ 1 ,  5 ,  6 ].  

   Electrocardiography 

 A normal sinus rhythm and normal intervals and 
also a normal QRS axis or slight right axis devia-
tion are usually observed. Biventricular hyper-
trophy is a specifi c fi nding    [ 2 ,  4 ] (Fig.  25.1 ).
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      Chest Radiography 

 Chest radiography demonstrates cardiomegaly 
with eminent pulmonary arterial markings and 
high hilar regions. Fullness in the area of the 
truncal root may probably be discerned. A right 
aortic arch happens in half of cases [ 2 ,  4 ] 
(Fig.  25.2 ).

      Echocardiography 

 Often 2D echocardiography establishes a com-
plete diagnosis. The study must demonstrate the 
overriding truncal root, the origin site of the pul-
monary arteries, the number of truncal valve 
cusps, the origin site of the coronary arteries, the 
regurgitation and stenosis of truncal valve, and 

  Fig. 25.1    Sinus rhythm, right ventricular hypertrophy, left atrial abnormality, and right atrial abnormality       
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the size of the concomitant VSD. Also we can 
study the all other associated lesions. 

 The semilunar valve of the truncal artery fre-
quently is abnormal. Usually, the valve leafl et is 
thickened. It is tricuspid in 61 % and quadricus-

pid in 31 % of the case. In the echocardiography, 
truncus arteriosus should be distinguished from 
the tetralogy of Fallot and pulmonary atresia as 
both have a large VSD and overriding arterial 
vessel on them [ 2 ,  4 ,  7 ] (Figs.  25.3  and  25.4 , 
Videos  25.1 ,  25.2  and  25.3 ).

       MRI 

 MRI is seldom necessary in patients with truncus 
arteriosus. MRI provides brilliant imaging 
modality for characterizing anatomy and may be 
particularly useful in reconstructing complex 
pulmonary arterial anatomy in older patients with 
truncus arteriosus [ 2 ,  4 ,  9 ].  

   Catheterization 

 Cardiac catheterization is generally not necessary 
prior to repair in neonates and young infants with 
truncus arteriosus and creates a risk of both mor-
bidity and mortality. In overall, signifi cant arte-
rial desaturation in the absence of pulmonary 
artery branch stenosis indicates that this patient’s 
lesion cannot be repaired [ 1 ,  2 ,  7 ] (Fig.  25.5 , 
Video  25.4  and  25.5 ).

  Fig. 25.2    Posteroanterior projection, right aortic arch, 
bilateral hilar prominence with unusual hilar areas, dilated 
left pulmonary artery, wide carinal angle cardiomegaly 
with rounded apex, biventricular and biatrial enlargement, 
increased pulmonary blood fl ow, shunt vascularity with 
left-to-right shunt       

  Fig. 25.3    Transthoracic    echocardiography in parasternal 
long-axis and apical off axis view showing a large VSD, 
overriding truncal artery, and the main pulmonary artery 

which arises from the posterolateral aspect of the truncus 
(type I).  RV  right ventricle,  LV  left ventricle,  PA  pulmo-
nary artery,  AO  aorta       
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      Management 

 Early surgical intervention should be considered 
in all cases within the fi rst 2 months of life. In the 
presence of severe pulmonary artery hyperten-
sion, surgery is routinely not performed. 

 Signifi cant risk factors for perioperative mor-
tality are severe truncal valve regurgitation, 

 interrupted aortic arch, coronary artery anoma-
lies, and age at initial operation older than 100 
days. Patients with only one pulmonary artery are 
particularly prone to early development of severe 
pulmonary vascular resistance [ 1 ,  2 ,  10 – 12 ].  

   Pregnancy 

 Patients with a repaired truncus arteriosus and no 
hemodynamically signifi cant residual lesions 
should tolerate pregnancy well. Patients with 
important conduit obstruction or signifi cant trun-
cal valve regurgitation need correction of the 
lesions before pregnancy and careful follow-up 
throughout pregnancy. Pregnancy is contraindi-
cated in patients with Eisenmenger syndrome 
that gives 50 % maternal mortality [ 1 ,  2 ,  4 ].  

   Follow-up 

 Patients operated before 1 year of age commonly 
do well. However, conduit change is frequently 
indicated within the few years after repair as the 
patient grows up. Also those cases with signifi -
cant truncal valve stenosis or regurgitation may 

  Fig. 25.4    Suprasternal 
   transthoracic echocardiogra-
phy study showing the truncal 
artery and the origin of the 
pulmonary artery and aortic 
arch that both arise from a 
single great artery. 
 PA  pulmonary artery,  
RPA  right pulmonary artery, 
 LPA  left pulmonary artery       

  Fig. 25.5    In LV injection at LAO view: there is subaortic 
   VSD concomitant with origination of main PA from the 
aorta close the left coronary artery origin       
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fi nally require truncal valve replacement. Patients 
operated on >1 year of age need careful follow- up 
for any signs of pulmonary artery hypertension 
progression. Endocarditis prophylaxis is obliga-
tory in all truncus arteriosus patients [ 1 ,  2 ,  12 ,  13 ].      
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      Morphology and Associated Lesions 

 The  exaggerated apical displacement of the septal 
and posterior leafl ets of the tricuspid valve (TV) in 
tandem with leafl et dysplasia and adherence of the 
tricuspid valve leafl ets to the underlying right ven-
tricle (RV) myocardium are the diagnostic features 
of the Ebstein anomaly. Usually, in the normal 
heart, there is a 10 mm distance between the mitral 
annulus and  tricuspid annulus. In the Ebstein 
anomaly, the apical displacement of the septal 
leafl et of the TV is 8 mm/m   2    or more, associated 
with elongated, tethered anterior TV leafl et  [ 1 – 3 ]. 

 Of course many cases have concomitant dis-
placement of the posterior leafl et too,  but the 
anterior leafl et is never displaced , and it may be 
adherent to the free wall of the right ventricle 
(RV).  The displacement of the tricuspid valve 
(TV) leafl ets causes “atrialization” of the infl ow 
tract of the RV and subsequently creates a small 
functional RV . The spectrum of the abnormality 
in the Ebstein anomaly may range from only 
slight displacement of the septal and/or posterior 
leafl ets to an imperforate membranous tissue or 
muscular layer between the inlet and trabecular 
regions of the RV.  Related anomalies include 
patent foramen ovale (PFO) or atrial septal 
defect (ASD) in about 50 % of patients, acces-
sory conduction pathways in 25 % of patients  
(frequently right sided), and infrequently RV out-
fl ow tract obstruction in varying degrees, ven-
tricular septal defect (VSD), aortic coarctation, 
patent ductus arteriosus (PDA), or sometimes 
mitral valve (MV) disease. Left ventricular (LV) 
non- compaction syndrome has also been defi ned 
in some cases [ 3 – 6 ].  
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   Pathophysiology 

 Variable degrees of tricuspid valve regurgitation 
(TR)    or unusually tricuspid stenosis (TS) are 
associated with atrialized RA, causing right atrial 
enlargement. RV volume overload from signifi -
cant TR can also present. Right-to-left shunting 
through a PFO or ASD happens if the right atrial 
(RA) pressure exceeds the left atrial (LA) pres-
sure (usually with severe TR). 

 The functional impairment of the RV retards 
the forward fl ow of blood through the right side of 
the heart. In addition, during the contraction of the 
atrium, the atrialized portion of the RV expands 
out and acts as a passive pool, lessening the vol-
ume of the ejected blood. The global effect on the 
RA is dilation, increasing the size of an interatrial 
communication. TR is increased via annular dila-
tation. Related heart disease in the Ebstein anom-
aly has an additional effect on physiology [ 4 – 6 ].  

   Clinical Findings 

 Newborns and infants with severe TV deformity 
present with right-sided heart failure. Most other 
pediatric patients with delayed diagnosis (e.g., after 
the neonatal period) remain asymptomatic until 
late adolescence or early adult life. Most adult 
   patients present with exercise intolerance, palpita-
tions of supraventricular origin, cyanosis because 
of right-to-left shunting in the atrial level, and 
rarely a paradoxical embolus causing a transient 
ischemic attack or stroke. Right-sided heart failure 
from severe TR and RV dysfunction is probable. 
Sudden cardiac death has been described too [ 4 ].  

   Physical Examination 

 Physical examination classically exposes a non- 
impressive jugular venous pressure because of 
the large and compliant RA and atrialized RV, 
 widely split S1 sound with a loud TV component 
(sail sound), widely split S2 due to right bundle 
branch block (RBBB), and right-sided S3 . A 
 pansystolic murmur that increases in inspiration 
from TR is best heard at the lower left sternal 

border. Cyanosis from a right-to-left shunt at the 
atrial level may exist [ 7 ,  8 ].  

   Natural History 

 When TR and right ventricular dysfunction are 
extreme, death in utero is common due to hydrops 
fetalis. However, when the tricuspid valve defor-
mity is severe, symptoms frequently develop in 
newborns. In patients with moderate tricuspid 
valve deformity and dysfunction, symptoms 
develop during late teenage years or young adult 
life. Adults with the Ebstein anomaly can rarely 
remain asymptomatic through their lives if the 
anomaly is mild [ 4 ,  6 ].  

   Electrocardiography 

 The electrocardiography (ECG) (Fig.  26.1 ) presen-
tation of the Ebstein anomaly varies broadly.  Low 
voltage is classic. Tall and peaked P waves in leads 
II and V1 reveal right atrial enlargement. The PR 
interval is frequently prolonged, but a short PR 
interval and also a delta wave due to the presence 
of an accessory pathway can be seen.  The R waves 
in leads V1 and V2 are small. An RSR’ pattern in 
lead V1 is consistent with RV conduction delay, 
and RBBB is common in adults. First-degree atrio-
ventricular block (AVB) occurs in 40 % of patients. 
Atrial fl utter and fi brillation are prevalent, and 
fi nally, the ECG may be normal [ 6 – 9 ].

      Chest Radiography 

 Right- and leftward convexity together from an 
enlarged RA, atrialized RV, and dilated infundib-
ulum, respectively, gives the heart  a water-bottle 
appearance on the chest radiograph. 
Cardiomegaly in different degrees is the rule with 
normal or reduced pulmonary vasculature . The 
aorta and the pulmonary trunk are unremarkable. 
Accordingly, the typical Ebstein anomaly con-
fi guration is a globe-shaped heart with a narrow 
waist alike to that seen with massive pericardial 
effusion [ 4 ,  6 ,  10 ] (Fig.  26.2 ).
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      Echocardiography 

 The diagnosis of the Ebstein anomaly is mostly 
made by echocardiography. The apical displace-
ment of the septal leafl et of the TV by 8 mm/m 2  
or more, with an elongated sail-like appearance 

of the anterior TV leafl et, proves the diagnosis 
(Fig.  26.3a ,  b , Video  26.1 ).

   The size of the atrialized portion of the RV 
(recognized between the basic place of the TV 
annulus and the ventricular attachment of the TV 
leafl ets which is a part of anatomic RV and serves 
as a part of RA) and the systolic performance 
index of the functional RV can be estimated [ 10 , 
 11 ] (Fig.  26.4 ).

   The degree of TR and rarely TS should be 
evaluated by TTE. Tricuspid regurgitation almost 
always is present and could be severe. Regarding 
the low-velocity TR jets, it may be diffi cult to 
visualize, so careful investigation in different 
views will be helpful. 

 Concomitant displacement of the posterior 
leafl et should be evaluated by viewing the para-
sternal RV infl ow (Fig.  26.5 ). A nterior TV leafl et 
is never displaced  but usually has adherence to 
the free wall of the right ventricle (RV). Associated 
anomalies such as ASD and the presence of shunt-
ing can also be recognized [ 10 – 14 ].

   Echocardiography should provide compre-
hensive data regarding the possibility of TV 
repair. The successful repair is unlikely in the fol-
lowing scoring systems:
    1.    Extensive adherence of the anterior TV leaf-

let to the RV myocardium. The assessment is 
made in apical four-chamber view (more 

  Fig. 26.1    Sinus rhythm and 
right posteroseptal accessory 
pathway in the Ebstein 
anomaly       

  Fig. 26.2    A rightward convexity from an enlarged right 
atrium and atrialized right ventricle, coupled with a left-
ward convexity from a dilated infundibulum, gives the 
heart a “water-bottle” appearance in the Ebstein anomaly       
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than half of the anterior leafl et should be 
mobile and moves freely for successful 
repair)   .   

   2.    Ratio of the    septal TV leafl et apical displace-
ment to the total ventricular septal length 
more than 0.6 indicates a severe valvular 
abnormality (Fig.  26.6 ).

       3.    Small functional RV (FRV) means FRV less 
than 35 % of the total RV size (Fig.  26.7 ).

       4.    Patients with RA and atrialized RV cavity area 
compared to the sum of the true RV, LA, and 
LV area more than 1.5 [ 14 ].      

   Cardiovascular Magnetic 
Resonance Imaging (CMR) 

 This study can better assess the functional RV 
volume and function [ 6 ,  7 ].  

   Catheterism 

 Diagnostic cardiac catheterization is seldom 
needed in patients with the Ebstein anomaly. 
It is needed when associated coronary artery 

a b

  Fig. 26.3    ( a ,  b ) Apical    four-chamber view in a typical Ebstein anomaly showing increased apical displacement of 
septal TV leafl et compared to the mitral leafl et insertion and tethered anterior TV leafl et.  TV  tricuspid valve,  FRV  
 functional right ventricle,  RA  right atrium,  LA  left atrium (Video  26.2 )       

  Fig. 26.4    Tethered    anterior 
TV leafl et (ATVL) and 
atrialized RV tethering have 
been defi ned as the restricted 
motion of the ATVL due to 
the accessory attachments (at 
least three attachments) of the 
ATVL to the RV free wall. 
 LV  left ventricle,  RA  right 
atrium,  LA  left atrium       
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disease or high pulmonary artery pressure is 
suspected. Sometimes, selective RV angiogra-
phy shows the extent of TV displacement, size 
of the functional RV, and shape of its outfl ow 
tract (Fig.  26.8 ) [ 4 ,  6 ,  15 ].

      Indications for Intervention 

 Indications for intervention:
    1.    Considerable cyanosis   
   2.    Right-sided heart failure   

  Fig. 26.5    RV infl ow    study 
showing signifi cant apical 
displacement of posterior TV 
leafl et ( black arrow)  and 
normal attachment of anterior 
TV leafl et  ATVL  ( white 
arrow ).  FRV  functional right 
ventricle,  RA  right atrium, 
Another white arrow shows 
fi brotic TV annulus       

  Fig. 26.6    Elongated    and 
tethered anterior TV leafl et 
(ATVL).  LV  left ventricle, 
 RV  right ventricle,  RA  right 
atrium,  LA  left atrium       
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   3.    Poor functional capacity   
   4.    The event of paradoxical emboli     

 And recurrent supraventricular tachyarrhyth-
mias not managed by medical or ablation therapy 
and asymptomatic signifi cant cardiomegaly 
defi ned by a cardiothoracic ratio >65 % are the 
relative indications for appropriate treatment [ 6 ,  7 ].  

   Management Options 

 TV repair is preferable to the TV replacement. The 
possibility of TV repair depends primarily on the 
skill and capability of the surgeon as well as on the 

adequacy of the anterior leafl et of the TV to make a 
mono-cusp valve. TV repair is possible if the edges 
of the anterior leafl et of the TV are not severely teth-
ered to the myocardium and if the functional RV has 
an acceptable size (>35 % of the total RV size). 

 If the TV is non-reparable, valve replacement 
will be required, generally with a bioprosthetic 
TV [ 15 – 18 ]. 

 For patients with severe TR, an inadequate func-
tional RV, or refractory supraventricular arrhyth-
mias, a bidirectional cavo-pulmonary connection 
can be used to decrease RV preload if the pulmo-
nary artery pressure is low. In patients with TS or a 
hypoplastic RV, a Fontan procedure may be the best 
choice. A concomitant RA or bi- atrial maze proce-
dure at the time of surgery should be considered in 
patients with long- lasting atrial fl utter or fi brillation; 
and if an accessory pathway is present, this should 
be eradicated. If there is an ASD, it must be closed. 

 In specifi c patients with a resting oxygen satu-
ration >90 % and exercise intolerance due to 
worsening hypoxemia, the closure of the patent 
foramen ovale or ASD may be indicated without 
addressing the TV itself. Prophylaxis for endo-
carditis is recommended despite its low risk in 
the anomaly [ 17 – 20 ].  

   Pregnancy 

 In the absence of maternal cyanosis, RV failure 
or arrhythmias during pregnancy are frequently 
well tolerated [ 21 ,  22 ].  

  Fig. 26.8    RV injection shows huge cardiomegaly, trilobe 
sign (arterialized RV), and severe TR (Video  26.3 )       

  Fig. 26.7    Showing    how to 
measure functional RV 
compared to the anatomic RV. 
 FRV  functional right ventricle       
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   Follow-up 

 All Ebstein anomaly patients should have regular 
follow-up visits. Specifi c attention must be paid 
to cases with cyanosis, considerable cardiomeg-
aly, poor RV function, and recurrent atrial 
arrhythmias. All patients with signifi cant TR 
after TV repair, recurrent atrial arrhythmias, 
degenerating bioprostheses, or dysfunctional 
mechanical valves need close follow-up [ 22 ,  23 ].      
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      Morphology and Associated 
Lesions 

 Tricuspid atresia (TA) is best defi ned as the 
absence of the right atrioventricular valve in the 
presence of an atrial septal defect. There is fre-
quently morphologic right ventricular hypopla-
sia, which connects to the dominant ventricle via 
a ventricular septal defect. 

 Patients may be divided into those with con-
cordant ventriculoarterial connections (normally 
related great arteries in 70–80 % of patients) and 
cases with discordant connections. Related 
lesions in the second group consist of subaortic 
stenosis and aortic arch abnormalities [ 1 ].  

   Pathophysiological and Paraclinical 
Aspects 

 The ventriculoarterial connection is of utmost 
importance in the approach to these patients. All 
patients have mixing at the atrial level with vary-
ing degrees of cyanosis. Patients with concordant 
ventriculoarterial connections have a tendency to 
be bluer depending on the size of the ventricular 
septal defect, whereas those with discordant con-
nections are pinker and more often develop heart 
failure because of the patent pulmonary circula-
tion originating from the left ventricle. The pre-
sentation is sometimes similar to the hypoplastic 
left heart syndrome due to obstruction at the ven-
tricular septal defect or concomitant aortic arch 
anomalies [ 1 – 3 ]. 

 Electrocardiography shows left axis deviation, 
right atrial enlargement, and left ventricular 
hypertrophy. 

 Chest radiography usually reveals levocardia 
with situs solitus and a left-sided aortic arch in 
75 % of cases. The cardiac size and also 
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 pulmonary vascular markings vary with the pul-
monary blood fl ow and volume [ 3 ,  4 ].  

   Echocardiography 

 Echocardiography provides comprehensive 
information and confi rms the diagnosis 
(Fig.  27.1a ,  b  and Videos  27.1 ,  27.2  and  27.3 ).

    Typical echocardiographic fi ndings in tricus-
pid atresia: 
    A.     The presence of fi bromuscular or membra-

nous tissue in the place of the TV with no 
direct communication between RA and RV    

   B.     Obligatory shunt at the level of the atria 
(right-to-left shunt from ASD or PFO which 
is obligatory for survival)    

   C.     Variable degree of RV hypoplasia    
   D.     Direct communication between systemic and 

pulmonary circulation usually in a form of 
VSD     

   Tricuspid atresia based on the relationship of 
the great arteries, anatomy of the VSD, and pul-
monary valve has been  classifi ed as:
   Type I: Normally related great arteries (70–80 % 

of cases and most common type of TA)  
  Type II: d-transposition of great arteries (d-TGA)  
  Type III: Associate with more complex lesions 

(uncommon form of TA, only 3–6 % of 
patients)    

 There is a subclassifi cation for types I and II 
based on the presence and size of the VSD and 
associated pulmonary stenosis or atresia [ 4 ,  5 ].  

   Cardiac Catheterization 

    Cardiac catheterization is seldom requisite for 
the initial diagnosis and management (Videos 
 27.4  and  27.5 ) (it may be useful to study the 
degree of subaortic stenosis, if present) of tricus-
pid atresia and is frequently performed to mea-
sure the pulmonary artery pressure and resistance 
before corrective surgery [ 4 ,  5 ] (Fig.  27.2 ).

      Management 

 The aim of early palliation (systemic-to- pulmonary 
shunt, bidirectional Glenn procedure, pulmonary 
artery banding, and infrequently Norwood stage 1 
based on the patient’s diagnosis and associated 
lesions) is to prepare the patient for the Fontan sur-
gery. This should be performed only when there is 
a good dominant ventricular function, no obstruc-
tion in the systemic blood fl ow, and also minimal 
atrioventricular valve regurgitation. Candidates for 
such corrective surgery should also have low pul-
monary resistance with a mean pulmonary artery 
pressure <15 mmHg and acceptable size for the 
pulmonary arteries [ 5 – 7 ].      

a b

  Fig. 27.1    ( a ,  b ) Transthoracic    echocardiography in four 
chamber view showing tricuspid atresia (TA) as a fi bro-
muscular tissue in pace of TV, associated with hypoplastic 

right ventricle (RV) and large ASD which is an obligatory 
left to right shunt.  RV  right ventricle.  LV  left ventricle,  RA  
right atrium,  LA  left atrium,  ASD  atrial septal defect       
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       Morphology and Associated Lesions 

 Tetralogy of Fallot (TOF) as the most common 
cyanotic congenital heart disease (CHD) is a com-
plex heart defect consisting of four components:
    1.    Right ventricular outfl ow tract (RVOT) 

obstruction, mainly due to anterocephalad    
deviation of the outlet septum   

   2.    Override of the ventricular septum by the aortic 
root (rightward malposition of the aortic root)   

   3.    A large nonrestrictive ventricular septal defect   
   4.    Right ventricular (RV) hypertrophy [ 1 ]     

 This combination of lesions happens in 3 of 
every 10,000 live births and accounts for 7–10 % 
of all congenital heart diseases.  The fundamen-
tal abnormality is the anterior  deviation of the 
outlet septum ; therefore, TOF may happen in the 
setting of double-outlet right ventricle and may 
exist with an atrioventricular septal defect. RVOT 
obstruction is variable. Frequently, a stenotic 
and bicuspid pulmonary valve with supravalvu-
lar hypoplasia is detected.  The main site for the 
obstruction is typically at the subvalvular level . 
In some cases, the RVOT is atretic, and the diag-
nosis is TOF with pulmonary atresia. While TOF 
is    the most common cyanotic congenital heart 
defect, TOF with pulmonary valve atresia and 
major aortopulmonary collateral arteries are con-
sidered to be the most extreme type of TOF and 
account for about 1/5 of all cases of TOF [ 1 ,  2 ]. 

 Also, the size of the ventricular septal defect 
can vary; in almost all cases, however, the inter-
ventricular communication is nonrestrictive and 
allows bidirectional shunting. 

  28
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 A right aortic arch happens in nearly 25 % of 
patients, and anomalies of the course of the coro-
nary arteries occur in about 5 %. The most common 
one is the origination of the anterior descending 
artery from the right coronary artery, and it courses 
anteriorly and crosses the infundibulum of the RV. 

 Absent pulmonary valve syndrome is a rare 
form of TOF in which the stenosis and regurgita-
tion of the RVOT are due to a noticeably stenotic 
pulmonary valve ring with poorly shaped or 
absent pulmonary valve leafl ets. The pulmonary 
arteries are evidently dilated or aneurysmal and 
may create airway compression at birth [ 1 ,  2 ].  

    Pathophysiology 

 The degree of cyanosis reveals the severity of 
the RVOT obstruction and the level of systemic 
vascular resistance (of course in the absence of 
the other sources of the pulmonary blood fl ow), 
and there is right-to-left shunting through the 
ventricular septal defect. A spell is an acute 
drop in arterial O 2  saturation, which can be very 
life- threatening. Its treatment is intended to 
relieve the obstruction and increase the systemic 
resistance. 

 The obstructive muscular sub-pulmonary 
region created is a dynamic object; accordingly, 
the degree of stenosis created can be worsened and 
exacerbated by catecholamines or low intravascu-
lar volume, which can predispose the patients to 
sudden attacks of desaturation and spells [ 1 – 3 ].  

    Clinical Findings 

 In unrepaired adult patients, cyanosis of variable 
degrees is present. The RV heave and systolic thrill 
are frequently palpable alongside the left sternal 
border, and an aortic systolic ejection sound is 
heard at the lower left sternal border and apex. 
The second heart sound (S2) is typically single. 
The strength and duration of the systolic ejection 
murmur (due to subvalvular pulmonary stenosis) 
vary in reverse with the severity of subvalvular 
obstruction. With pulmonary atresia, no murmur 
or only a short and faint murmur may be detected 

alongside another faint continuous murmur due to 
aortopulmonary collateral vessels [ 1 ,  2 ]. 

 After palliation surgeries, progressive cyanosis 
may result from exacerbation in the RVOT obstruc-
tion, ongoing stenosis and occlusion of palliative 
aortopulmonary shunts, or increase in pulmonary 
artery pressure (sometimes seen after the Waterston 
or Potts shunts). This situation is likely to give rise 
to progressive aortic dilation and aortic regurgita-
tion. Moreover, central cyanosis and also clubbing 
are invariably present [ 4 – 6 ]. 

 After intracardiac repair surgeries, more than 
85 % of the patients are well and asymptomatic 
on follow-up visits. Nevertheless, objective tests 
show a reduction in maximal exercise capacity. 
Atrial and ventricular arrhythmias can cause pal-
pitations. Progressive RV dilation due to chronic 
pulmonary regurgitation or severe residual RVOT 
stenosis happens in 10–15 % of TOF patients 
within 20 years after the fi rst repair. Ascending 
aortic aneurysm and secondary aortic regurgita-
tion may be present. There is also the likelihood 
of the presence of lower left sternal border RV 
heave together with low-pitched diastolic mur-
mur from pulmonary regurgitation, systolic 
ejection murmur from RVOT obstruction, high-
pitched diastolic murmur from aortic regurgita-
tion, and pansystolic murmur from a ventricular 
septal defect residue [ 1 ,  6 ,  7 ].  

    Electrocardiography 

 Right axis deviation with RV and RA overload is 
common.  In adults with repaired TOF, a com-
plete right bundle branch block post TOF repair 
is the rule. The QRS width may reveal the degree 
of RV dilation, and an extreme (>180 millisec-
onds) or rapid increase in the width can be a risk 
factor for sustained ventricular tachycardia and 
sudden cardiac death  (Fig.  28.1 ) [ 1 ,  2 ].

       Chest Radiography 

  The typical boot-shaped heart (Coeur en sabot) is 
the hallmark of this disease . Classically, there is a 
normal-sized and boot-shaped heart with a promi-
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nent RV and an apparent concavity in the area of 
the non-developed RVOT and main pulmonary 
arteries. The pulmonary vascular markings are 
typically reduced, and the aortic arch might be on 
the right side in 25 % of the cases (Fig.  28.2 ) [ 1 ,  2 ].

       Echocardiography 

 Echocardiography confi rms the complete diag-
nosis and typically provides suffi cient data for 
management planning. The echocardiography 
begins with comprehensive sequential segmental 
approach. Usually the segmental anatomy is nor-
mal. The study should recognize the malaligned 
and nonrestrictive ventricular septal defect, over-
riding aorta, and the existence and severity of the 
RVOT obstruction (infundibular, valvular, and 
supravalvular as well as pulmonary artery branch 
stenosis).    For further evaluation of associated dis-
eases such as ASD and additional VSD, periph-
eral pulmonary stenosis is needed (Figs.  28.3  and 
 28.4 , Videos  28.1 ,  28.2  and  28.3 ) [ 4 ,  8 – 10 ].

    In patients with repaired TOF, residual pul-
monary valve stenosis and regurgitation, residual 

  Fig. 28.1    Right axis deviation   , right ventricular hypertrophy, right ventricular enlargement with clockwise rotation, 
and small left-sided chambers; all together, the tetralogy of Fallot should be considered       

  Fig. 28.2    Boot-shaped heart, concave main pulmonary 
artery segment, and decreased pulmonary vasculature in a 
tetralogy of Fallot patient       
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ventricular septal defect, RV and left ventricular 
(LV) size and function, aortic root size, and degree 
of aortic regurgitation should be evaluated. 

 The severity of pulmonary regurgitation in 
patients with repaired TOF can be measured by 
pulsed Doppler echocardiographic study of ante-
grade versus retrograde pulmonary blood fl ow 
with a short diastolic fl ow (pressure half-time 
<100 ms), suggestive of signifi cant pulmonary 
regurgitation; this grade of severity can result in a 
large volume of pulmonary regurgitation and RV 
dilatation but may also be related with normal or 
only mildly enlarged RV due to a so-called RV 
restrictive physiology [ 1 ,  8 – 11 ]. 

 RV dilatation may also be due to severe resid-
ual RVOT obstruction or as a result of surgical scar 
(in transventricular surgical approach). Signifi cant 
tricuspid regurgitation can happen in consequence 
to RV dilatation that begets more RV dilatation. 

 Aneurysmal dilatation of the RVOT is moder-
ately common in cases with previous pericardial 
trans-annular patch repair surgery and substantial 
pulmonary regurgitation. Aneurysmal dilatation 
of the RVOT can be related with regional RV 
hypokinesis and may be the arrhythmogenic nidus 
of sustained ventricular tachycardia. Infrequently 
LV dysfunction can be detected by echocardiog-
raphy from a variety of factors [ 2 ,  11 – 13 ].  

  Fig. 28.3    Transthoracic 
   echocardiography in 
parasternal long-axis view 
showing overriding aorta on 
the crest of the ventricular 
septum and associated VSD. 
 VSD  ventricular septal defect, 
 AO  aorta,  LV  left ventricle, 
 RVOT  right ventricular 
outfl ow track       

  Fig. 28.4    Typical    paraster-
nal short-axis view in TOF 
patient showing anterocepha-
lad deviation of outlet 
septum with narrow RVOT 
and large subaortic VSD. 
 PA  pulmonary artery, 
 AO  aorta,  VSD  ventricular 
septal defect       

 

 

A. Sadeghpour et al.



241

    Cardiac Catheterization and 
Angiocardiography 

 Cardiac catheterization is now rarely needed 
before corrective surgeries (Video  28.4 ). 
Echocardiography, magnetic resonance angiog-
raphy (MRA), and fast computed tomography 
(CT) can defi ne the presence and proximal course 
of the pulmonary blood vessels. Nonetheless, the 
preoperative study of TOF with pulmonary atre-
sia and major aortopulmonary collateral arteries 
typically necessitates the delineation of the arte-
rial supply to both lungs via selective catheteriza-
tion and angiography in order to reveal the course 
and segmental supply from the collateral arteries 
and central pulmonary arteries. Major aortopul-
monary collateral arteries frequently rise from 
the descending aorta close to the tracheal bifurca-
tion. These vessels connect the systemic and pul-
monary arterial vasculature, thus supplying 
pulmonary blood fl ow. Major aortopulmonary 
collateral arteries are tortuous vessels that arise 
directly from the aorta or its branches. Major aor-
topulmonary collateral arteries vary in number 
and origin; follow circuitous routes to reach cen-
tral, lobar, and segmental pulmonary arteries; and 
have variable areas and locations of stenosis 
[ 1 ,  2 ,  14 ,  15 ].  

    Cardiovascular Magnetic 
Resonance Imaging 

 The goals of cardiovascular MRI study after 
TOF repair consist of the quantitative evaluation 
of the LV and predominantly RV volumes, stroke 
volumes, and ejection fraction; the anatomy of 
the RVOT, pulmonary arteries, aorta, and aorto-
pulmonary collaterals; and quantifi cation of pul-
monary, aortic, and tricuspid valve regurgitation 
[ 14 ,  15 ].  

    Management 

 For unrepaired adult patients, surgical repair is 
still routinely commended inasmuch as the 
results are satisfying and the operative risk is 
comparable to that of pediatric cases. 

 However, palliation is rarely planned as a 
permanent management approach, and most of 
these patients must experience surgical repair. 
Specially, palliated patients with increasing 
cyanosis and also erythrocytosis (from slow 
shunt stenosis or elevated pulmonary artery 
pressure), LV dilation, or aneurysm formation 
in the shunt should undergo intracardiac repair 
with shunt closure, unless they have developed 
irreversible pulmonary artery hypertension 
[ 1 ,  5 ,  16 ]. 

 In repaired TOF patients, residual ventricular 
septal defect with shunt >1.5/1, residual pulmo-
nary stenosis (in the native RVOT region or 
implanted valved conduit) with RV systolic pres-
sure ≥2/3 the systemic pressure, or severe pul-
monary regurgitation correlated with substantial 
RV dilation or dysfunction (RV diastolic volume 
index >150 to 170 cc/m 2  or RV ejection fraction 
<45 %), signifi cant exercise intolerance, and also 
sustained ventricular arrhythmias need interven-
tion. Surgery is seldom required for signifi cant 
aortic regurgitation allied to symptoms of pro-
gressive LV dilation and for aortic root dilation 
≥55 mm. Rapid dilation of an RVOT aneurysm 
needs surgical attention (Fig.  28.5 ). Reoperation 
is required in 10–15 % of patients after reparative 
surgery during a 20-year follow-up period [ 2 ,  17 , 
 18 ] (Fig.  28.6 ).

    Signifi cant pulmonary regurgitation is almost 
always encountered when the trans-annular patch 

  Fig. 28.5    Injection via venous catheter at AP view and in 
severely hypertrophied RV showed coincident opacifi ca-
tion of aorta and pulmonary artery (due to VSD) and over-
riding aorta. Also there is infundibular, valvular, and 
supravalvular PS       
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repair method has been employed. Pulmonary 
regurgitation is frequently well tolerated if it is 
mild to moderate. Severe pulmonary regurgita-
tion, but, may lead to progressive and symptom-
atic RV dilatation and also dysfunction. The 
severity of pulmonary regurgitation and its harm-
ful long-term effects are increased by concomi-
tant proximal or distal pulmonary artery 
obstruction or pulmonary artery hypertension. 
The severity of pulmonary regurgitation can be 
measured by pulsed Doppler echocardiographic 
study of antegrade versus retrograde pulmonary 
blood fl ow with a short diastolic fl ow (pressure 
half-time <100 ms), suggestive of signifi cant pul-
monary regurgitation [ 1 ,  5 ,  18 ] (Fig.  28.7a ,  b , 
Video  28.5 ).

   MRI phase velocity mapping may precisely 
measure pulmonary regurgitation regurgitant 
fraction and is used as the gold standard method. 
Severe pulmonary regurgitation can result in a 
large volume of pulmonary regurgitation and RV 
dilatation but may also be related with normal or 
only mildly enlarged RV due to a so-called RV 
restrictive physiology [ 1 ,  15 ].  

    Implantable 
Cardioverter-Defi brillators 

 The development of signifi cant cardiac arrhyth-
mias, most commonly atrial fl utter or fi brillation 
or sustained ventricular tachycardia, frequently 

a b

  Fig. 28.7    ( a ,  b ) A typical patient with history of repaired TOF and severe pulmonary regurgitation by color fl ow imag-
ing and Doppler study       

  Fig. 28.6    Aneurysmal 
   RVOT in completely repaired 
tetralogy of Fallot patient 
due to trans-annular patch 
repair.  PA  pulmonary artery, 
 AO  aorta,  RVOT  right 
ventricular outfl ow track       
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causes hemodynamic deterioration and must be 
treated promptly. The reported frequency of sud-
den cardiac death, seemingly arrhythmic, in late 
follow-up series differs between 0.5 and 6 % over 
30 years, accounting about for 1/3 to 1/2 of late 
deaths. The selection of suitable candidates for 
primary prevention and insertion of the implant-
able cardioverter-defi brillator (ICD) remains con-
troversial. The ICD is probably most benefi cial in 
high-risk patients such as those with a prior pal-
liative shunt, QRS >180 ms, inducible ventricular 
tachycardia, and LV dysfunction [ 19 ,  20 ].  

    Outcomes 

 The overall survival of patients who have had ini-
tial repair operation is excellent, when the ventric-
ular septal defect has been closed and the RVOT 
obstruction has been repaired. In addition, pul-
monary valve replacement for severe pulmonary 
regurgitation or residual RVOT obstruction after 
the initial repair can be performed securely with 
a mortality rate of 1 %. Pulmonary valve replace-
ment, when performed for signifi cant pulmonary 
regurgitation, can improve exercise capacity and 
create RV remodeling. Be that as it may, the likeli-
hood of sudden cardiac death should not be under-
estimated. Ventricular tachycardia can rise at the 
site of the RV surgery line, from the ventricular 
septal defect sutures or from the RVOT. Patients 
at high risk for sudden cardiac death include those 
with RV dilation and QRS duration ≥180 ms. 
Moderate to severe LV dysfunction is another 
risk factor for sudden cardiac death. The reported 
incidence of sudden cardiac death is about 5 %, 
with nearly 1/3 of late deaths occurring during 
the fi rst 20 years of follow- up. All patients should 
have expert cardiology follow-up visits every 1–2 
years. And last but by no means least, the risk of 
the recurrence of TOF in families is 3 % [ 1 ,  2 ,  6 ].      
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    Double-outlet right ventricle (DORV) defi nes 
malformation in which >50 % of each semilunar 
valve arises from the morphologic right ventricle 
(RV). It may coexist with any form of atrial situs 
or AV connections, and it is independent of conal 
anatomy. In the normal heart, conus which is a 
circular tube of muscle lies under the pulmonary 
valve, and the conus under the aortic valve is 
resorbed. In the DORV, variable amount of conal 
septum under the semilunar valves exist [ 1 ,  2 ]. 

    Morphology and Associated 
Lesions 

 According to some previously reported opinions, 
the anatomic defi nition of DORV and also other 
types of congenital heart defects is less important 
than the study and understanding of the 
 association and relationship between the great 
vessels and the VSD and also the anatomy of the 
outlets in relation to great vessels, which are 
basic and crucial leading points for management 
and prognosis. 

 More than 50 % of patients with DORV have 
associated lesions of the AV valves. Mitral valve 
stenosis or even atresia related with a hypoplastic 
left ventricle (LV), Ebstein anomaly of the tricus-
pid valve (TV), complete AV septal defect, and 
also overriding or straddling of either semilunar 
AV valve may happen [ 3 ].  
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    Clinical Findings 

 The common features of the DORV are the 
following:
    1.    Overriding of the aorta more than 50 % on the 

right ventricle (Video  29.1 )   
   2.    Mitral-aortic discontinuity (Video  29.2 )   
   3.    VSD which is found in most cases (Videos 

 29.3  and  29.4 )   
   4.    Variable amount of conal septum under the 

semilunar valves 
  Three main subtypes of DORV exist: 

DORV with a sub-aortic VSD, DORV with a 
sub- pulmonary VSD, and DORV with a non- 
committed VSD  [ 1 ,  4 ,  5 ] .      
 Deviation of the outlet septum and its position 

modifi es the feature and hemodynamics of DORV 
signifi cantly. Anterior deviation of the outlet sep-
tum creates sub-aortic stenosis and aortic anoma-
lies, and posterior deviation causes sub- pulmonary 
stenosis and limits pulmonary blood fl ow. It is also 
important to recognize DORV with a non-commit-
ted VSD. This defi nes hearts in which the VSD 
is remote from the outlets, making surgical man-
agement particularly diffi cult. Also DORV with a 

sub-pulmonary VSD (Taussig- Bing anomaly) can 
be considered as a type like TGA. This is because 
the natural position of the pulmonary artery (left-
ward and posterior to the aorta) causes the stream-
ing of oxygenated and deoxygenated blood similar 
to transposition, although most of the pulmonary 
valve is linked to the RV [ 3 ,  5 ].  

    Echocardiography 

 Echocardiography is the cornerstone of diagno-
sis. The location of the VSD and the great arteries 
relationship to the VSD are the leading keys to 
diagnosis and management. 

 The relation between semilunar valves 
and ventricles should be determined carefully 
(Figs   .  29.1  and  29.2 ).

    It should be mentioned that in patients with 
sub-aortic stenosis, the echocardiographic exam-
ination must include the study for abnormalities 
of the aortic arch. Sub-pulmonary stenosis is 
often present in a DORV with a sub-pulmonary 
VSD. And also potential AV valve anomalies 
should be considered always [ 1 ,  4 ,  5 ].  

  Fig. 29.1    Transthoracic 
   echocardiography in off axis 
view showing both great 
arteries arise from the 
hypertrophied right ventricle, 
 white arrow  shows conal 
septum.  RV  right ventricle, 
 LV  left ventricle,  AO  aorta, 
 PA  pulmonary artery       
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    Indications for Intervention 

 The aims of surgery are as follows: to keep and 
establish the continuity between the LV and 
aorta, create suffi cient RV with pulmonary 
 continuity, and repair all associated lesions. 
Palliative surgeries (such as aortopulmonary 
shunt) are reserved for patients in whom biven-
tricular complete repair is not possible and in 
cases with noticeably decreased pulmonary blood 
fl ow. Of course, nowadays, complete repair is the 
primary procedure of choice [ 1 ,  4 ]. 

 In DORV patients with a sub-aortic VSD, 
repair is performed by creation of an intraventric-
ular baffl e that directs LV blood to the aorta. If the 
VSD is sub-pulmonary, without sub- pulmonary 
stenosis, repair is done by closing of the VSD and 
also arterial switch. In concomitant sub-aortic ste-
nosis, the aorta is attached to the LV via an intra-
ventricular baffl e, and in sub- pulmonary stenosis, 
the repair is similar to that of tetralogy of Fallot or 
the insertion of a RV-to- pulmonary artery conduit 

to complete the repair (Rastelli procedure). 
Classic surgical methods cannot be performed if 
the VSD is remote and uncommitted to either 
semilunar valve. In the best situation the VSD 
may be baffl ed toward the aorta; however, when it 
is not possible, the RV can be used as the systemic 
and dominant ventricle. This idea needs a Mustard 
or Senning  procedure, closing of the VSD, and an 
insertion of a conduit between the LV and the pul-
monary artery [ 1 ,  5 – 7 ].  

    Management 

 The types of surgical procedures including tetral-
ogy of Fallot-type repair, arterial switch, or 
Rastelli procedure tend to be less acceptable and 
pleasing when there is a DORV than when this 
type of surgery is performed for more classic 
indications. Creation of sub-aortic stenosis is 
more likely due to the abnormal geometry of the 
LV outfl ow tract. Similarly, Rastelli conduit 

  Fig. 29.2    The    location of 
the VSD in relation to the 
great arteries is shown; 
sub- pulmonic VSD and 
DORV are suggestive of 
Taussig-Bing anomaly. 
 RV  right ventricle,  LV  left 
ventricle,  AO  aorta,  PA  
pulmonary artery,  VSD  
ventricular septal defect       
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obstruction is more likely due to diffi culties on 
spatial placement of the conduit and the position 
of the RV and the sternum. 

 Because of these complications and diffi cul-
ties, the choices for catheter interventions    are 
often restricted and limited. But, arch obstruction 
or distal pulmonary artery obstruction are agree-
able to balloon dilation and probable stenting. All 
of these patients need at least annual visit and 
study by a CHD cardiologist [ 1 ,  4 – 7 ].      
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       Defi nition and Clinical Findings 

    A double-inlet left ventricle (DILV) or single ven-
tricle is a congenital heart defect (CHD) occurring 
in 5 in 100,000 newborns that both the left atrium 
(LA) and the right atrium (RA) feed into the LV; 
indeed, 2 separated atrioventricular ostia open in a 
morphological LV. The right ventricle (RV) is 
hypoplastic or sometimes does not exist [ 1 – 3 ]. 

 Cyanosis is present in cases with sub- 
pulmonary stenosis, but, patients with DILV and 
aortic arch obstruction are the least cyanotic 
because they never show sub-pulmonary steno-
sis; such cases are vulnerable for poor lower body 
perfusion upon decrease in ductal diameter. 

 In physical examination, the fi rst heart sound 
(S1) is normal. The second heart sound (S2) is 
often single. A systolic ejection type murmur is 
present in cases with sub-pulmonary stenosis as 
well as patients with aortic obstruction [ 3 – 5 ].  

   Paraclinic 

 Common fi ndings in electrocardiography con-
sist of septal Q wave in all the right precordial 
leads (in cases of L-looped single LV) and a 
steady R/S pattern in all the anterior precordial 
leads. 

 Chest X-ray fi ndings vary. In cases with pulmo-
nary stenosis (PS), the cardiac silhouette is normal 
to only mildly enlarged. Pulmonary vascularity 
marking is normal and not increased. But in cases 
with arch obstruction, the cardiac silhouette is gen-
erally at least mildly enlarged, and pulmonary vas-
cularity marking usually is increased. A systematic 
comprehensive approach is  essential for optimal 
diagnosis and management [ 4 ,  5 ] Table  30.1 .
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   2D echocardiography is a diagnostic tool for 
single ventricle. As it was noted before, based on 
the 50 % rule, a chamber can be termed “ventri-
cle” if it receives 50 % or more of the inlet, even 
if this inlet is an imperforate fi brotic membrane 
and is situated over a small right ventricle (RV), 
as is the case in tricuspid atresia. Note that a 
chamber need not have an outlet in order to be 
termed “ventricle” [ 4 ,  5 ]. 

 The atrioventricular connection and also 
ventriculo- arterial alignment should be evaluated 
by echocardiography carefully. The two most 

common types of single ventricle are L-looped 
single ventricle with LV morphology with trans-
position of the great arteries (TGA) and sub- 
pulmonary stenosis (Figs.  30.1 ,  30.2 ,  30.3  and 
 30.4 ) and D-looped single LV with TGA and sub- 
pulmonary stenosis; also the third most prevalent 
form is L-looped single LV with TGA and aortic 
arch hypoplasia. The fourth most common type is 
D-looped single LV with normally allied great 
arteries (aorta originated from LV and pulmonary 
artery from the outlet chamber), which is occa-
sionally referred to as a Holmes heart [ 6 ,  7 ].

   Table 30.1    Key clinical points of morphology in single ventricle   

 Atrial arrangement  Situs solitus, inversus, left isomerism, or right isomerism 
 Atrioventricular connection  Double-inlet ventricle: two patent valves linking to one ventricle (>50 % of both 

atria and valves joined to this ventricle) 
 Common valve (e.g., unbalanced atrioventricular septal defect) 
 One atretic valve (mitral or tricuspid atresia) 
 One or two straddling valves 

 Ventricles  Dominant LV, dominant RV, or rarely indeterminate (defi ned AV valve 
arrangement, position, trabecular pattern) 
 Left heart hypoplastic syndrome 

 VA connection  Concordant, discordant, double-outlet 
 Systemic venous return  Heterotaxy syndromes with variable venous return patterns 
 Pulmonary circulation  Stenotic, atretic, or normal (unprotected) 
 Pulmonary venous return  Anomalous pulmonary venous drainage 
 Conduction system  Sinus node variable in isomerism 

 AV node and His variations    
 Associated lesions  Cardiac including aortic arch abnormalities and coarctation of aorta 

 Noncardiac: variations in bronchial situs, abdominal abnormalities including 
asplenia, multiple spleens, biliary atresia 

  Fig. 30.1    Transthoracic 
echocardiography in 
4-chamber view showing 
main ventricle with LV 
morphology (DILV), 
receiving two separate 
atrioventricular valves.  RA  
right atrium,  LA  left atrium       
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a b

  Fig. 30.2    Transthoracic echocardiography in parasternal and apical long axis view showing DILV and transposition of 
great arteries.  Arrow  indicates rudimentary chamber.  AO  aorta,  PA  pulmonary artery,  LV  left ventricle       

  Fig. 30.4    Transesophageal 
echocardiography in long 
axis view demonstrating 
transposition of great arteries 
and severe pulmonary 
stenosis.  LA  left ventricle, 
 AO  aorta,  PA  pulmonary 
artery,  SV  single ventricle       

a b

  Fig. 30.3    ( a ,  b ): Transesophageal echocardiography in transgastric short axis and long axis view showing main ven-
tricle with LV morphology (DILV) and aorta that arises from the rudimentary anterior chamber.  AO  aorta,  LV  left 
ventricle       
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      In single LV with transposition of the great 
arteries and aortic arch obstruction, the sub-
aortic stenosis that frequently coexists is due to 
a narrowing at the communication between the 
LV and the rudimentary right ventricle (outlet 
chamber). This orifi ce is frequently referred to 
as a bulboventricular foramen or outlet fora-
men [ 6 ,  7 ] (Videos  30.1 ,  30.2 ,  30.3 ,  30.4  and 
 30.5 ).  

    Management 

 Cardiac catheterization is mostly reserved for 
study of candidacy for Fontan surgery, evalu-
ating the post-Fontan hemodynamics and also 
managing supraventricular arrhythmic compli-
cations. In single LV with TGA and aortic arch 
obstruction, the sub-aortic stenosis that often 
coexists is due to a narrowing at the communica-
tion between the LV and the hypoplastic rudi-
mentary RV (outlet chamber). This orifi ce is 
often mentioned as a bulboventricular foramen 
or outlet foramen. 

  Prior to hemi-Fontan (or bidirectional Glenn) 
operation, the following data should be obtained 
by echocardiography: 
•    Presence or absence of pulmonary artery 

 distortion, either congenital or created inad-
vertently by prior pulmonary artery surgery  

•   Presence or absence of second superior vena 
cava  

•   Ventricular performance    
 Creation of a cavo-pulmonary circulation is 

more safely accomplished in time over 1–2 years 
because acute volume unloading is related with 
an acute increase in ventricular wall thickness. 

This wall thickness increases noticeably and 
alters the diastolic function of the single ventricle 
and can restrict cardiac output. 

 “Cardiac transplantation” is considered for 
cases who have undergone the Fontan operation 
and have developed severe complications and for 
cases whose hemodynamics fi nding makes them 
poor and inappropriate candidates for Fontan 
operation [ 4 ,  5 ,  8 ,  9 ].      
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        Heterotaxy syndrome subjects with isomerism 
also usually have concomitant congenital heart 
defects (CHD). Isomerism is a complex syn-
drome that happens when the main axis of the 
body fails to rotate properly during developing 
in the womb in early embryonic period. Many 
patients have a variable range of severe CHD, 
while a lesser percentage have none or mild 
cardiac problems, and also each individual with 
heterotaxy is only one of its kind. A number of 
these patients have pulmonary complications, 
while for others the main concern is their gas-
trointestinal or immune systems. Indeed hetero-
taxy syndrome is characterized by a wide range 
of cardiac and extra-cardiac congenital defects 
[ 1 ,  2 ]. 

 The molecular and cellular reasons of the 
right-left asymmetry have been expansively 
studied previously, and the developmental rules 
of this syndrome have been noticeably explained 
[ 1 ,  3 ]. 

 The heterotaxy syndrome was known as 
Ivemark’s syndrome, the name of the doctor who 
fi rst documented the outline of abnormalities, 
and now, it is known by some different labels. 
Often it can be submitted as situs inversus ambig-
uous or is occasionally called left or right atrial 
isomerism. It    frequently appears that the individ-
ual has two right-side or two left-side atria. 
Isomerism means the symmetric morphology of 
the structures that normally are not symmetric, 
such as similarity between the right and left atrial 
appendages and the right and left lung and bron-
chi [ 2 – 4 ]. 

 It is often categorized based on the number of 
spleens or the lack of them, asplenia and poly-
splenia syndromes: 

    Asplenia Syndrome 

 This is the type of heterotaxy syndrome that is 
well known as right atrial isomerism, in that the 
patient has two right sides, with no spleen. And 
due to the absence of a spleen, these cases have 
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an increased risk of infection, so this type of dis-
ease is related with higher mortality and morbid-
ity rates and also with more severe associated 
cardiac malfunctions. These patients may have 
intra-atrial or intraventricular septal defects, 
anomalous pulmonary venous connection, and 
heart valve problems (especially the pulmonary 
valve) and also two trilobed lungs; the liver and 
other structures of the body can be on the wrong 
side of the body too [ 2 ,  3 ].  

    Polysplenia Syndrome 

 This type is typically matching with the term left 
atrial (LA) isomerism, in which the patient has 
two left sides. Characteristically, multiple spleens 
or “spleen nodules” may be recognized. It should 
be mentioned that though these patients might 
have several spleens, sometimes their spleens 
may not work well. Howell Jolly Body blood    test 
can determine whether the patient has a function-
ing spleen or not, so sometimes it is needed that 
they be managed as functionally asplenic. 
Patients with this type usually have two-lobed 
lungs. They are more likely to have none or 
milder concomitant CHD [ 2 ,  3 ]. Also these cases 
are more likely to having primary ciliary dyski-
nesia syndrome [ 4 – 6 ]. 

 These patients may have different types of 
septal defects: heart valve problems and also 
heart electrical system disorders. Complete heart 
block is common and needs pacemakers [ 2 – 4 ]. 

 Interestingly, many cases do not fi t exactly 
into one of these two types. For example, some 
people with severe CHD may have polysplenia, 
while others with milder CHD have asplenia. 
Altogether the common heart malformations that 
are related with heterotaxy syndrome consist of 
the following: dextrocardia, single ASD, single 
VSD, TGA, AVSD, TAPVC, PAPVC, coarcta-
tion of the aorta, pulmonary atresia, pulmonary 
stenosis, and double outlet RV. Of course so 
many cases with heterotaxy syndrome have a 
combination of heart anomalies. For this cause, 
staged surgeries, with the fi nal Fontan surgery, 
are common in these patients. 

 As mentioned above, many organs are affected 
in this syndrome; some of the important ones are 
noticed as follows:
•    The intestine may have malrotation and also 

volvulus that needs surgery.  
•   Some cases can have a very severe liver dis-

ease that is called biliary atresia. This also may 
need surgical intervention. Also  abdominal 
defects are common in these patients.  

•   There may also be abnormalities in musculo-
skeletal, central nervous, and urinary tract 
systems.  

•   IgM and IgE defi ciency and many other extra- 
cardiac problems may present in these cases 
[ 2 – 4 ].    
 The survival rate for heterotaxy syndrome is 

very different patient by patient. Nowadays, for-
tunately, with new medication and other less 
invasive procedural technologies, survival rates 
have meaningfully increased. Many cases with 
functional asplenia are on prophylactic antibiotic 
therapy, such as penicillin or amoxicillin. Of 
course the most important time for infections is 
before the age of 5 [ 2 – 4 ,  7 ]. 

 Cases with heterotaxy syndrome face many 
other challenges. They need many types of 
doctors including pediatric cardiologists, pul-
monologists, neurologists, immunologists, and 
gastroenterologists [ 4 ,  7 ]. 

 Medical and surgical management of hetero-
taxy syndrome have advanced recently. But    prog-
nosis of the disease still remains unsatisfactory 
because the syndrome is frequently associated 
with a combination of CHD and extra-cardiac 
disorders. Management and treatment of hetero-
taxy patients, especially those who have experi-
enced the staged surgeries, is now one of the most 
important matters in adult CHD clinics [ 3 ,  4 ,  7 ].     
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        Congenitally corrected    transposition of the great 
arteries (CCTGA) is defi ned as a disorder with 
discordant atrioventricular (AV) connections in 
combination with discordant ventriculoarterial 
(VA) connections [ 1 ,  2 ]. 

    Morphology and Associated Lesions 

 CC-TGA is rare (less than 1 % of all CHD). In this 
anomaly systemic venous blood fl ow passes from 
the right atrium (RA) across the mitral valve (MV) 
to the left ventricle (LV) and then to the posteriorly 
located pulmonary artery (PA). Pulmonary venous 
blood fl ow passes from the left atrium (LA) via the 
tricuspid valve (TV) to the left-sided right ventri-
cle (RV) and then to the left-sided, anterior aorta. 
Indeed, this circulation is physiologically cor-
rected, but in this anomaly the morphologic RV 

should undergo the systemic vascular resistance. 
Associated lesions happen in up to 95 % of cc-
TGA patients and include VSD (in 75 %), pulmo-
nary valvular and subvalvular stenosis (in 75 %), 
and left-sided TV anomalies (in >75 %). Also 5 % 
of patients with cc-TGA are born with congenital 
complete heart block (CHB) [ 1 – 3 ].  

    Natural History 

 Patients with isolated cc-TGA can live until the 
seventh or eighth decade. Progressive TV regur-
gitation and RV dysfunction happen from the 
fourth decade; atrial tachyarrhythmias are more 
frequent from the fi fth decade. Acquired CHB 
develops at a rate of 2 % per year. A    signifi cant 
amount of patients are naturally and logically 
balanced by their VSD in combination with sub- 
pulmonary LV outfl ow tract obstruction. So, they 
often remain well, with no need of intervention 
for long time [ 2 ].  

    Clinical Findings 

 Unrepaired patients with no related lesions may 
be asymptomatic till late adulthood. Dyspnea, 
exercise intolerance from varying degrees of 
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heart failure, and palpitations from atrial arrhyth-
mias frequently initiate from the fi fth decade. In 
well-balanced patients paradoxical emboli or 
cyanosis may be present. In physical examination 
A2 is frequently palpable at the second left inter-
costal space due to the anterior position of aorta, 
and P2 is silent due to posterior location of pul-
monary artery. The murmur of a VSD or of TV 
regurgitation or pulmonary stenosis may be pres-
ent. If there is CHB, cannon a waves may be 
present too [ 2 – 4 ]. 

 After corrective repair many patients are in 
functional Class I despite the TV regurgitation 

and systemic RV dysfunction that usually prog-
ress after surgical repair. CHB may complicate 
surgery [ 2 ].  

    Electrocardiography 

 Q waves are frequently present in the right pre-
cordial leads and absent in the left ones due to 
abnormal direction of septal depolarization from 
right to left. First-degree AV block, CHB, and 
atrial arrhythmias may be present [ 2 ,  5 ,  6 ] 
(Fig.  32.1 ).

  Fig. 32.1    Sinus rhythm, biatrial enlargement, biventricular hypertrophy       
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       Chest Radiography 

 Chest X-ray typically shows absence of the normal 
PA segment in the left cardiac border. The right 
pulmonary hilum is frequently prominent and also 
elevated compared with the left one, creating a 
right-sided waterfall appearance [ 2 ,  4 ] (Fig.  32.2 ).

       Echocardiography 

 Echocardiography allows the detailed diagnosis 
of the basic anomaly as well as of any related 
lesions. The right-sided morphologic LV is 
defi ned by its smooth endocardium and has bileaf-

let MV with no direct attachment to septum. The 
morphologic RV is characterized by its apical tra-
beculation and also moderator band and has a tri-
leafl et apically displaced AV valve (TV) with 
direct septal attachment (Fig.  32.3 ). Ebstein- like 
anomaly of TV is defi ned as excessive (>8 mm/m 2  
BSA) apical displacement of the TV, with or with-
out dysplasia [ 1 ,  2 ,  5 ] (Fig   .  32.4 , Videos     32.1 , 
 32.2 ,  32.3 ,  32.4  and  32.5 ).

        CMR 

 The    main role of CMR in cc-TGA patients is to 
study the systemic RV volume and function as 
the method of choice (Fig.  32.5 ). CMR can eval-
uate conduit function if present and AV valves 
regurgitation too [ 4 ,  6 ].

       Cardiac Catheterization 

 This is rarely necessary for diagnosis but is indi-
cated for defi ning of coronary artery anatomy 
and ventricular end-diastolic and also pulmonary 
artery pressures before surgery (Fig.  32.6 ).

       Indications for Intervention 

 In moderate or severe systemic TV regurgitation 
(TR), valve replacement must be considered 
before systemic RV’s function worsens (at an 

  Fig. 32.2    Posteroanterior projection, levocardia, situs 
solitus, left aortic arch, levo position of the ascending 
aorta, “waterfall” appearance, straightening of the left 
heart border, normal pulmonary blood fl ow, cardiomegaly       

a b

  Fig. 32.3    ( a ,  b ) Transthoracic    echocardiography in 4-cham-
ber and short axis view showing L-loop ventricle with atrio-
ventricular discordance. Moderator band ( upper arrow ), 

septal attachment of TV’s septal leafl et ( lower arrow ).  LA  
left atrium,  LAA  left atrial appendage,  LV  left ventricle, 
 RA  right atrium,  RV  right ventricle,  TV  tricuspid valve       
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ejection fraction of 45 % or more). When TR is 
concomitant with poor RV function, the double- 
switch surgery must be considered. Patients 
with end-stage heart failure should be consid-
ered for cardiac transplantation. The presence 
of a native or residual VSD with signifi cant 
shunting volume (Qp/Qs >1.5: 1) or signifi cant 
native or conduit pulmonary outfl ow tract ste-
nosis (mean echocardiographic or catheter gra-
dient >50 mmHg) needs surgical correction; 

pacemaker implantation (with DDD modality) 
is needed when CHB is present. Active fi xation 
electrodes are necessary due to the lack of suf-
fi cient apical trabeculation in the morphologic 
LV. Transvenous pacing should be avoided with 
intra-cardiac shunts due to paradoxical emboli, 
so epicardial leads are preferred in this situation 
[ 1 ,  2 ].  

    Management 

    Medical Therapy 

 ACE inhibitor or beta-blockers for patients with 
systemic RV dysfunction may be useful, but the 
role of them has not been demonstrated. Indeed, 
patients with deteriorating systemic RV function 
must be managed aggressively by medical ther-
apy but may require to be considered for cardiac 
transplantation [ 5 ,  7 ]. 

 Conduit replacement or repair for pulmonary 
outfl ow tract stenosis, tricuspid valve replace-
ment, double-switch procedure, and fi nally car-
diac transplantation are options for surgical 
management [ 7 ,  8 ].  

  Fig. 32.4    Parallel great arteries in off axis view.  PA  
 pulmonary artery,  AO  aorta       

  Fig. 32.5    CMR beautifully demonstrates atrioventricular discordance, ventriculoarterial discordance associated with 
severe subvalve PS, large VSD. Right ventricular size and function accurately is measured by CMR       
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    Outcomes 

 The main predictor of poor outcome is the pres-
ence of left AV (TV) regurgitation. After com-
plete surgical repair, the median survival of cases 
that reach adulthood is 40 years. The usual causes 
of death are sudden arrhythmic death and also, 
commonly, progressive systemic RV dysfunction 
with signifi cant TR. Reoperation is common 
(15–25 %) [ 7 ].  

    Follow-up 

 All patients must    have at least annual follow-up 
visit with an expert CHD cardiologist consider-
ing echocardiography, CMR, and Holter moni-
toring [ 7 ,  8 ].       
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       Dictionary of Transposition 

  Atrioventricular discordance : Inappropriate and 
wrong connections of the morphological right 
atrium to the morphological left ventricle and the 
morphological left atrium to the right ventricle. 

  Ventriculo-arterial discordance : The pulmo-
nary artery arises from the morphological left 
ventricle, and the aorta arises from the morpho-
logical right ventricle. 

  Transposition of the great arteries : Refers to 
ventriculo-arterial discordance. The aorta arises 
from the morphological right ventricle, and the 
pulmonary artery arises from the morphological 
left ventricle. 

  D-loop : Refers to the normal rightward (dex-
tro = D) loop of the embryonic heart tube and 
indicates that the infl ow portion of the right ven-
tricle is to the right of the morphological left 
ventricle. 

  L-loop : Refers to a leftward (levo = L) 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. 

  Morphological ventricles : Morphological 
right and left ventricles refer to the anatomic fea-
tures of the chambers and not their positions 
(e.g., the morphological right ventricle is on the 
left in congenitally corrected transposition). 
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  Congenitally corrected transposition (ccTGA) : 
Atrioventricular discordance and ventriculo- 
arterial discordance. The right atrium enters the left 
ventricle, which gives rise to the pulmonary artery, 
and the left atrium enters the right ventricle, which 
gives rise to the aorta. Therefore, the circulation 
continues in the appropriate direction but fl ows 
through the incorrect, “wrong” ventricles [ 1 ,  2 ].  

    Defi nition and Morphology 

 This common cyanotic congenital heart defect 
(5–10 % of all CHD cases) is a cono-truncal 
abnormality characterized by ventriculo-arterial 
discordance in the presence of atrioventricular 
concordance. In most patients, the apex of the 
heart points to the left (levocardia). The aorta is 
usually located anterior and rightward to the pul-
monary artery, but any relationship between great 
arteries is possible [ 1 ,  3 ]. 

 Almost all patients have an interatrial commu-
nication, blood fl ow across which manages the 
amount of desaturation. 2/3 have a patent ductus 
arteriosus, and about 1/3 have an associated ven-
tricular septal defect. 

 Approximately 2/3 of cases have no major 
associated anomalies (simple transposition), and 
1/3 have associated abnormalities (complex trans-
position). The most common related abnormali-
ties are ventricular septal defect and pulmonary or 
sub-pulmonary stenosis. Nowadays, it is increas-
ingly being detected in utero. Without appropriate 
management, about 30 % of these newborns die 
within the fi rst week of life, and 90 % of these 
infants die within the fi rst year [ 1 – 4 ].  

    Pathophysiology 

 In this anomaly, the systemic and pulmonary cir-
culation operate in parallel not in series; thus this 
defect is incompatible with life without some 
mixing of two circulations (e.g., via ASD, 
VSD, or PDA). About one third of patients have 
associated intracardiac anomalies (complex 
transposition) [ 1 ,  2 ].  

    Clinical Presentation and Natural 
History 

 The history of the patients depends on the sever-
ity of cyanosis, presence of associated anomalies, 
and pulmonary vascular status. Dyspnea and cya-
nosis are usually present at birth. Without appro-
priate surgical treatment, about 90 % of the 
patients die in infancy, so almost all cases with 
this anomaly who reach middle age and adult-
hood have had prior reparative cardiac surgeries, 
though some with a large VSD and also pulmo-
nary vascular disease occasionally survive with 
Eisenmenger physiology [ 5 – 8 ].  

    Imaging 

 The echocardiography can detect this situation 
and associated anomalies (Figs.  33.1 ,  33.2  and 
 33.3 , Videos  33.1 ,  33.2 ,  33.3  and  33.4 ) .  Prenatal 
diagnosis can affect morbidity and mortality 
[ 8 – 10 ]. 

    CMR and radionuclide ventriculography can 
reliably evaluate the ventricular size and function 
[ 1 – 3 ,  6 ] (Fig.  33.4  and Video  33.5 ) . 

       Treatment 

 Prostaglandin E1 infusion or atrial septostomy 
can increase arterial saturation. Surgery in 
infancy is often necessary for survival.
    A.     Atrial switch (Senning and Mustard 

techniques)  
 These operations were the fi rst techniques 

that were developed for this anomaly. In the 
Senning procedure, atrial redirection is made 
by atrial tissue, but in Mustard procedure, it is 
made by a Dacron or pericardium. The atrial 
switch produces “physiologic correction”; 
thus the morphological RV undergoes sys-
temic circulation. Potential sequelae of this 
procedure are baffl e obstruction, baffl e leak, 
systemic RV dysfunction, systemic AV valve 
regurgitation, and arrhythmias. In patients 
suffering from signifi cant systemic RV 
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 dysfunction after atrial switch operation, con-
version to arterial switch may be considered. 
Atrial switch is now rarely performed and has 
been largely replaced by arterial switch 
operation.   

   B.     Arterial switch:  In this newer technique, the 
arterial trunks are transected above the sinus 
and reconnected to the contralateral roots. 
The coronary arteries are also anastomosed to 
the neoaorta. This is a challenging technique 
but produces “anatomic correction,” and 

 incidence of complication is lower than atrial 
switch. Potential sequelae of the procedure 
are coronary occlusion, supravalvular aortic 
or pulmonary stenosis, aneurysm of ascend-
ing aorta, and neoaortic valve regurgitation.   

   C.     Rastelli procedure:  This operation may be 
performed in infants with d-TGA plus VSD 
and pulmonary obstruction and consists of a 
RV to PA conduit plus LV to aorta tunneling. 
Potential sequelae are RV conduit and LV 
tunnel obstruction [ 1 ,  6 ,  13 ].      

  Fig. 33.1    Apical 4   -chamber 
view showing D-loop 
ventricle associated with a 
large VSD. RV right ventricle, 
LV left ventricle, LA left 
atrium, RA right atrium       

  Fig. 33.2    Showing D-loop 
ventricle associated with 
transposed great arteries and 
anteriorly located aorta (AO). 
RV right ventricle, LV left 
ventricle, LA left atrium, RA 
right atrium, PA pulmonary 
artery       
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    Follow-up 

 All patients, irrespective of the type of prior 
 surgery, must have a clinical evaluation yearly or 

at least every 2 years. Imaging study by 
 echocardiography (or MRI) allows an anatomic 
and hemodynamic precise assessment and also 
exercise testing for detection of some arrhyth-
mias, occult coronary artery disease, and also 
functional capacity. Intermittent Holter monitor-
ing permits detection of sinus node disease and 
also atrial arrhythmias. Most patients require 
endocarditis prophylaxis unless they have had an 
atrial switch surgery and have no residual valve 
disease or outfl ow tract stenosis and disturbance 
[ 6 – 8 ].  

    Mustard and Senning Procedures 

 The Mustard    and Senning repair procedures for 
transposition of great arteries (TGA) are similar 
which were named after the surgeons who fi rst 
did the operation. In both operations, the sur-
geons make a two-way baffl e at the top portion of 
the heart. This baffl e does as a bridge between 
two sides of the heart. In the Senning surgery, the 
baffl e is created via patient’s own tissue; however 
in the Mustard surgery, a synthetic and artifi cial 
material is used. These    are called atrial switch 
surgeries, because they allow the blood to reach 
the ventricles [ 1 ,  10 ,  11 ]. 

 Dr. Ake Senning of Sweden performed 
Senning procedure in 1957 for the fi rst time, and 
also Dr. William Mustard performed the fi rst 

  Fig. 33.3    D-loop transposed    
great arteries as anterior aorta 
and posterior pulmonary 
artery associated with ASD. 
ASD atrial septal defect, 
AO aorta, PA pulmonary artery       

  Fig. 33.4    CMR    reliably demonstrates the ventricular 
and arterial looping besides the ventricular size and func-
tion. RV right ventricle, LV left ventricle, AO aorta, 
PA pulmonary artery       
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Mustard procedure in Canada, in 1963. In over-
all, Senning was more common in Europe, and 
the Mustard was more used in the United States 
and Canada. Of course nowadays, the operation 
that is performed for TGA is called an arterial 
switch in which the surgeon detaches and reat-
taches the heart’s great arteries to generate more 
normal fl ow [ 4 ,  6 ,  13 ]. 

 There are three types of complications and 
problems that patients with a history of Mustard 
and Senning repair face with them:
    1.    Arrhythmia   
   2.    Baffl e complications   
   3.    Heart failure     

    Arrhythmias 

 In addition to congenital heart’s electrical 
 system abnormalities in TGA patients, the scar 
lines from previous surgery can also cause 
important electrical problems. Sometimes the 
sinus node is damaged and causes sick sinus 
syndrome. Up to 1/4 of Mustard-Senning cases 
have a pacemaker by adulthood. On the other 
hand, some TGA patients experience tachycar-
dia, due to fi ring of some electrical system parts 
after surgery. 

 Ablation or appropriate medication can be 
used to manage heart rhythm problems. If the 
problem is life-threatening, a defi brillator can be 
implanted. 

 Radio-frequency ablation for atrial arrhyth-
mias is technically more challenging because of 
the complex anatomy, atrial scar, and presence of 
artifi cial tissue. The reported success rates are 
about 70 % [ 3 ,  4 ,  13 ,  14 ].  

    Baffl e Complications 

 Over time the made baffl es in the Mustard- 
Senning repairs can develop some problems. 
Sometimes they become too stenotic. Nowadays 
it can be treated nonsurgically by an insertion of 
stent. Of course if a stent cannot fi x the problem, 
surgery is needed. Also, importantly, baffl es can 
leak over time. Usually, these leaks do not need 
treatment, unless they are large; it is possible to 

use a covered stent to stop blood leaks in the 
baffl e. Echocardiography has a main role in 
diagnosis and management of these mechanical 
baffl e complications as is explained as follows 
[ 4 ,  13 – 15 ].  

    Heart Failure 

 After a Mustard or Senning repair, the right ven-
tricle acts as a systemic ventricle. So, over time, 
the heart failure symptoms and signs can develop; 
according to previous studies, about 10 % of 
TGA post Mustard-Senning patients experience 
heart failure in follow-up [ 1 ,  13 ,  14 ].   

    Echocardiography 

 In the d-TGA patients who are repaired by 
atrial baffl e procedure, comprehensive echocar-
diographic imaging is needed in a regional 
ACHD center to evaluate the anatomy and 
hemodynamics. 

 The SVC anastomosis is patent if contrast 
injected into a peripheral arm vein promptly 
enters the SVA. In obstruction at the SVC, azy-
gous or other collaterals to IVC will cause con-
trast to fi rst enter the IVC and then to SVA.
•    IVC obstruction may cause hepatic conges-

tion or even cirrhosis.  
•   Baffl e leaks occur in up to 25 % of patients.  
•   Pulmonary venous obstruction may also occur 

but is less common.  
•   In many mature patients, the SVC pathway is 

not visible on any surface scans, and TEE is 
required to assess this pathway.    
 Apical 4C view is usually the most informa-

tive initial scan by 2D, CFI, Doppler, and also 
contrast study (Figs.  33.5  and  33.6 , Videos  33.6  
and  33.7 ).

    Contrast injection help detect baffl e leaks 
which commonly occurs after atrial switch. 

 The most common early structural compli-
cations include baffle obstruction, which most 
commonly affects the superior limb rather 
than the IVC that may result in “superior vena 
cava syndrome” [ 1 ,  6 ,  9 ,  10 ] (Video  33.8  and 
 33.9 ).
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•    CFI is useful to confi rm laminar fl ow through 
the reconstruction and to detect stenoses or 
residual shunts.  

•   Successful procedures have larger RV resem-
bling LV with small LV resembling RV.  

•   Vena cava and pulmonary venous obstruc-
tion (defi ned as turbulent non-phasic fl ow in 
the baffl es with peak velocity >1 m/s and 
mean PG > 2–3 mmHg) is best assessed from 
apical 4C.    
 The assessment of RV function is challenging, 

and the most commonly used modality is still 2D 

echocardiography (TTE), though qualitative 
rather than quantitative due to the complex geom-
etry and anatomy of the RV. Other echo-Doppler 
parameters can also be measured, such as the 
myocardial performance index and the dP/dT (by 
the use of the tricuspid valve regurgitant veloc-
ity). Nowadays, a tissue Doppler measurement of 
myocardial acceleration during isovolumic con-
traction (isovolumic myocardial acceleration) 
has been reported and can be a sensitive, reliable, 
and noninvasive method of studying the RV con-
tractility that is less load dependent compared to 

  Fig. 33.6    Patent systemic 
venous chamber with no 
leakage as demonstrated in 
right-hand contrast injection       

  Fig. 33.5    Transthoracic echocardiography in 4-chamber view showing pulmonary venous chamber drains to the mor-
phological RV with no obstruction in 2D study. RV right ventricle, LV left ventricle       
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other echocardiographic parameters. Other imag-
ing modalities consist of radionuclide methods 
and angiography or magnetic resonance imaging 
[ 3 ,  6 ,  9 ]. 

 Contrast echocardiography was also used in 
postoperative assessments. The technique was 
useful in identifying patch leaks and also residual 
defects after Senning and Mustard operations or 
after closure of atrial and ventricular septal 
defects and for assessing the patency of superior 
vena cava course and anastomosis sites. Most 
patients were found to have no superior vena cava 
obstruction by contrast echocardiography after 
the Senning or Mustard procedure [ 9 ,  10 ,  15 ,  16 ].  

    Pregnancy 

 Most women with TGA post Mustard-Senning 
can safely undergo pregnancy and also delivery. 
The exceptions are when there is heart failure, pul-
monary hypertension, and uncontrolled rhythm 
problems. All    pregnant women with TGA should 
be followed up by a special maternal fetal health 
team and also ACHD team that are working 
together. Of course a few number of women with 
TGA experience new problems with heart failure 
or arrhythmia during pregnancy [ 2 ,  3 ,  11 ,  12 ].      
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       Defi nition 

 The Fontan operation is a palliative surgical pro-
cedure for patients suffering from univentricular 
circulation, although initially it was designed for 
patients with tricuspid atresia. The Fontan oper-
ation has several variations that  connecting the 
whole systemic venous return to the pulmonary 
artery is common point between them:
    A.    Classic Fontan (atriopulmonary connection): 

It is a direct connection between the right 
atrium and the pulmonary artery.   

   B.    Extracardiac Fontan: In this subtype, the 
inferior vena cava (IVC) is connected to the 
pulmonary artery using an extracardiac con-
duit, and the superior vena cava (SVC) is 
connected to the pulmonary artery as in the 
 bidirectional Glenn.   

   C.    Lateral tunnel: The difference between this 
subtype and the extracardiac Fontan is that 
the IVC is connected with a baffl e within the 
right atrium to the right atrial appendage or 
the lower portion of the SVC, which is con-
nected to the pulmonary artery.   

   D.    Fenestrated Fontan: In this subtype, a fenes-
tration is created in the atrial patch or baffl e 
allowing right-to-left shunting and decom-
pression of the Fontan circuit and maintain-
ing adequate cardiac output.   

   E.    Right atrial-right ventricular Fontan: In this 
operation, a conduit is created between the 
right atrium and the right ventricle [ 1 ,  2 ].      
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    Complications of the Fontan 
Procedure 

 Some of the more common complications in 
Fontan patients include arrhythmias, thrombosis 
and stroke, protein-losing enteropathy, right pul-
monary artery compression or obstruction due to 
an enlarged right atrium, Fontan obstruction, 
ventricular dysfunction and valvular regurgita-
tion, hepatic dysfunction, and cyanosis [ 3 ].  

    Postoperative Work-up 

 The postoperative work-up for Fontan patients 
consists of electrocardiography, exercise testing, 
imaging modalities [echocardiography, com-
puted tomography (CT), magnetic resonance 
imaging (MRI), and occasionally cardiac cathe-
terization], and blood tests (serum albumin, liver 
function tests, and, if the protein-losing enter-
opathy is suspected, alpha1-antitrypsin clear-
ance) [ 4 ,  5 ].  

    Electrocardiography 

 Sinus rhythm, atrial fl utter, atrial fi brillation, junc-
tional rhythm, and also complete heart block can 
be present. The QRS complex width and vector 
refl ect the basic underlying cardiac malformation. 
In    patients with tricuspid atresia, left-axis devia-
tion is the role. In patients with univentricular 
hearts, the conduction pattern varies extensively 
and depends on the morphology and relative posi-
tion of the small and rudimentary chamber.  

    Imaging 

 Imaging of the Fontan anastomoses is often dif-
fi cult. Evaluation is facilitated by knowing the 
specifi c procedure subtype. Echocardiography 
generally is the fi rst-line diagnostic modality for 
the evaluation of Fontan patients and is employed 
for the assessment of Fontan connections, fenes-
trations, baffl e leaks, thrombi, pulmonary veins, 

valvular and ventricular functions, and aortic to 
pulmonary collateral fl ows. Normally the pulmo-
nary arterial fl ow is biphasic with one peak in 
systole and another larger peak in diastole. The 
velocities are augmented with inspiration. The 
hepatic veins are always dilated to some extent, 
particularly in the presence of a systemic venous 
obstruction [ 6 ,  7 ]. 

 Also TTE can help in assessing of systemic 
ventricle function; of course, all studies show 
reduced parameters of systolic and diastolic 
function including strain and strain rate and also 
tissue velocities in all patients with single ventri-
cle physiology irrespective of procedure per-
formed or patient’s condition; AV valve 
regurgitation is studied by TTE too [ 8 ,  9 ]. 

 The imaging of the classic Fontan by transtho-
racic echocardiography is generally diffi cult. 
Transesophageal echocardiography is frequently 
done to assess the patency of anastomosis sites 
and to detect thrombus within the right atrium 
(Videos  34.1 ,  34.2 ,  34.3 , and  34.4 ). An extracar-
diac Fontan is even more diffi cult to assess with 
echocardiography. 

 Superior and inferior venae cavae biphasic 
and pulmonary artery triphasic fl ow patterns 
indicate unobstructed fl ow in the Fontan circuit 
[ 9 ], while a mean gradient between the Fontan 
circuit and the pulmonary artery of 2 mmHg or 
more can represent important obstruction. Study 
of the pulmonary vein fl ow pattern is important 
in detecting pulmonary vein obstruction (right 
pulmonary veins > left pulmonary veins) occa-
sionally caused by an enlarged right atrium. 

 The all mentioned characteristics of Fontan 
circuit and also fenestration can be visualized by 
2D and color fl ow imaging study by TTE and 
TEE [ 10 ] (Video  34.5 ) (Figs.  34.1  and  34.2a ,  b ).

    Other imaging modalities such as CT and 
MRI may be used in these patients insofar as they 
assist with the evaluation of the pulmonary veins, 
differential pulmonary fl ow, and the collaterals 
(Fig   .  34.3 ).

   Cardiac catheterization in Fontan patients can 
evaluate ventricular and valvular function, hemo-
dynamics such as pulmonary vascular resistance, 
and Fontan obstruction (Figs.  34.4  and  34.5 ).
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  Fig. 34.1    Transesophageal 
echocardiography showing 
circular structure which is a 
cross section of the lateral 
tunnel with signifi cant 
stagnant fl ow through it. 
 LA  left atrium,  LV  left 
ventricle,  RV  right ventricle       

a b

  Fig. 34.2    ( a ,  b ) Transesophageal echocardiography is frequently done to assess the patency of the SVC and IVC anas-
tomosis and to detect any thrombus within the right atrium.  SVC  superior vena cava,  IVC  inferior vena cava       

  Fig. 34.3    CMR in a patient with lateral tunnel denotes 
signifi cant stasis with no thrombosis (Video 34.6)       

  Fig. 34.4    Injection in Fontan pathway shows jaggy and 
toothed borders of extracardiac conduit; also there is neg-
ative washout in Glenn shunt course suggestive of patent 
Fontan circuit       
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        Medical Treatment 

 There is no consensus about the use of anticoagu-
lation in all Fontan patients. Nevertheless, antico-
agulation is defi nitely indicated when there is 
right atrial thrombosis, atrial arrhythmias, or 
thromboembolism. Sustained arrhythmias should 
be considered a medical emergency. Treatment 
for protein-losing enteropathy comprises salt 
restriction, protein diet, diuretics, and ACE inhib-
itors. Other modalities include steroid use, albu-
min infusion, and creation of fenestration [ 3 ,  5 ].  

    Surgical Treatment 

 For patients with a failing Fontan, surgical inter-
vention should be considered. It is comprised of 
conversion of the classic Fontan to a total cavopul-
monary connection (using a lateral tunnel or an 
extracardiac connection). These reoperations, 

however, have signifi cant mortality and morbidity. 
Catheter intervention may be used for the closure 
of the fenestration in patients suffering from fl ow 
obstruction. As the fi nal resort in some patients, 
cardiac transplantation may be required [ 5 ].  

    Follow-up 

 Close and expert    follow-up is suggested, with 
specifi c attention to ventricular function and 
systemic AV valve regurgitation presence and 
severity. The development of atrial tachyar-
rhythmia must prompt a search for probable 
obstruction at the Fontan anastomosis, right pul-
monary vein stenosis, or also thrombus within 
the right atrium [ 3 ].      
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       Defi nition and Morphology 

 Congenital aortic valve stenosis (AS) is a rela-
tively common anomaly. Congenital    AS occurs 
much more commonly in men, with a male to 
female ratio of 4:1. Related cardiac anomalies 
have been seen in up to 1/5 of patients. Patent 
ductus arteriosus (PDA) and coarctation of the 
aorta happen most often with AS [ 1 ]. 

 Aortic valve (AV) may be unicuspid, bicuspid, 
or tricuspid or even a dome-shaped diaphragm. 
Unicuspid valves produce severe stenosis and are 
the most common anomaly found in valvular AS in 
children younger than 1 year. Congenitally bicuspid 
valves might be stenotic due to commissural fusion 
at birth, but more often they don’t create severe 

 stenosis in childhood and adolescence. A subgroup 
of cases with a bicuspid AV develops important 
 aortic regurgitation (AR) demanding valve surgery. 
But most patients have normal function of valve 
till late in life, and superimposed calcifi c changes 
result in valve  stenosis. When the AV obstruction is 
 hemodynamically important, concentric hypertro-
phy of the left ventricular (LV) wall and also 
 dilatation of the ascending aorta occur gradually. 

 Aortic dilation is present in more than 1/2 of 
young patients with normally functioning bicuspid 
AV. Aortic dilation must be monitored carefully with 
echocardiography. The section of maximal dilata-
tion frequently involves the mid- part of ascending 
aorta but can also contain the aortic sinuses [ 1 – 3 ].  

    Clinical Findings and Physical 
Examination 

 In overall the children are asymptomatic; exercise 
fatigue and chest pain are unusual complaints and 
happen only when the stenosis is severe. The 
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 fundamental manifestations in adults are exer-
tional dyspnea, angina, syncope, and fi nally heart 
failure. Most of the patients now are diagnosed 
before the onset of symptoms according to the 
fi nding of a systolic murmur on physical exami-
nation, with confi rmation by echocardiography. 
In cases with bicuspid AV stenosis, symptoms 
typically occur at age 50–70 years though even in 
older age group, about 40 % of AS patients have a 
congenital bicuspid valve [ 1 ,  2 ]. 

 The most common clinical presentation is a 
gradual decrease in exercise tolerance, fatigue, or 
dyspnea on exertion because of LV diastolic dys-
function, with too much rise in end-diastolic 
pressure leading to pulmonary congestion, and 
also due to restricted ability to increase cardiac 
output with exercise. More severe exertional dys-
pnea, orthopnea, paroxysmal nocturnal dyspnea, 
and fi nally pulmonary edema are late symptoms 
in cases with untreated AS [ 1 – 3 ]. 

 Angina happens in approximately 2/3 of cases 
with severe AS, about 1/2 of them have associ-
ated signifi cant coronary artery disease; angina 
usually results from the combination of the 
increased oxygen needs of hypertrophied myo-
cardium and decrease of oxygen delivery second-
ary to the excessive compression of coronary 
vessels. 

 Syncope is most commonly produced by the 
reduced cerebral perfusion that happens during 
exertion when arterial pressure declines resulting 
in systemic vasodilation in the presence of a fi xed 
cardiac output and also due to baroreceptor mal-
function in severe AS. Syncope at rest may be 
caused by transient atrial fi brillation (AF) or due 
to transient atrioventricular block created by 
extension of the calcifi cation of the AV into the 
conduction system [ 1 – 4 ]. 

 Other late fi ndings in patients with isolated AS 
include AF, pulmonary hypertension, and sys-
temic venous hypertension. Of course, AS may 
be responsible for sudden cardiac death; this typ-
ically happens in cases who had formerly been 
symptomatic. 

 On physical examination, a sustained LV api-
cal impulse with a fourth heart sound (S4) is a 
marker of severe stenosis. The slowly rising and 
low-volume carotid arterial pulse of severe AS 

can be noted in younger patients, but changes in 
arterial compliance frequently mask these fi nd-
ings in older patients. In younger patients with 
congenital AS, the fl exible valve can result in an 
accentuated A2, and S2 may be normally split, 
even with severe valve obstruction. In addition, 
an aortic ejection sound can be audible due to 
halting upward motion of the AV and disappears 
when the leafl ets become severely calcifi ed. So, it 
is frequent in children and young adults with con-
genital AS but is unusual in adults with acquired 
calcifi c and rigid AS [ 1 ,  2 ]. 

 The harsh systolic murmur of AS, loudest at 
the base of the heart and radiating to both carot-
ids, is frequently but not always prominent and 
noticeable. Low-output states and also obesity 
can mask the fi ndings. The murmur may radiate 
toward the apex, but the harsh component is van-
ished [ 1 ].  

    Electrocardiography 

 LV hypertrophy with or without strain is the hall-
mark point [ 1 ].  

    Chest Radiography 

 Cardiac ratio is overall normal or slightly 
increased    in patients with congenital AS [ 1 ,  2 ].  

    Echocardiography 

 2D echocardiography delivers detailed informa-
tion about the morphology of the AV, the LV 
function, and the presence or absence of related 
left-sided lesions. Doppler echocardiography is 
used to determine the severity of AS and the pres-
ence of associated AI. 

 Also comprehensive echocardiographic 
assessment should be done for patients with 
bicuspid AV; echocardiographic characteristic 
features include systolic doming with eccentric 
closing line of two visible cusps in the paraster-
nal long-axis view and a single commissural line 
with two functional cusps in the parasternal 
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short-axis view. Specifi c care should be taken in 
studying the valve in both systole and diastole. 
Because    in some patients with asymmetric leaf-
lets and a noticeable and evident raphe, the valve 
can seem tricuspid in diastole; but the oval foot-
ball shape of the systolic appearance of orifi ce 
indicates bicuspid AV [ 1 ,  4 ,  5 ] (Fig.  35.1 ).

   The leafl ets often are thickened and fi brotic 
and calcifi ed with increasing age. With extensive 
calcifi cation, it may be diffi cult to distinguish 
stenotic tricuspid from bicuspid AV [ 4 ,  5 ] 
(Fig.  35.2 ).

   Also, Doppler provides peak instantaneous 
gradients which are higher than the peak-to-
peak gradients derived from cardiac catheter-
ization. Mean gradients as determined by 
Doppler and catheterization associate closely 
(Fig.  35.3 ).

   Also, importantly, aortic dilation is present in 
more than 1/2 of young patients with normally 
functioning bicuspid AV in echocardiographic 
study. Aortic dilatation must be monitored and 
followed up carefully by echocardiography. The 
section of maximal dilatation frequently is seen 
in the mid-part of ascending aorta but can also 
contain the aortic sinuses. If the images of trans-
thoracic echocardiography are limited, alterna-
tive imaging studies should include TEE, CT, or 
CMR. According to ACC/AHA guidelines, aor-
tic root replacement is suggested for cases with a 
bicuspid AV whose aortic root size is 5 cm or 
larger [ 1 ,  5 ].  

  Fig. 35.1    Oval   -shaped opening of the bicuspid aortic valve 
(BAV) in parasternal short-axis view; note the evaluation 
was done in systole ( arrow ).  LA  left atrium,  RA  right 
atrium,  RVOT  right ventricular outfl ow tract (Video  35.1 )       

  Fig. 35.2    Transesophageal echocardiography showing 
thickened and calcifi ed BAV in short-axis view ( arrow ). 
 LA  left atrium,  RA  right atrium,  RVOT  right ventricular 
outfl ow tract (Video  35.2 )       

  Fig. 35.3    ( a ,  b ) The max gradients should be evaluated by searching in all available windows.  RT PS  right parasternal 
always should be used       

 

 

 

35 Congenital Aortic Valve Stenosis



278

    Catheterization 

 Nowadays, cardiac catheterization is rarely used 
to confi rm the site and grade of severity of 
obstruction to LV outfl ow. Of course, catheteriza-
tion is carried out when interventional therapeu-
tic balloon aortic valvuloplasty is planned [ 5 – 7 ] 
(Fig   .  35.4 ).

       Management and Follow-up 

 Nowadays, therapeutic balloon aortic valvulo-
plasty has virtually replaced primary surgical val-
votomy in children. Of course, aortic valvotomy 
is a so safe and effective palliative surgery with 
excellent results in relief of symptoms. AI can 
infrequently be progressive and need valve 
replacement. Furthermore, after valve commis-
surotomy, the valve leafl ets remain deformed, 
and progressive degenerative changes containing 
calcifi cation will cause important stenosis in 
future years. So prosthetic AV replacement is 
needed in about 35 % of cases within 15–20 years 
of the fi rst operation. For those adolescents 
requiring AV replacement, the surgical options 
consist of replacement with a mechanical AV, an 
aortic homograft, or a pulmonary autograft in the 
aortic position (Ross procedure). Collecting evi-
dence shows that the pulmonary autograft may be 
better than the aortic homograft. In the Ross 

 technique, the patient’s pulmonary valve is 
removed and used to replace the diseased AV, and 
the right ventricular outfl ow tract is recreated 
with a pulmonary valve homograft [ 6 – 8 ].  

    Quadricuspid Aortic Valve 

    Defi nition and Diagnosis 

 Quadricuspid aortic valves (QAV) are infrequent 
but well-recognized reason of important aortic 
valve insuffi ciency (AI). The fi rst instance was 
reported in 1862. Generally QAV cases traditionally 
have been exposed incidentally in surgery or post-
mortem study; however, with advances in echocar-
diographic studies, many cases are now being 
diagnosed antemortem. The preoperative identifi ca-
tion of QAVs is important as they can be related 
with abnormal coronary arteries’ ostium. Using    the 
transesophageal echocardiography (TEE) is so 
helpful in the diagnosis, because a higher-frequency 
transducer is used, and also it is at closer proximity 
to the heart. In diastole, in the short-axis view of the 
aortic valve (AV), the commissural lines of adjacent 
cusps result in an X conformation rather than the Y 
shape of the normal tricuspid AV [ 9 – 11 ] (Fig.  35.5 ; 
Videos  35.4  and  35.5 ).

   Though the echocardiographic studies may pro-
pose the size of the cusps of AV, they do not corre-
late with surgical fi ndings, always. TEE has also 

  Fig. 35.4    The catheter course is arterial; injection was 
performed in aortic root and showed doming of AV cusps 
due to bicuspid aortic valve (Video  35.3 )       

  Fig. 35.5    Quadricuspid aortic valve in short-axis trans-
esophageal echocardiography associated with signifi cant 
aortic regurgitation       
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revealed displacement of coronary ostium. Newly, 
cine magnetic resonance imaging (MRI) has also 
been used for the diagnosis of QAV and the associ-
ated lesions. Hurwitz and Roberts defi ned the seven 
common anatomic variants of QAV depending on 
the size of the leafl ets. Of course, more than 85 % 
of the reports are of type A, B, and C [ 12 ].  

    Presentation and Outcome 

 AI usually develops due to fi brotic thickening 
with incomplete coaptation of leafl ets. Indeed, 
with the unequal distribution of stress on cusps 
and also abnormal leafl et coaptation, AI may 
occur. AI is not frequently seen in young cases 
with QAVs. Aortic stenosis (AS) may be present 
but is uncommon and rare. In one of the previ-
ously reported studies, of 108 patients with QVA, 
73 had pure AI and 28 cases were normal, and in 
7 cases there was evidence of mixed AI and AS; 
in no case there was pure AS (Video 35.6). Of 
course, it appears that valvular dysfunction has a 
tendency to deteriorate in adult life and often 
needs surgery around the sixth decade. The defi -
nite risk of infective endocarditis (IE) is not clear, 
but there have been documented cases of IE 
affecting a QAV [ 13 ,  14 ].  

    Associated Abnormalities 

 Anomalies of coronary artery ostium and course 
represent in less than 1 % of all congenital heart 
disease and can associate with QAV. So for sur-
geon, it is important to be aware and conscious of 
any displacement of the coronary artery origin to 
prevent ostial obstruction during fi xing of the 
prosthetic AV ring. Also, QVAs have been 
reported in association with other abnormalities, 
including nonobstructive hypertrophic cardiomy-
opathy, ventricular septal defect, pulmonary 
valve stenosis, fi bro-muscular subaortic stenosis, 
supravalvular stenosis, and left coronary artery 
atresia. Fenestrations of the aortic cusps in QAV 
are seen with advancing age. In addition, QVA 
has also been reported in association with 
 Ehlers- Danlos syndrome [ 14 ].  

    Management 

 When a QAV is found    on echocardiography, 
 follow- up study is needed as progress to severe 
AI is to be expected. Valves with four equal cusps 
are not less likely to develop signifi cant AI. There 
are a few confi rmed cases of IE affecting a QAV, 
so IE prophylaxis is recommended [ 12 – 14 ].       
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       Morphology 

    Discrete Fibromuscular 

 This lesion includes a ridge or fi brous ring encir-
cling the left ventricular (LV) outfl ow tract in 
varying distances from the aortic valve (AV). 
This fi brous process usually extends onto the AV 
leafl ets and almost always makes contact with 
the ventricular aspect of the anterior mitral valve 
(MV) leafl et at its base.  

    Focal Muscular 

 Infrequently there is no fi brous component, but a 
focal muscular obstruction on the ridge of the 
interventricular septum is present [ 1 ,  2 ].  

    Associated Lesions 

 In some patients, valvular and subvalvular aor-
tic stenoses (AS) co-occur with hypoplasia of 
the AV annulus and thickened AV leafl ets, mak-
ing a tunnellike narrowing of the left ventricular 
outfl ow tract (LVOT) and also sometimes a small 
ascending aorta. Also the combination of dis-
crete fi bromuscular subaortic stenosis and VSD 
should be supposed in VSDs with some concom-
itant anterior malalignment of the aorta and a 
more acute aorto-septal angle. These hearts often 
develop sub-pulmonary stenosis too. Sometimes, 
accessory endocardial cushion tissue is present 
in LVOT in concomitant with cleft in anterior 
MV leafl et; these forms of obstruction are seen 
more frequently in those cases with abnormal 
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ventriculo- arterial connection and VSD such as 
double-outlet right ventricle (RV) and transposi-
tion of great arteries [ 2 ].   

    Clinical Features 

 Subaortic stenosis is usually identifi ed as second-
ary lesions in those cases with important associated 
lesions. Also other patients are referred with a sys-
tolic murmur for study. In patients with a gradient 
through their LVOT, there is an ejection systolic 
murmur heard alongside the lower left sternal bor-
der (LSB) with the lack of an ejection click [ 2 ].  

    Electrocardiography 

 Only it showes LV hypertrophy (LVH) if the 
obstruction is signifi cant [ 1 ,  2 ].  

    Chest Radiology 

 CXR is usually unhelpful in these patients [ 1 ].  

    Echocardiography 

 Echocardiography is the present standard diag-
nostic instrument in this lesion, it not only can 
accurate delineation of the causes of obstruction, 
but it provides comprehensive data regarding 
related lesions. Generally, the parasternal long- 
axis view is key to providing a precise diagnosis 
(Fig.  36.1 , Videos  36.1 ,  36.2  and  36.3 ).

   The probable presence of mitral aortic discon-
tinuity, the distance of a fi bromuscular ridge to the 
AV, the occurrence of accessory obstructive tissue, 
and the sizes of the aortic annulus and root all are 
well imaged in this view. In addition, color fl ow 
mapping provides the documentation of associated 
AV regurgitation. The extension of a fi bromuscu-
lar ridge to the anterior MV leafl et is best seen in 
the apical fi ve-chamber view. This also permits the 
best site for pulsed or continuous- wave Doppler 
assessment of the maximum  gradient across the 
AV and LVOT. Aortic regurgitation is seen in 

40–60 % of patients mostly due to leafl et trauma 
from the high-velocity subaortic jet. Sometimes 
TEE plays a central role in defi ning the pathology 
(Fig.  36.2 , Video  36.4 ) [ 1 – 4 ].

       Cardiac Catheterization 

 This technique is not important in study of this 
lesion. Although balloon dilation has been tried, 
it is in general believed that this is a totally 
 surgical lesion [ 4 ,  5 ] (Fig   .  36.3 ).

  Fig. 36.1    Parasternal    long-axis view showing a discrete 
fi brous ring encircling the left ventricular ( LV ) outfl ow tract 
with extension to the anterior MV leafl et ( white arrows ). 
 LA  left atrium,  AO  aorta       

  Fig. 36.2    Parasternal    long-axis view in transesophageal 
echocardiography showing fi bromuscular ridge encircling 
the left ventricular ( LV ) outfl ow tract ( white arrow ) with 
extension to the anterior MV leafl et.  LA  left atrium, 
 AO  aorta,  RVOT  right ventricular outfl ow tract       
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       MRI 

 Generally   , MRI is unnecessary, except if there 
are some problems in obtaining the needed infor-
mation by echocardiography [ 4 ].  

    Interventional Options 

 Subvalvular stenosis is mainly a surgical disease, 
and intervention is necessary. Sixty    percent of 
patients with SAS are assessed in infancy and 
have undergone surgery by the age of 18. 
Intervention is best done by a surgeon familiar 
with the spectrum of subvalvular stenosis and its 
long-term outcome and complications. It is 
important that symptoms are not consistently 
indicative of the severity of stenosis [ 5 – 7 ]. A gra-
dient of >50 mmHg has a poor outcome without 
treatment, and thus, even in the absence of symp-
toms, surgery and resection should be suggested 
when the peak gradient is signifi cantly elevated. 
In general consensus from multiple surgical stud-
ies tends to favor earlier rather than later inter-
vention (>30 mmHg mean gradient). Most 
procedures are successful in the short term, per-
fectly with no residual obstruction. Of course, 
more resection increases the risk of atrioventricu-
lar (AV) conduction block, injury to the MV leaf-
lets or its support apparatus, or formation of a 
ventricular septal defect (VSD). For tunnellike 
stenosis, LVOT enlargement with placement of a 
patch is classic [ 6 – 8 ].  

    Outcomes and Follow-up 

 Immediate complications post-surgery consist of 
complete AV block, making a VSD, or mitral 
regurgitation from intraoperative injury to the 
MV apparatus. Long-term complications consist 
of recurrence of fi bromuscular subvalvular 
obstruction (up to 20 %). Signifi cant aortic regur-
gitation is not uncommon (up to 25 % of cases). 
As a late outcome, in some cases with acquired 
AV stenosis, balloon dilation is the treatment of 
choice. Particular attention should be paid to 
cases with residual or recurrent subaortic stenosis 
or those with an associated bicuspid AV or impor-
tant    aortic regurgitation because they are most 
likely to need surgery fi nally. Endocarditis pro-
phylaxis must be used for prosthetic valves or in 
the presence of any residual lesions [ 7 – 10 ].      
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       Morphology and Clinical 
Presentations 

 Supravalvular aortic stenosis (sup AS) is the least 
common type of congenital left ventricular out-
fl ow tract (LVOT) obstruction. In the most com-
mon type of sup AS, there is a fi xed aortic 
narrowing originating from just above the sinus 
of Valsalva which extends along a variable length 
of the aorta (hourglass type); the membranous 
type is the result of a fi brous or fi bromuscular 
semicircular diaphragm with a small central 
opening in the lumen of the aorta, and diffuse 
hypoplasia of the ascending aorta illustrates the 
third type [ 1 ]. 

 The clinical aspect of sup AS differs from that 
observed in the other forms of congenital aortic 
stenosis. The main difference is the association 
of sup AS with idiopathic infantile hypercalce-
mia in the fi rst years of life and it can be related 
with disturbed vitamin D metabolism; also, sup 
AS is common in patients with Williams syn-
drome that will be mentioned as follows. 
Otherwise, sup AS is usually diagnosed during 
evaluation for murmur. Adult patients may pres-
ent with symptoms of LVOT obstruction, sys-
temic hypertension, or myocardial ischemia 
(owing to insuffi cient coronary artery blood fl ow 
which in turn results from anatomical coronary 
artery obstruction or limited non-epicardial coro-
nary fl ow due to myocardial hypertrophy) [ 1 – 3 ]. 

 Findings on physical examination might 
include any of the unequal pulse volume between 
the carotid arteries, unequal blood pressures 
between the upper limbs (blood pressure in right 
arm > in left arm), left ventricular apical heave, 
palpable thrill in the suprasternal notch, nor-
mal S1, accentuated A2 with the narrowly or 
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 paradoxically split of S2, fourth heart sound, and 
ejection systolic murmur best heard at the upper 
right sternal border radiating to the carotids but 
without an ejection click. 

    The discordance between the amplitude of the 
carotid and upper extremity arterial pulsations is 
caused by “Coanda effect” whereby when a high- 
velocity jet crosses through a curved obstruction, 
the direction of the blood fl ow curves and pro-
duces a preferential fl ow toward the direction of 
the obstruction [ 1 ,  3 ].  

    Williams Syndrome 

 Williams syndrome’s picture is created by the 
coexistence of the cardiac problems in the setting 
of a multisystem disorder. Beyond infancy in these 
cases, there is a challenge with vitamin D and 
calcium-loading abnormalities and also feeding 
diffi culties, failure to thrive, and gastrointestinal 
problems. The entire spectrum of clinical mani-
festations throughout their life includes auditory 
hyperacusis, inguinal hernia, a hoarse voice, a 
typical personality that is outgoing and engaging, 
intellectual impairment, narrowing of peripheral 
systemic and pulmonary arteries especially sup 
AS, strabismus, elfi n facies, and abnormalities 
in dental development consisting of microdontia, 
enamel hypoplasia, and malocclusion. 

 The most common conditions can complicate 
the course of Williams syndrome including sys-
temic hypertension, gastrointestinal problems, 
urinary tract abnormalities, progressive joint lim-
itation, and hypertonia. Adult patients are usually 
handicapped. Williams syndrome was formerly 
considered to be nonfamilial; however, new 
information indicates that a genetic defect for 
supravalvular aortic stenosis is located in the 
same chromosomal subunit as elastin (on chro-
mosome 7q11.23), and we know that elastin is an 
important component of the arterial wall [ 4 ,  5 ].  

    Electrocardiogram 

 The ECG manifestations of patients with sup AS 
depend on the severity of LVOT obstruction and 

the magnitude of coronary artery involvement. 
Accordingly, patients may show LV hypertrophy 
and secondary ST-T changes or ischemic abnor-
malities [ 5 ,  6 ].  

    Chest X-Ray 

 The chest x-ray is usually normal; however, there 
may be evidences of LV hypertrophy or asym-
metry of the aortic knob [ 1 ,  6 ].  

    Echocardiography 

 This is a valued technique for localizing the loca-
tion of stenosis in the supravalvular area 
(Fig.  37.1 ). Often the sinuses of Valsalva are 
dilated, but the ascending aorta and arch seem 
small or of normal size. Always, the size of the 
aortic annulus is more than that of the sino- 
tubular junction. Color fl ow Doppler study is 
helpful for identifying the level of stenosis. In the 
supra-aortic stenosis, turbulent fl ow originates 
above the AV (Video  37.1 ).

   Doppler study defi nes the site of obstruction 
but frequently overestimates the maximum gradi-
ent compared with that found in cardiac catheter-
ization (due to pressure recovery phenomena) 
(Fig.  37.2 ) [ 5 – 7 ].

  Fig. 37.1    Transthoracic apical 5-chamber view showing 
a discrete membrane above the aortic valve ( AV ), (Videos 
 37.2  and  37.3).  RV  right ventricle,  LV  left ventricle        

 

A. Sadeghpour and A. Alizadehasl



287

       Other Noninvasive Imaging 
Modalities 

 MRI/CT also can be used for the assessment of 
anatomy of aorta and hemodynamic measure-
ments across the obstruction. Assessment of cor-
onary involvement can be performed by 
noninvasive stress testing or more accurately by 
myocardial perfusion imaging [ 5 ,  7 ].  

    Cardiac Catheterization 

 Cardiac catheterization can be used for delinea-
tion of the obstruction anatomy and accurate gra-
dient measurements, as well as to defi ne the 
status of the coronary arteries. Frequently it also 
involves a study of the pulmonary artery branches, 
also the brachiocephalic, renal, and mesenteric 
arteries; all of them can be stenotic. However, 
transcatheter balloon angioplasty is not a treat-
ment option for these patients [ 5 ,  7 ].  

    Treatment 

 The obstruction (discrete or diffuse) in sup AS 
can be repaired surgically. No catheter-based 
techniques have been defi ned for this lesion. 

Percutaneous interventions may be applied for 
the treatment of coronary artery obstruction    and 
also, sometimes, aortic valvuloplasty and subaor-
tic resection in patients with sup AS [ 7 – 9 ].      
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       Background 

 Coarctation of the aorta (CoA) fi rstly was 
described by Morgagni in 1760 during the 
autopsy of a monkey as a segment of constriction 
in the distal aorta [ 1 ]. Jordan    (1827) and Reynaud 
(1828) provided more detailed pathoanatomic 
descriptions [ 2 ]. 

 The CoA is a common congenital heart disease 
(CHD) which with a prevalence of isolated forms of 
~3 per 10,000 live births accounts for 5–8 % of all 
CHD [ 3 – 5 ]. The word “coarctation” is taken from the 
Latin coartare, which means “to press together.” The 

aortic stenosis in CoA may be either localized in a 
single segment (known as discrete lesions) or fusi-
form and elongated over a hypoplastic portion of its 
length with an irregular lumen (known as tubular 
lesions). However, the latter is less common and its 
origin is mostly assumed to be infl ammatory or auto-
immune; thus it may be a variant of  Takayasu arteri-
tis . The localized constriction may result from a 
shelf- resembling structure which has an eccentric 
opening or from a membranous and curtain- 
resembling structure with an eccentric or central or 
opening. From the pathological point of view, CoA is 
defi ned as a constricted or narrowed segment of aorta 
resulted by a localized medial layer thickening and 
medial layer and its superimposed neointimal tissue 
enfolding [ 6 ]. The exact causes of CoA are not known. 
The most common theories include [ 1 ] postnatal con-
striction in the aberrant ductus tissue and [ 2 ] intrauter-
ine alterations of blood fl ow through the aortic arch. 

 From pathogenesis perspectives, all types of 
CoA can be called  juxtaductal . Whatever the eti-
ology, the present narrowing would restrict 
 normal forward fl ow across the aorta. 
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 In the typical CoA, obstruction is located in the 
thoracic aorta, just distal to origin of left subclavian 
artery and at about the level of the ductus arteriosus 
insertion site. However, other parts of the aorta 
such as the transverse aortic arch and the ascend-
ing, descending, and abdominal aorta could also be 
involved. Currently, CoA is assumed to be a part of 
a generalized arterial pathology and not merely as 
a circumscribed constriction of the aorta which 
persists even after treatment as a lifelong disease. 

 Concomitant cardiac or noncardiac abnor-
malities could be seen in as high as 50 % of CoA 
patients [ 7 – 9 ]. Associated cardiac lesions can be 
found in bicuspid aortic valve (in up to 85 % of 
patients); supravalvular, valvular, and subvalvular 
aortic stenosis; mitral valve lesions such as para-
chute mitral valve stenosis (this complex is defi ned 
as Shone syndrome); patent ductus arteriosus; 
ventricular septal defects; complex CHDs includ-
ing transposition of the great arteries; Taussig–
Bing anomaly; double-inlet left ventricle; 
tricuspid atresia; hypoplastic left heart syndrome; 
and circle of Willis cerebral artery aneurysm 
(berry aneurysm). The latter predisposes affected 
patients to the cerebrovascular events. CoA may 
also be seen in a variety of syndromes including 
Turner syndrome, Williams–Beuren syndrome, 
Noonan and congenital rubella syndromes, neu-
rofi bromatosis, and Takayasu arteritis    and also 
after trauma. Presence of CoA is extremely rare 
in patients who have severe right ventricular 
outfl ow tract obstructions including tetralogy of 
Fallot and pulmonary atresia with intact ventricu-
lar septum. CoA imposes a signifi cant afterload 
upon left ventricle, which subsequently causes 
an increased wall stress with compensatory LV 
hypertrophy and LV dysfunction, and also numer-
ous arterial collaterals would develop proximal 
to the obstruction. The presence of such abun-
dant collaterals may reduce the pressure gradi-
ent thorough the coarctation site and decrease 
the obstruction severity. A poststenotic dilatation 
segment which is located immediately distal to 
the coarctation is usually seen. Several intrinsic 
abnormalities have been reported in the medial 
layer of ascending and descending aorta includ-
ing early fragmentation of elastic fi bers, fi bro-
sis, and cystic medial necrosis [ 10 ], which may 

 predispose these patients to increased  stiffness 
of aorta and carotid arteries, blunted barorecep-
tor refl ex, and also increased brachial pulse wave 
velocity and may be related to eventual aneurysm 
formation and aortic dissection [ 11 ].  

    Pathophysiology 

 The hemodynamic consequences of CoA depend 
on the obstruction severity, concomitant cardiac 
defects, and compensatory cardiovascular mecha-
nisms. Only a little fraction of combined ventricu-
lar output (10 %) passes across the isthmus in the 
fetus, and thus, the minimum hemodynamic diffi -
culties are seen. After birth, ductus arteriosus 
closes, and hence, several hemodynamic distur-
bances would develop, which range from systemic 
hypertension to congestive cardiac failure and car-
diogenic shock. Obstruction in the aorta restricts 
LV output, leading to a signifi cant pressure over-
load and increased LV end-diastolic pressure. 

 In the neonates, the development of the pres-
sure load immediately after the ductus closure 
results in myocardial dilation and congestive car-
diac failure symptoms. Myocardial dysfunction, 
decreased stroke volume, and cardiogenic shock 
may result from a severe obstruction. Several 
compensatory mechanisms are activated to 
improve cardiac output, which include the Frank–
Starling mechanism, the renin–angiotensin sys-
tem, and the sympathetic system [ 8 ].    However, 
these mechanisms may not be effective enough 
in the neonatal immature myocardium [ 12 ] 
which has lower ß-adrenergic receptor innerva-
tion and LV compliance compared with the adult 
myocardium. LV hypertrophy, as a compensa-
tory mechanism, may also occur with chronic or 
gradual obstruction. Furthermore, patients with 
CoA exhibit several vascular abnormalities in 
the proximal and distal vessels to the obstruc-
tion [ 13 ]. The vessels proximal to the obstruction 
have impaired distensibility and enhanced reac-
tivity to norepinephrine in the neonates and chil-
dren with CoA [ 14 – 16 ]. In these patients plasma 
renin activity markedly increases and barorecep-
tor refl exes reset at a higher blood pressure [ 17 , 
 18 ]. These abnormalities can persist even after 
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surgical repair and are related to the development 
of systemic hypertension and premature coronary 
and cerebrovascular death.  

    Clinical Presentation 

 The clinical manifestation of CoA varies and 
depends on the severity of obstruction and associ-
ated lesions. Signs and symptoms of CoA present in 
early life in patients with serious stenosis, while in 
particularly mild cases, they may not develop until 
adulthood. In the neonates and infants, weak femo-
ral pulses and upper-to-lower extremity difference 
in BP differentiate neonates with CoA [ 19 ,  20 ]. One 
of the most important differential diagnoses of 
shock in the neonatal period is left heart obstructing 
lesions, including CoA. Older children and adoles-
cents exhibit more classic signs of CoA. Key symp-
toms may include headache, nosebleed, dizziness, 
tinnitus, shortness of breath, abdominal angina, 
claudication, leg cramps, exertional leg fatigue, and 
cold feet legs. Aortic coarctation may be diagnosed 
in the adult, usually during the work-up of arterial 
hypertension with discrepant upper and lower 
extremity pulses. Patients may come to medical 
attention because of headaches, leg fatigue, and 
claudication. The CoA may also be complicated by 
left-sided heart failure, intracranial hemorrhage due 
to rupture of berry aneurysm, infective endocarditis, 
aortic rupture or dissection, premature coronary or 
cerebral artery disease, and associated heart defects 
[ 21 ,  22 ].  

    Diagnostic Work-up 

 The classic clinical features include upper extrem-
ity systolic hypertension, relative to the lower 
extremities, albeit in the absence of an anomalous 
origin of the right subclavian artery, a blood pres-
sure gradient between upper and lower extremities, 
brachial–femoral pulse delay, and palpable collat-
erals. However, in patients with an aortic obstruc-
tion of adjacent to left subclavian artery, left arm 
may not be hypertensive. Also, ACC/AHA    2008 
Guidelines for Adults With CHD [ 23 ] recommend 
searching for the “  brachial–femoral delay” and 

upper-to-lower extremity blood pressure  gradient 
in every patient with systemic arterial hyperten-
sion (class I,  Level of Evidence: C).  Special atten-
tion should also be given to detect a parasternal or 
apical systolic ejection click refl ective of an asso-
ciated BAV with or without a systolic crescendo–
decrescendo murmur of left ventricular outfl ow 
tract obstruction or an early diastolic decrescendo 
murmur suggestive of aortic regurgitation. Other 
fi ndings may include suprasternal thrills, bruits 
in the left interscapular position (either due to the 
CoA or collaterals), continuous murmurs over the 
parasternal areas (mammary arteries) and around 
the left scapula (due to collateral vessels), hyper-
dynamic carotid pulsations, and, occasionally, 
palpable periscapular collaterals. Repair of aor-
tic coarctation in the late childhood or adulthood 
often cannot prevent the persistence or late recur-
rence of systemic hypertension. Hypertension may 
reappear several years after coarctation repair.  

    Clinical Evaluation 

    Electrocardiogram 

 The electrocardiogram may demonstrate LV 
hypertrophy with a “strain” pattern of ST 
segment/T wave depression indicating subendo-
cardial or myocardial ischemia (Fig.  38.1 ).

       Chest X-Ray 

 Chest X-ray fi ndings may include rib notching 
of the 3rd and 4th (to the 8th) ribs from collat-
eral vessels, dilated ascending aorta, double 
contouring of descending aorta (“fi gure 3” sign) 
due to localized indentation at the obstruction 
site, and widening of the left subclavian artery 
(Fig.  38.2 ).

       Echocardiography and Doppler 

 Transthoracic echocardiography should be applied 
in the initial imaging assessment and hemody-
namic evaluation of patients with suspected CoA 
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with making a particular attention to the supra-
sternal notch acoustic windows (class I,  Level of 
Evidence: B)  (Fig.  38.3 ).

   The CoA may be diagnosed on suprasternal 
notch view of aortic arch and proximal descending 

aorta by a turbulent fl ow in the proximal descending 
aorta. However, the presence of extensive collater-
als in the native coarctation and the lack of aortic 
compliance in the postoperative coarctation may 
limit the utility of Doppler gradient  quantifi cation 
in the assessment of the severity of obstruc-
tion. It seems that a diastolic “runoff” fl ow is the 
most reliable marker of signifi cant  coarctation or 

  Fig. 38.1    Sinus rhythm and left ventricular hypertrophy, due to long-standing hypertension due to aortic coarctation       

  Fig. 38.2    “Figure 3” sign, rounded apex, and rib notch-
ing, denoting aortic coarctation       

  Fig. 38.3    The site of the stenosis may be seen properly in 
the suprasternal view (Video 38.1)       
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 recoarctation (Fig.  38.4 ). A decreased pulsatility 
and absence of early diastolic fl ow reversal may 
also be demonstrated in the Doppler fl ow exami-
nation of the abdominal aorta (Fig.  38.5 ).

    Echocardiography also aids in the assessment 
of LV size, mass, and function; the anatomy of 
the aortic valve and aortic annulus dimensions; 
associated cardiac abnormalities such as VSD, 
AS, and mitral valve deformity; and supra-aortic 
vessel diameters (Fig   .  38.6 ).

   So, the cornerstone of diagnosis remains echocar-
diography. As mentioned before,  two- dimensional 

echocardiography can establish and confi rm the 
diagnosis and delineate the site of obstruction and 
also associated lesions. Color fl ow Doppler measures 
the peak pressure gradient across the obstruction. LV 
dimensions and function are assessed by 2D echocar-
diography and M-mode.  

    Stress Testing 

 Stress testing may be useful in the assessment 
of exercise capacity, symptoms, rhythm, and 

  Fig. 38.4    In signifi cant 
coarctation, there is a 
turbulent fl ow in the proximal 
descending aorta, and 
continuous-wave Doppler 
study will reveal increased 
velocity through the descend-
ing aorta, with a diastolic 
“tail” (high velocities 
maintained during diastole)       

  Fig. 38.5    Doppler fl ow study 
of the abdominal aorta 
demonstrating decreased 
pulsatility and absence of 
early diastolic fl ow reversal in 
the signifi cant CoA       
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 electrocardiography in coarctation patients. 
However, the most important application of 
stress testing is to evaluate at rest and exertional 
systemic arterial blood pressure response, as a 
surrogate assessment of the CoA gradient.  

    Magnetic Resonance Imaging/
Computed Tomography with Three-
Dimensional Reconstruction 

 Magnetic resonance imaging and CT angiog-
raphy with three-dimensional reconstruction 
are the preferred noninvasive techniques to 
determine the precise location and anatomy of 
the coarctation, entire aorta, and collaterals 
[ 24 ]. Magnetic resonance angiography is able 
to quantify collateral flow. Magnetic reso-
nance angiography may also be useful in the 
detection of aneurysms of the intracranial 
arteries. MRI- derived measurements have 
been shown to be in good correlation with car-
diac catheterization gradients and can identify 
patients who are candidate for transcatheter or 
surgical treatment [ 25 ]. ACC/AHA 2008 
Guidelines for Adults With CHD recommend 
that all patients with native or repaired coarc-
tation should have at least one cardiovascular 
MRI or CT scan for the evaluation of the tho-
racic aorta and intracranial vessels (class I, 
 Level of Evidence: B ).  

    Catheterization Hemodynamics/
Angiography 

 Since MRI/or CT remains the preferred noninva-
sive means of imaging of the CoA area, a diag-
nostic cardiac catheterization is mostly required 
only when associated coronary artery disease 
is suspected and surgery is planned. However, 
angiocardiography is still the gold standard 
method for evaluation of CoA at many centers 
before and after interventional or surgical treat-
ment (Fig.  38.7 ). Cardiac catheterization is also 

  Fig. 38.6    Transesophageal 
echocardiography showing the 
CoA site proximal to the 
descending thoracic aorta 
(Videos  38.2  and  38.3 )       

  Fig. 38.7    Contrast injection in aortic arch shows discrete 
CoA with tiny PDA; the relevant movies are showing the 
balloon angioplasty steps of CoA       
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 indicated for  catheter-based interventions (angio-
plasty or stent implantation). A peak-to-peak gra-
dient of 0.20 mmHg indicates a hemodynamically 
signifi cant CoA in the absence of well-developed 
collaterals, while in the presence of extensive col-
laterals catheter-based gradients may not appropri-
ately measure the severity of obstruction.

        Treatment 

    Medical Therapy 

 Hypertension should be controlled by beta- 
blockers, ACE inhibitors, or angiotensin– 
receptor blockers as fi rst-line medications, with 
respect to aortic root size, the presence of AR, 
or both.  

    Surgical/Catheter Interventional 
Treatment 

 In native CoA with appropriate anatomy, stenting 
is of fi rst treatment choice in adults in many cen-
ters. For adults with recurrent or residual CoA, 
angioplasty with or without stent insertion may 
be effective [ 26 ]. 

 Surgical techniques include the following: 
(1) resection and end-to-end anastomosis, (2) 
resection and extended end-to-end anastomo-
sis, (3) prosthetic patch aortoplasty, (4) subcla-
vian fl ap aortoplasty, (5) interposition of a 
(tube) graft, and (6) bypass tube (jump) grafts. 
Ascending-to- descending aorta conduits may 
be preferred in re-CoA repair in adults with 
diffi cult anatomy. 

 As CoA is a generalized disease of the aorta, 
concomitant problems which may require inter-
vention include:
•    Concomitant signifi cant aortic valve stenosis 

or regurgitation  
•   Ascending aorta aneurysm with a diameter of 

50 mm (27.5    mm/m 2  body surface area) or 
rapid increase in its size  

•   Aneurysm at the previous CoA area  
•   Symptomatic or large berry aneurysms (aneu-

rysms in the circle of Willis)     

    Follow-up Recommendations 

•     At rest or exertional arterial hypertension is 
common in CoA patients. Arterial hypertension 
may persist even after successful CoA repair and 
is an important risk factor for premature CAD, 
ventricular dysfunction, and rupture of aortic or 
cerebral aneurysms [ 27 ]. The geometry of the 
aortic arch (such as gothic, crenel or normal) 
may affect the development of hypertension.  

•   Patients should be followed-up for the appear-
ance or reappearance of at rest or exertional 
systemic arterial hypertension. In such cases, 
after the exclusion of recoarctation, arterial 
hypertension should be treated aggressively 
(class I,  Level of Evidence: B ) [ 23 ].  

•   Recurring or residual CoA may induce or 
deteriorate arterial hypertension and its 
complications.  

•   The development of aneurysms in the ascend-
ing aorta or the intervention location increases 
risk of arterial rupture and death [ 28 ]. Patients 
undergoing patch repairs (such as with Dacron) 
are at particular risk of developing an aneu-
rysm at the repair site, and they should be regu-
larly evaluated using imaging techniques [ 29 ].  

•   Patients should be assessed regarding the 
presence of associated BAV, mitral valve dis-
ease, premature CAD, and berry aneurysms of 
the circle of Willis. Even though most clini-
cians do not use routine screening in the 
asymptomatic patients.    
 All CoA patients should have regular follow-

 up at least every second year [ 29 ]. ACC/AHA 2008 

Guidelines for the Management of Adults With Congenital 

Heart Disease recommend lifelong cardiology fol-
low-up for all patients with native or repaired aor-
tic coarctation (class I,  Level of Evidence: C ) [ 23 ]. 

 However, ACC/AHA 2008 Guidelines for the 
Management of Adults With Congenital Heart 
Disease believe that patients who have undergone 
surgical repair/percutaneous intervention of CoA 
require at least yearly follow-up (class I,  Level of 
Evidence: C ) [ 23 ]. Depending on the anatomic 
fi ndings before and after repair, CMR/CT imag-
ing of aorta should be performed in all patients at 
5-year intervals or less to evaluate the post-repair 
or post-intervention anatomy and complications 
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such as restenosis, dilatation, or aneurysm for-
mation (class I,  Level of Evidence: C),  even in 
those with satisfactory repair (class I,  Level of 
Evidence: B)  [ 23 ].  

    Additional Considerations 

    Exercise/Activity 
 In patients without residual obstruction who are 
normotensive at rest and with exercise, no activ-
ity restriction is required, except for extensive 
static sports such as weight lifting at a competi-
tion level. In the presence of arterial hyperten-
sion, residual obstruction, or other complications, 
heavy isometric exercises should be restricted in 
proportion to the severity of the problems [ 29 ].  

    Pregnancy 
 In women with native and unrepaired CoA, with 
arterial hypertension despite successful repair, with 
a residual CoA, or with aortic aneurysms, pregnancy 
and delivery enhance the potential risk of rupture of 
the aorta and cerebral aneurysms [ 29 ]. However, fol-
lowing a successful repair of CoA, pregnancy can be 
tolerated without major complication [ 30 ].  

    Infective Endocarditis Prophylaxis 
 This is recommended    for high-risk patients [ 29 ] 
with history of IE or those    with a conduit inser-
tion, stent implantation, or surgical repair in less 
than past 6 months. Patients with uncomplicated 
native CoA, successfully repaired CoA, and recur-
rent CoA do not require endocarditis prophylaxis.        
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       Morphology 

 This anomaly forms due to a lack or a separation 
between the aortic wall media and the aortic 
valve’s annulus fi brosus. The delivery cardiac 
chamber of a right aortic sinus fi stula is typically 
the right ventricle. However, infrequently, when 
there is noncoronary cusp involvement, the right 
atrium becomes the drainage location. The left 
aortic sinus is rarely involved. Related abnor-
malities consist of ventricular septal defect, 
bicuspid aortic valve, and coarctation of the 
aorta [ 1 ,  2 ].  

    Clinical Findings 

 The congenital aneurysm of an aortic sinus of 
Valsalva, mostly the right coronary sinus, is a 
rare abnormality that is three times more frequent 
in men. Unruptured aneurysms typically do not 
produce a hemodynamic abnormal effect. 
Nevertheless, on rare occasions, coronary arterial 
compression causes myocardial ischemia. 

 The rupture is frequently sudden onset and 
gives rise to chest pain, continuous arteriovenous 
shunting, and acute volume overload of both 
right and left hearts and quickly results in signifi -
cant heart failure. Another complication of note 
is infective endocarditis. 

 The occurrence of this abnormality should be 
suspected in a patient with a combination of sud-
den onset chest pain, resting dyspnea, bounding 
pulses, and loud and continuous murmur height-
ened in diastole. The physical fi ndings may prove 
unable to differentiate this malformation from a 
coronary arteriovenous fi stula [ 1 – 3 ].  
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    Electrocardiography 

 The electrocardiogram (ECG) is typically nor-
mal. On rare occasions, however, the ECG may 
reveal biventricular hypertrophy [ 3 ,  4 ]  

    Chest Radiography 

 Chest X-ray may show cardiomegaly and some-
times heart failure signs [ 1 ,  4 ].  

    Echocardiography 

 Two-dimensional and Doppler echocardio-
graphic study can detect the aneurysm and dis-
turbed fl ow in the coronary sinus as well as the 
site of perforation (Fig.  39.1 , Video  39.1 ). 
Transesophageal echocardiography (TEE) may 
provide more precise information (Fig.  39.2a ,  b , 
Videos  39.2  and  39.3 ). About 90–95 % of the 
congenital aneurysm originates in the right or 
noncoronary sinus of Valsalva and project into 

  Fig. 39.1    Transthoracic    
echocardiography in 
short-axis view showing 
aneurysmal dilation of right 
sinus of Valsalva with 
protrusion to the RVOT. 
 RVOT  right ventricular 
outfl ow track.  AO  aorta, 
 PA  pulmonary artery       

a b

  Fig. 39.2    ( a ,  b ) Transesophageal    echocardiography in 
short-axis view revealed a “windsock” dilatation of the 
right sinus of Valsalva which is ruptured to the RA and 
color fl ow imaging showing continuous systolic-diastolic 

fl ow.  RVOT  right ventricular outfl ow track.  RV  right ven-
tricle,  RA  right atrium,  LA  left atrium,  NCC  non coronary 
cusp,  RCC  right coronary cusp,  LCC  left coronary cusp       
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the RV or RA (Fig.  39.3 , Videos  39.4  and  39.5 ). 
Aneurysm that arises from the noncoronary sinus 
ruptures into the RA, and those that arise from 
the right coronary sinus generally communicate 
to the RV and occasionally to the RA [ 5 – 7 ].

         Cardiac Catheterization 

 This technique reveals a left-to-right shunt, 
mostly at the ventricular level (less frequent at 
the atrial level) (Fig.  39.4 , Video  39.6 ) [ 8 ,  9 ].

       Management 

 Preoperative management includes treatment for 
heart failure in conjunction with arrhythmias or 
endocarditis. Surgery consists of closing the 
aneurysm and repairing the aortic wall either 
with direct sutures or with prosthesis. Device 
    closure of the ruptured aneurysm has also been 
reported [ 8 ,  9 ].      
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       Morphology and Associated 
Lesions 

 Congenital mitral stenosis (MS) refers to the 
parachute deformity of the valve. In this con-
dition, condensed chordae tendineae join and 
attach into a single large papillary muscle, usu-
ally with thickened leafl ets of the mitral valve 
(MV), fusion of the chordae tendineae, accessory 
MV tissue, and supravalvular ring of the connec-
tive tissue rising at the base of the atrial aspect of 
the MV leafl ets. Associated cardiac lesions are 
common and consist of coarctation of the aorta, 
patent ductus arteriosus, left ventricular outfl ow 
tract obstruction, and persistent left superior vena 
cava [ 1 ].  

    Clinical Findings 

 Findings and diagnosis are incidental in many 
cases at the time of the study for other left-sided 
obstructions such as coarctation of the aorta and/
or aortic valve stenosis. The typical auscultatory 
fi ndings seen with rheumatic MS are frequently 
absent in the congenital type of this lesion. 
Classic fi ndings consist of normal S1 and mid- 
diastolic murmur with or without some presys-
tolic highlighting [ 1 – 3 ].  

    Electrocardiography 

 In mild forms, electrocardiography is generally 
normal. However, there may be left atrial over-
load and enlargement, with or without right ven-
tricular hypertrophy due to related pulmonary 
hypertension [ 1 ,  4 ].  
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    Chest Radiography 

 Chest X-ray is normal in mild types, with signs of 
pulmonary edema in patients with more severe 
MS [ 1 ].  

    Echocardiography 

 Two-dimensional and more recently three- 
dimensional echocardiography, concomitant 
with color and Doppler assessment, generally 
provides a comprehensive study of the anatomy 
and function in patients with congenital MS. The 
form, shape, and location of the papillary mus-
cles are best seen in the parasternal short-axis 
view. In congenital MS, if both papillary muscles 
are present, usually they are closer together than 
is seen in the normal heart. The four-chamber 
view and also parasternal long-axis view permit 
the diagnosis of supravalvular mitral rings. Color 
fl ow Doppler helps determine the level of stenosis 
and obstruction and also confi rm the presence of 
MV regurgitation. Also, Doppler study provides 
a precise study of the mean gradient and pres-
sure half time through the MV. 2D transthoracic 
echocardiography in parasternal short-axis view 
can determine the number of papillary muscles 
and mitral valve anatomy [ 1 ,  3 – 6 ] (Figs.  40.1a, b  
and  40.2 ).

        Management 

 Clinical and echocardiographic follow-up is all 
that is required in asymptomatic cases. When the 
patient begins to have increased pulmonary pres-
sure or develop symptoms, surgical approach is 
generally indicated. MV balloon valvuloplasty 
is not as successful as it is in rheumatismal MS. 
Surgery removes the supra-mitral ring if it is pres-
ent. Also, the splitting of the papillary muscles 
and fused chordae is indicated in cases with more 
common types of congenital MS. In  general, sur-
gery provides short-term relief, with many cases 
demanding MV  replacement later [ 1 ,  5 ,  6 ].      

a b

  Fig. 40.1    ( a ,  b ) Parachute mitral valve with dominant anterior papillary muscle by 2D echocardiography in short- and 
long-axis views       

  Fig. 40.2    Transthoracic echocardiography in short-axis 
view showing divided mitral orifi ce into two components 
 DOMV  double orifi ce mitral valve (Video  40.1 )       
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          Morphology 

    Simple Congenital Mitral Valve 
Regurgitation 

 This is commonly due to an isolated cleft in the 
anterior mitral valve (MV) leafl et or the effect of 
MV leafl ets dysplasia with evidence of shortened 
and fused chordae. In patients with an isolated 
MV cleft, the defect in the anterior MV leafl et 
points toward the left ventricular (LV) outfl ow 
tract, not like in cases with atrioventricular septal 
defect (AVSD). As a rule, larger clefts in the ante-
rior MV leafl et will create greater degrees of 
mitral regurgitation (MR). 

 In dysplastic MV cases, the chordae apparatus 
is shortened with variable degrees of dysplasia in 
both leafl ets. Other anatomic deformities such as 
MV arcade cause MR. Of course, these are usu-
ally part of a generalized deformity of the left 
side of the heart [ 1 ,  2 ].  

    Complex Congenital Mitral Valve 
Regurgitation 

 This is seen more frequently concomitant with 
the abnormalities of the ventriculoarterial con-
nection such as double-outlet right ventricle 
(DORV), VSD, and also corrected transposition 
(cc-TGA). In AVSD, it is common to have a 
cleft in the anterior MV leafl et with some defor-
mities in the chordal support apparatus. In cc-
TGA, the morphologic MV may have an 
accompanying cleft or be dysplastic or some-
times have multiple papillary muscles. All of 
these pathologies increase the risk for the MV to 
be regurgitant [ 2 ,  3 ].  

    Clinical Findings 

 Mostly, the signs and symptoms are related to the 
severity of the MR with different pathologies and 
also the associated lesions. Exercise intolerance 
and impaired functional capacity combined with 
an apical pansystolic murmur with or without a 
mid-diastolic murmur are the fundamental clini-
cal fi ndings [ 1 – 3 ].  
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    Electrocardiography 

 Electrocardiography is either normal or proves 
left atrial (LA) and LV overload [ 1 ,  2 ].  

    Chest Radiography 

 This shows cardiomegaly mostly involving the 
LV and LA [ 1 ,  3 ].  

    Echocardiography 

 Doppler and two-dimensional echocardiography 
provides a precise study of the mechanism and 
severity of MR. The cleft of the anterior MV leaf-
let is best seen in the precordial parasternal short- 
axis view (Fig.  41.1 , Videos  41.1  and  41.2 ). 
Patients with a dysplastic MV have absence 
mobility of the valve leafl ets and shortened chor-
dae. Color Doppler study helps locate the site of 

MR and evaluate the severity of MR. Nowadays, 
three-dimensional echocardiography allows a 
comprehensive and detailed study of the MV 
apparatus and mechanisms of regurgitation. 
Catheterism and magnetic resonance imaging are 
rarely helpful in management planning [ 2 ,  4 ].

       Management 

 Management plan is determined on the basis of 
the severity of MR and its infl uence on the LV 
function. Surgery should not be postponed until 
the patient has become symptomatic. For MV 
cleft, surgery includes suture of an isolated cleft, 
with or without coincident commissuroplasty. In 
cases with a dysplastic MV, repair surgery, 
including leafl et extension with an annuloplasty 
and commissuroplasty, usually creates effective 
control of the MR symptoms in the short or 
medium period. Nevertheless, many of these 
patients require MV replacement later [ 5 ,  6 ].       

  Fig. 41.1    Isolated mitral 
valve cleft as 2D defect in 
anterior mitral leafl et in 
transesophageal 
echocardiography       
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    Valvular pulmonary stenosis (PS) frequently 
presents with an asymptomatic systolic murmur 
but seldom with exercise intolerance. Mild PS is 
rarely progressive; however, moderate PS can 
progress to signifi cant stenosis and secondary 
hypertrophy in the infundibulum; of course, this 
lesion exists as a continuum, ranging from iso-
lated mild valvular PS to complete atresia of the 
pulmonary outfl ow tract [ 1 ,  2 ]. 

    Morphology 

 The shape of the pulmonary valve (PV) in valvular 
PS patients varies from a tri-leafl et valve with vari-
able degrees of commissural fusion to even an 
imperforate membrane. The right ventricle (RV) 

size is usually normal with different degrees of 
hypertrophy and sometimes mild hypoplasia [ 2 ,  3 ].  

    Clinical Findings 

 Adults with isolated mild to moderate PS usu-
ally are asymptomatic. But patients with severe 
PS may present with dyspnea, exercise intol-
erance, lightheadedness, and also chest pain 
(RV angina). Physical examination may show 
a prominent jugular A wave, an RV heave, 
and also a thrill on left sternal border (LSB). 
Auscultation reveals a normal S1, a single or 
split S2 with a weakened P2, and also a systolic 
ejection murmur that is best heard on the sec-
ond intercostal space at LSB. Interestingly if the 
PV is thin and fl exible, a systolic ejection click 
can be heard and decreases with inspiration. 
Importantly, as the severity of the PS increases, 
the interval between S1 and the systolic ejec-
tion click develops to be shorter, S2 becomes 
widely split, P2 weakens or disappears, and also 
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the systolic ejection murmur prolongs and peaks 
later, frequently till beyond A2. Cyanosis may 
be present when a PFO or ASD allows to right 
to left shunting. Atrial arrhythmias resulting 
from RV pressure overload and tricuspid regur-
gitation can occur [ 4 ,  5 ].  

    Electrocardiography 

 In adults the ECG fi ndings depend on the severity 
of the PS. In milder PS, the ECG should be nor-
mal. As the stenosis progresses, ECG evidence of 
RV hypertrophy appears. Severe stenosis is seen 
in the form of tall R wave in lead V4R or V1 with 
a deep S wave in the V6 lead. The presence of 
RV strain pattern refl ects the severe PS. If an rSR′ 
pattern is detected in lead V1, usually, lesser RV 

 pressures are present than in patients with a pure 
R wave even with equal amplitude. Right atrial 
(RA) overload is related with moderate to severe 
PS [ 4 ,  6 ] (Fig.  42.1 ).

       Chest Radiography 

 In adults with mild or moderate PS, chest X-ray 
often shows a normal size heart and also normal 
pulmonary vascularity. Poststenotic dilatation of 
the main and left pulmonary arteries is frequently 
seen. RA and RV enlargement is detected in 
patients with severe obstruction and secondary 
RV failure. The pulmonary vascularity is gener-
ally normal without a right to left atrial shunt but 
may be decreased in patients with severe PS and 
RV failure (Fig   .  42.2 ) [ 5 ,  7 ].

  Fig. 42.1    Sinus rhythm, right axis deviation, right ventricular hypertrophy (pressure overload), and right atrial abnor-
mality, suggestive of (1) pulmonary stenosis and (2) pulmonary hypertension       
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       Echocardiography 

 Combined 2D echocardiographic and continuous- 
wave Doppler studies characterize the anatomy 
of PV and PS severity, and essentially echocar-
diography has eliminated the requisite for diag-
nostic cardiac catheterization (Fig.  42.3a ,  b , 
Videos  42.1  and  42.2 ).

   Though maximum instantaneous    gradients 
have usually been used in choosing patients for 

balloon valvuloplasty (Fig.  42.4 ), recent data 
would suggest the mean Doppler gradients that 
correlate better with catheter-derived peak-to- 
peak gradients and with a value of 50 mmHg 
being the cut point to start the intervention 
(Videos  42.3  and  42.4 ). Invasive assessments are 
now used for balloon valvuloplasty [ 1 ,  8 ].

   RV size, pulmonary artery pressure, tricuspid 
valve morphology and function, and also the sta-
tus of the interatrial septum can be addressed by 
echocardiography (Fig.  42.5 ) [ 8 ,  9 ].

       Management and Follow-up 

 Balloon valvuloplasty is suggested when the 
gradient through the PV is greater than 
50 mmHg at rest or when the patient is symp-
tomatic (Video  42.6 ).    Some patients undergo 
surgery, and despite the excellent survival 
results from the old studies (survival rate after 
surgical valvotomy of 95.7 %), recent long-term 
data indicates that these patients face more chal-
lenges. After a mean follow-up period of 33 
years, 53 % of patients needed further interven-
tion mostly due    to severe pulmonary regurgita-
tion, and 38 % of them had either ventricular or 
atrial arrhythmias [ 9 – 12 ].      

  Fig. 42.2    Enlarged main pulmonary artery and left pul-
monary artery with normal pulmonary blood fl ow, denot-
ing severe pulmonary stenosis       

a b

  Fig. 42.3    ( a ,  b ) 2D    echocardiography imaging of dome-shaped and stenotic pulmonary valve in both transthoracic and 
transesophageal echocardiography.  RVOT  right ventricular outfl ow tract,  PA  pulmonary artery,  LA  left atrium,  AO  aorta       
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  43      Dysplastic Pulmonary Valve 
Stenosis 
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        Morphology 

    Hypoplasia of the pulmonary valve (PV) ring and 
dysplastic PV may exist in rare patients. PV dys-
plasia is described by thickened and nodular val-
vular leafl ets with no or minimal commissural 
fusion, hypoplasia of the valve ring, and absence 
of poststenotic dilation of the pulmonary artery 
(PA). This entity is associated with the Noonan 
syndrome, which in turn may be allied to hyper-
trophic cardiomyopathy [ 1 ,  2 ].  

    Clinical Findings 

 At presentation time, the patient’s age is asso-
ciated with the severity of the stenosis. If the 
obstruction is severe, the patient may develop 
symptoms in the neonatal period or in infancy. 
However, the patient with mild stenosis may 
present in childhood only with asymptomatic 
murmurs. The auscultatory fi nding that dif-
ferentiates dysplastic valves from simple PV 
stenosis is the lack of an ejection click. Infants 
with the Noonan syndrome have short stature, 
webbed necks, and broad-shaped chests in a 
style similar to the Turner syndrome. Another 
unique  association in the newborn is pulmonary 
 lymphangiectasia [ 2 ,  3 ]. 

 Adults can be asymptomatic regardless of the 
degree of their stenosis. However, cases with 
severe stenosis can present with signs and symp-
toms of systemic venous congestion, which are 
similar to the signs of congestive heart failure 
(CHF). Other possible signs are fi ndings of severe 
right ventricular (RV) dysfunction or sometimes 
cyanosis related to a right to left shunt through a 
patent foramen ovale (PFO) or an atrial septal 
defect (ASD). 

mailto:alizadeasl@gmail.com
mailto:alizadeasl@rhc.ac.ir
mailto:kiavar@rhc.ac.ir


316

 Lightheadedness, syncope, and also chest pain 
are infrequent; even many cases with moderate or 
severe pulmonary stenosis (PS) remain asymp-
tomatic [ 2 ,  3 ].  

    Paraclinical Findings 

       Chest Radiography 

 The fi ndings are similar to typical PV stenosis, 
except for the lack of poststenotic pulmonary 
artery dilation, even in the presence of severe 
stenosis. In those with pulmonary lymphangi-
ectasia, the chest radiograph has a ground-glass 
appearance, which can be diffi cult to discrimi-
nate from pulmonary veins stenosis [ 3 ,  4 ].  

    Electrocardiography 

•     Electrocardiography (ECG) fi ndings are fre-
quently normal in mild PS.  

•   Right-axis deviation and RV hypertrophy hap-
pen in moderate and severe PV stenosis.  

•   Interestingly, the degree of RV hypertrophy is 
well associated with the severity of PV 
stenosis.  

•   There is a good correlation between the height 
of the R wave in lead V1 and RV peak systolic 
pressure: the height of the R wave in V1 in 
mm multiplied by 5 is predictive of RV peak 
systolic pressure. So, the ECG is a useful non-
invasive tool for the assessment of the severity 
of pulmonary stenosis.  

•   A superior QRS axis (left-axis deviation) is 
seen with dysplastic PV and the Noonan syn-
drome [ 1 ,  4 – 6 ].     

    Echocardiography 

 Echocardiography proves a thickened plump PV, 
absence of poststenotic dilation, and varying 
degrees of supravalvular pulmonary stenosis. 
Doppler echocardiography can defi ne the sever-
ity of the obstruction quite well. 

 The related fi nding of hypertrophic cardio-
myopathy can be confi rmed or excluded. If the 

fi rst echocardiography does not confi rm hyper-
trophic cardiomyopathy, additional studies 
must be undertaken throughout childhood and 
adolescence, especially in cases with left-axis 
 deviation [ 2 ,  6 ].  

    Computed Tomography 
and Magnetic Resonance Imaging 

 Computed tomography and magnetic resonance 
imaging may reveal PV stenosis, but state-of-the- 
art echocardiography and Doppler studies are 
more benefi cial than CT or MRI in the diagnosis 
and measurement of PV obstruction [ 4 ,  6 ].   

    Management 

    Balloon Valvuloplasty 

 Although the results of balloon valvuloplasty are 
less satisfying in dysplastic pulmonary stenosis 
than in valvular pulmonary stenosis due to com-
missural fusion, it is worth trying before consid-
ering the surgical approach. Furthermore, there 
are patients that suffer a drop in their gradient, 
which can postpone surgery [ 7 ,  8 ].  

    Surgery 

 If balloon valvuloplasty fails, surgical interven-
tion should be contemplated. This typically com-
prises a partial valvectomy in combination with 
patch repair of the supravalvular stenosis. 

 Adequate relief of the obstruction confers an 
excellent outlook. The most signifi cant long-term 
risk factor is the occurrence of hypertrophic car-
diomyopathy [ 7 ,  8 ].      
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       Morphology 

 In addition to isolated stenosis in the main 
 pulmonary artery (PA) and its central branches, the 
stenosis is routinely diffuse and bilateral and extend 
into the mediastinal or hilar and even the intrapa-
renchymal pulmonary arteries. The term peripheral 
PA stenosis deals with PA stenosis and an intact 
ventricular septum, so tetralogy of Fallot and pul-
monary atresia with a VSD are excluded [ 1 ,  2 ].  

    Clinical and Paraclinical Findings 

 Clinical severity is determined by the degree of 
obstruction. Most of these patients are asymptom-
atic. The pulmonic part of the second heart sound 
(S2) may be accentuated only if there is pulmo-
nary hypertension (PH) proximal to stenosis. An 
ejection systolic murmur is heard at the upper left 
sternal border (LSB) and transmitted to the back 
and axilla. A continuous murmur is often audible 
in patients with signifi cant branch stenosis due to 
aortopulmonary collateral formation [ 3 ,  4 ]. 

 In electrocardiography right ventricular (RV) 
hypertrophy is seen when obstruction is severe. 

 In chest radiography mild or moderate periph-
eral PA stenosis frequently creates normal fi nd-
ings. Obvious differences in vascularity among 
lung regions are unusual. When obstruction is 
severe and diffuse, right atrial and RV enlarge-
ment may be seen [ 4 ,  5 ]. 

 Echocardiography is useful in making the 
diagnosis and also excluding the related lesions; 
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but it is limited in imaging the distal PA branches 
[ 1 ,  6 ] (Fig.  44.1  and Videos  44.1  and  44.2 ).

   RV pressure study    can be evaluated by tricus-
pid valve regurgitation fl ow gradient CMR and 
spiral CT are valued diagnostic tests, cause they let 
a more detailed distal evaluation of the branch 
PAs. Though many patients need cardiac catheter-
ization and angiography, these other techniques 
are outstanding for the initial study and for follow-
ing the progress of the lesions’ severity [ 6 – 8 ]. 

 The radionuclide quantitative lung perfusion 
scan is valuable in instances with unilateral ste-
nosis to defi ne whether and which intervention is 
required. 

 Cardiac catheterization and angiocardiogra-
phy permits the evaluation of RV pressure and 
the pressures in the pulmonary arterial tree, and 
also this method lets to precisely study the sever-
ity and extent of the stenosis [ 7 ,  8 ].  

    Management 

 Balloon dilation with or without stent for cases 
with signifi cant isolated left PA stenosis is effec-
tive to relieve the obstruction; however, in cases 

with more severe and diffuse bilateral stenoses, 
the indications for intervention are subject to RV 
pressure. Interventions also depend on the part 
and extent of the lesion and the dilation capabil-
ity of the stenosis. In some cases, several attempts 
at dilation are required to achieve any improve-
ment in vessel caliber. As a rule, surgery has a 
little value in patients with diffuse peripheral PA 
stenosis and can certainly make the condition 
worse [ 1 ,  5 ,  9 ,  10 ].      
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       Morphology and Associated 
Lesions 

    Similar to many other lesions related with con-
genital heart disease (CHD), the terminology 
that surrounds double-chambered right ventricle 
(DCRV) has evolved over the past several 
decades. DCRV was initially defi ned more than 
130 years ago. A DCRV is formed by RV 
obstruction due to anomalous muscle bundles. 
Those muscle bundles run between an area 
located in the ventricular septum, beneath the 
level of the septal leafl et of the tricuspid valve, 
and the  anterior wall of the RV. While this can 

happen in isolation, it is more often part of a 
combination of lesions that contains DCRV, a 
perimembranous outlet-type ventricular septal 
defect, pulmonary valve stenosis, and discrete 
subaortic stenosis with or without aortic valve 
prolapse [ 1 ,  2 ].  

    Clinical Features 

 Most patients with DCRV initially present with 
no symptoms. The most common reason for 
referral is the detection of a murmur. Clinically, 
patients with DCRV and no ventricular septal 
defect resemble patients with isolated pulmonary 
valve stenosis [ 1 ]. 

 There is concordance between the presence 
of a ventricular septal defect and its clinical pic-
ture. Typically, the patient is diagnosed with a 
ventricular septal defect or pulmonary outfl ow 
tract obstruction and, later, may show signs of 
the progression of the outfl ow stenosis such as 
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cyanosis, fatigue, and reduced exercise toler-
ance. Therefore, most cases are discovered inci-
dentally during the evaluation of a ventricular 
septal defect. If the obstruction is isolated, there 
may be only an ejection systolic murmur heard 
best in the upper left sternal border. If the ven-
tricular septal defect is the predominant lesion, 
the right ventricular (RV) outfl ow tract murmur 
may not be valued. Before the routine use of 
echocardiography, the diagnosis was often made 
during follow- up for a ventricular septal defect 
when the pansystolic murmur diminished in 
intensity and a systolic ejection murmur 
emerged. The patients are usually pink unless 
there is progression of the RV outfl ow tract ste-
nosis in the setting of a ventricular septal defect 
[ 1 ,  3 ,  4 ].  

    Paraclinic 

    Electrocardiography 

 The electrocardiogram (ECG) is similar to that of 
patients with isolated pulmonary valve stenosis 
beyond the newborn period. In cases with a non-
restrictive ventricular septal defect and mild sub-
pulmonary stenosis, the ECG typically shows 
biventricular hypertrophy due to a left-to-right 
shunt and associated pulmonary hypertension. If 
the stenosis is more severe, RV hypertrophy will 
be seen [ 4 ].  

    Chest Radiography 

 Chest radiography (CXR) may disclose either a 
left-to-right shunt with augmented pulmonary 
vascular markings or a severe RV obstruction 
with lessened pulmonary vascularity. The usual 
arrangement contains atrial situs solitus, levocar-
dia, and left aortic arch. Cardiomegaly may be 
seen in a number of patients. CXR is usually nor-
mal in those with isolated RV outfl ow stenosis, 
whereas those with a ventricular septal defect 
may have either increased or reduced pulmonary 
blood fl ow, depending on the severity of the ste-
nosis [ 4 – 6 ].  

    Echocardiography 

 Echocardiography currently enables diagnosis on 
a two-dimensional Doppler echocardiogram. The 
level of subpulmonary obstruction, the degree of 
stenosis, and its relationship with the ventricular 
septal defect are appreciated best in a combina-
tion of subcostal right anterior oblique and pre-
cordial short-axis views (Figs.  45.1  and  45.2 , 
Videos  45.2 ,  45.3 ,  45.4 ,  45.5  and  45.6 ). 
 Anomalous muscle bundles divided the RV into 
the high- pressure proximal chamber and a low-
pressure distal chamber. 

    Echocardiography can evaluate the presence of 
possible subaortic stenosis and aortic cusp pro-
lapse. Color fl ow, pulsed, or continuous-wave 
Doppler assessment usually allows differentiation 
of the ventricular septal defect fl ow from that orig-
inating from the muscle bundles. Also, this per-
mits an accurate evaluation of the hemodynamic 
effect of the subpulmonary obstruction. 
Transesophageal echocardiography has been used 
to defi ne structures in older patients with poor 
windows [ 4 ,  6 – 8 ].

       Cardiac Catheterization 

 This technique is seldom necessary. In older 
patients in whom the echocardiographic images 
of the subpulmonary region may be suboptimal, a 
combination of computed tomography or 

  Fig. 45.1    Transthoracic echocardiography in 4 chambers 
shows an anomalous hypertrophied muscle bundle in the 
midportion of the right ventricle (Video  45.1 )       
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 magnetic resonance angiography and echocar-
diography is all that is usually needed (Fig   .  45.3 , 
Video  45.7 ) [ 5 ,  6 ].  

    Management 

 In the presence of a ventricular septal defect, a sig-
nifi cant left-to-right shunt can be present, requiring 
anti-failure treatment, particularly if the muscle bun-
dles are not suffi ciently obstructive to diminish the 
pulmonary blood fl ow. Indeed, management is dic-
tated by the severity of the subpulmonary stenosis 

and the presence of related lesions. In patients with 
isolated subpulmonary obstruction, surgery is indi-
cated when the RV pressure is more than 2/3 of the 
systemic pressure. This includes the resection of the 
muscle bundles. For those cases with an associated 
ventricular septal defect, the decision is based on the 
size of the ventricular septal defect, degree of the 
related subaortic stenosis, presence of    aortic valve 
prolapse, and severity of the subpulmonary stenosis. 
Overall, the outcome is excellent with a low rate of 
recurrence after the surgical resection of the obstruc-
tive muscle bundles. Rarely, the recurrence of the 
subaortic obstruction may happen [ 6 – 8 ].       
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    Accessory mitral valve tissue (AMVT) is an 
extremely rare congenital cardiac anomaly of 
embryologic development and growth of the 
endocardial cushion fi rst described by McLean in 
1963. The incidence of this anomaly is unknown. 
It is an unusual cause for subvalvular left ven-
tricular outfl ow tract (LVOT) obstruction. The 
common clinical presentations are due to LVOT 
obstruction [ 1 – 3 ]. 

 AMVT is a very rare clinical object. It may be 
diagnosed in both neonate-childhood and adulthood 
periods in patients usually symptomatic for exer-
cise intolerance, dyspnea, chest pain, palpitations, 
fatigue, or syncope. Rarely can it be associated to 
thromboembolic accidents. Nevertheless, AMVT 
is frequently an incidental fi nding. However, it is 

very commonly associated with other cardiac and 
vascular congenital abnormalities [ 1 ,  4 ,  5 ]. 

 Two-dimensional echocardiography, both 
transthoracic and transesophageal, is considered 
the main imaging modality for AMVT diagnosis, 
determination of the anatomic characteristics and 
functional signifi cance, and also patient’s follow-
 up (Fig.  46.1a ,  b ). The AMVT exhibits an irregular 
parachute or sail-like feature that is attached to the 
chordae of the MV, anterior MV leafl et, accessory 
papillary muscle, or rarely the interventricular sep-
tum. Large, bulky, and redundant AMVT folded 
onto itself can appear as a bulbous, globular, or even 
cystic mass [ 4 ,  6 ,  7 ] (Videos  46.1 ,  46.2 , and  46.3 ).

   The recent introduction of 3-dimensional 
echocardiography permits a more realistic char-
acterization of this entity and its associated 
anomalies [ 1 ,  2 ]. 

 Surgery is indicated only in cases with signifi -
cant LVOT obstruction and in cases undergoing 
correction of other cardiac malformations and 
anomalies or exploration of an intracardiac mass 
[ 1 ,  4 ,  6 ]. 
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 In conclusion in patients without rest and only 
an exertional mild LVOT obstruction and no other 
cardiac malformations, prophylactic resection of 
AMVT is not required, antibiotic prophylaxis for 
infective endocarditis may be indicated, and a reg-
ular follow-up is suggested to identify any progres-
sion in LVOT obstruction entity (Fig.  46.1a ,  b ). 
Echocardiography particularly TEE plays a vital 
role in the diagnosis, treatment, and follow-up of 
patients with this rare  congenital anomaly [ 6 ,  8 ,  9 ].     
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  Fig. 46.1    ( a ,  b ) Showing    accessory tissue mitral valve (ATMV) in transesophageal echocardiography long-axis view. 
 ATMV  accessory tissue mitral valve,  LA  left atrium,  LV  left ventricle,  AO  aorta       
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      Parachute Deformity 
of Tricuspid Valve  

           Anita     Sadeghpour       and     Azin     Alizadehasl     

    A parachute anomaly of an atrioventricular (AV) 
valve, as fi rst described by Swan et al. (1949) and 
later correlated to particular associated malforma-
tions and abnormalities by Shone et al. (1963), has 
always referred only to the morphologically mitral 
valve (MV). A parachute deformity of an AV valve 
happens when all the chordae tendineae arise from 
a single papillary muscle or single muscle group. 
Of course, sometimes, the normal number of papil-
lary muscles is present, but one papillary muscle is 
much bigger than its peers and demonstrates some 
characteristic features; and this type is known as a 
parachute-like asymmetric valve and has been well 
defi ned in the MV position and rarely in the tricus-
pid valve (TV). Also, rarely the dominant muscle 
may be directly attached to the AV valve leafl et 
with no separate chordae [ 1 – 4 ]. 

 In addition, Shone et al. emphasized that the 
complex of supravalvular ring    of the left atrium 
(LA), subaortic stenosis, and coarctation of the 
aorta, which they named the parachute MV com-
plex, was related with the arterial side of the heart 
and vascular system. Also, Schiebler and associ-
ates detected a parachute anomaly affecting the 
right AV valve in congenitally corrected transpo-
sition of great arteries as did El Sayed et al, but of 
course the right AV valve in corrected transposi-
tion is the morphologically MV [ 3 ,  5 ,  6 ]. 

 In fact the parachute abnormality of MV often 
occurs with left sided obstructive lesions though 
sometimes may happen as an isolated lesion. 
Symptoms depend on the severity of obstruction 
and associated lesions [ 1 ,  2 ,  5 ,  6 ]. 

 Parachute abnormality of the TV has rarely 
been reported and its relationship with left to 
right shunts. Parachute anomaly of MV is a 
known entity and is usually associated with left- 
sided obstructive lesions. There has been only 
one report of parachute abnormality of the TV in 
association with right-sided stenotic lesions. 
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Ariza et al. reported presence of parachute abnor-
mality of the TV in association with tetralogy of 
Fallot that was manifested with congestive car-
diac failure. Milo et al. have reported parachute 
anomaly of the TV in a patient with double outlet 
right ventricle [ 3 ,  7 ,  8 ]. 

 Transthoracic echocardiography (Figs.  47.1  
and  47.2 ) and occasionally transesophageal 

 echocardiography are the main tools for the 
 diagnosis of this anomaly and all associated 
lesions; and also, a patient that remains asymp-
tomatic only needs to undergo serial echo-
cardiography in order to study the severity of 
tricuspid regurgitation and sizes of the right heart 
chambers (Videos  47.1  and  47.2 ). We think that 
parachute anomalies of the TV are more common 
than published reports indicate. This is maybe 
because the  clinical fi ndings and pathological 
and anatomical features are masked by the severe 
anatomical malformations with which they are 
often associated [ 3 ,  8 ,  9 ].
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  Fig. 47.2    Transesophageal echocardiography    in RV 
infl ow-outfl ow imaging of the same patient reveals that all 
of the TV chordae tendineae are attached to a single domi-
nant papillary muscle.  LA  left atrium,  RA  right atrium,  AO   
aorta,  RV  right ventricle,  PM  papillary muscle       

  Fig. 47.1    Transthoracic    echocardiography in 4-chamber 
view showing that all of the TV chordae tendineae are 
attached to a single papillary muscle ( arrow ).  LA  left atrium, 
 RA  right atrium,  LV  left ventricle,  RV  right ventricle       
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        Defi nition and Physiopathology 

 Congenital pulmonary vein stenosis (PVnS) can 
happen as a focal stenosis at the atrial connection 
site or complete hypoplasia in one or more of the 
pulmonary veins. Indeed, the primary form of 
PVnS with a pathological appearance similar to 
that in childhood cases has been reported rarely 
in unoperated adult patients [ 1 ,  2 ]. 

 The related malformations comprise ventricu-
lar septal defect, atrial septal defect, tricuspid and 
mitral atresia, tetralogy of Fallot, and atrioven-
tricular septal defect. Sometimes, PVnS is 
acquired after the surgical approach for the total 
anomalous pulmonary venous return. Pulmonary 

hypertension is one of the concerns about PVnS. 
In cases with unilateral PVnS, the symptoms are 
often absent [ 3 ,  4 ].  

    Paraclinical Aspects 

 The electrocardiogram (ECG) is frequently 
normal except for the presence of pulmonary 
hypertension, which leads to right ventricular 
hypertrophy [ 4 ]. 

 Chest radiography in unilateral cases shows 
the oligemia of the involved lung and hyper-fl ow 
in the other one. In bilateral cases, pulmonary 
edema may be detected [ 1 ]. 

 Echocardiography can frequently confi rm the 
diagnosis of PVnS. Doppler color fl ow assessment 
of the right and left-sided pulmonary veins. Finding 
of high velocity turbulent fl ow pattern in pulmo-
nary vein can further assist the diagnosis [ 1 ,  4 ]. 

 Although it is possible to use echocar-
diography to study pulmonary hypertension, 
absolute Doppler gradients may not be help-
ful. Cardiovascular magnetic resonance imag-
ing (CMR) is currently the gold standard for 
the diagnosis of PVnS inasmuch as it affords a 
detailed study of the anatomy and course of all 
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the pulmonary veins. Accordingly, the combina-
tion of echocardiography and CMR can render 
invasive techniques unnecessary [ 4 ,  5 ].  

    Management 

 In unilateral PVnS without pulmonary hyperten-
sion, no treatment is necessary. Follow-up is, 
however, recommended because of the probabil-
ity of the progression of the disease and the 
involvement of the other lung. In cases with bilat-
eral stenoses, the mortality rate is practically 
100 %. Stents generally can confer only short- 
term relief [ 5 ,  6 ].     
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      Coronary Arteriovenous Fistula 
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       Morphology 

 Coronary arteriovenous fi stula (AVF) is a commu-
nication between the coronary arteries and a car-
diac chamber or vein. In about 55 % of patients, 
the right coronary artery (RCA) and its branches 
are the site of the fi stula. The left coronary artery 
(LCA) develops this problem in nearly 35 % of 
cases. Among the chambers, the right ventricle 
(RV) is the most involved one, followed by the 
right atrium (RA) and to a lesser extent the coro-
nary sinus. Coronary-to- pulmonary artery (PA) 
fi stulas are rare [ 1 ,  2 ].  

    Clinical and Clinical Findings 

    Usually the myocardial blood fl ow is not com-
promised and the resulting shunt is small. Mostly 
patients are asymptomatic. Pulmonary hyperten-
sion and congestive heart failure are rare compli-
cations with an unusual large left-to-right shunt 
created by the coronary AVF. Also, bacterial 
endocarditis and rupture or thrombosis of the 
fi stula or related dilated aneurysms should be 
contemplated. Loud, superfi cial, and continuous 
murmur at the lower or mid-sternal border is usu-
ally present [ 3 ]. 

 The electrocardiogram (ECG) is usually nor-
mal except when there is a large shunt. Chest 
radiography is frequently normal and rarely 
reveals the enlargement of the chamber at fault. 

 In echocardiography, a signifi cantly engorged 
feeding coronary artery may be noticed. 
Additionally, the entire course, entry site, and exit 
vessel or chamber might be found by Doppler and 
color fl ow echocardiography. Multiplane trans-
esophageal echocardiography (TEE) can also 
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be helpful in this context (Figs.  49.1  and  49.2 , 
Videos  49.1 ,  49.2 ,  49.3 , and  49.4 ) [ 3 – 5 ].

    If echocardiography proves a signifi cant coro-
nary AVF, a hemodynamic study via cardiac 

catheterization is required, and also coronary 
angiography can be employed to recognize the 
size and the anatomic characteristics of the fi stula 
(Fig.  49.3 , Video  49.5 ) [ 5 ].

a

c

b

  Fig. 49.2    ( a – c ) Off-axis transthoracic    echocardiography 
showing coronary artery fi stulae with aneurysmal forma-
tion and continuous turbulent fl ow which drains to the right 

ventricle ( RV ) (Videos  49.2 ,  49.3 , and  49.4 ). LAD coro-
nary AV fi stula and aneurysm ( arrow ), LV left ventricle, LA 
left atrium, RV right ventricle, RA right atrium, AO aorta       

     Fig. 49.1    Huge    left 
main  coronary artery 
in  transthoracic 
 echocardiography short-axis 
view (Video  49.1 ). RV right 
ventricle, RA right atrium, 
LM left main, LA left atrium, 
Arrow indicate the left main 
coronary artery       
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       Management 

 Untreated small    fi stulas have an excellent prog-
nosis in the long term, but the larger ones can 
create premature coronary artery disease in 
the involved vessels. Coil embolization during 

catheterization time is the treatment of choice. 
The surgical approach is required for a few 
cases [ 3 ,  6 ,  7 ].      
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  Fig. 49.3    Left coronary angiography showing aneurys-
mal dilatation of the left main and left anterior descending 
( LAD ) descending coronary artery with fi stulization to the 
right ventricle ( RV ) (Video  49.5 )       
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       Morphology 

 The failure of absorption of the common pulmo-
nary vein creates this malformation and results in 
a left atrium (LA) divided by an abnormal fi bro-
muscular diaphragm into a posterosuperior cham-
ber receiving the pulmonary veins and an 
anteroinferior chamber having LA appendage and 
mitral orifi ce. The interrelation between the 
divided atrial chambers may be large, small, or 
absent, depending on the size of the opening in 
the membrane which defi nes the degree of 
obstruction to pulmonary venous return. Rises in 
both pulmonary venous pressures may result in an 
even severe pulmonary artery hypertension [ 1 ,  2 ].  

    Clinical Findings 

 Cor triatriatum may be detected as an incidental 
fi nding in a patient who experiences echocar-
diography for another reason. In overall, this rep-
resents the unobstructed form that requires no 
early intervention. Cases with more severe 
obstruction present in a style similar to patients 
with congenital pulmonary vein stenosis [ 1 ,  3 ].  

    Electrocardiography 

 In unobstructed cases, this is normal. In those 
with signifi cant obstruction, there is right ven-
tricular (RV) hypertrophy due to the associated 
pulmonary artery hypertension. Sinus rhythm is 
the rule and atrial fi brillation is the exception. 
Peaked right atrial (RA) P waves are common. 
However, broad, notched left atrial P waves also 
happen and may be related to prolonged conduc-
tion in the accessory chamber (Fig.  50.1 ) [ 1 ,  4 ].
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       Chest Radiography 

 This may be normal in those with mild obstruc-
tion or in those who demonstrate pulmonary 
edema with signifi cant obstruction. The combi-
nation of pulmonary venous congestion without 
LA enlargement (LA appendage prominence) is 
a radiological feature of cor triatriatum (Fig.  50.2 ) 
[ 1 ,  5 ].

       Echocardiography 

 The diagnosis is established by two-dimen-
sional echocardiography or TEE, with further 
insight from three-dimensional reconstruction. 
The obstructive membrane is visualized in the 
parasternal long- and short-axis and four-
chamber views and can be distinguished from a 
supravalvular mitral ring by its position supe-
rior to the LA appendage, which makes part of 
the distal chamber. Also present is diastolic 

fl uttering of the mitral leafl ets and high-veloc-
ity fl ow noticed by Doppler examination in the 
distal atrial chamber and at the mitral orifi ce 
[ 5 ,  6 ]. 

 Associated abnormalities are common and 
found in 70 % of patients. These include atrial 
septal defect (ASD), patent foramen ovale (PFO), 
ventricular septal defect (VSD), persistence left 
superior vena cava (SVC), partial anomalous pul-
monary venous return, patent ductus arteriosus, 
and aortic coarctation [ 5 ]. 

 TEE can help to defi ne the location of the 
membrane of the fi bromuscular diaphragm and 
the size and number of fenestrations. There are 
three    anatomic types of cor triatriatum: (1) dia-
phragmatic, (2) hourglass, and (3) tubular. Cor 
triatriatum can also be classifi ed according to the 
size of the opening across the membrane: Group 
1, no opening; Group II, one or more openings; 
and Group III, a wide opening and the size and 
number of fenestrations in the membrane are 
variable [ 7 ]. 

     Fig. 50.1    Atrial fi brillation, right axis deviation, and right ventricular hypertrophy       
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 Turbulent color fl ow suggests obstruction. 
Pulsed Doppler is used to measure the gradient 
across the opening in the membrane. Three- 
dimensional echocardiography may provide 

additional information (Fig.  50.3 , Videos     50.1 , 
 50.2 ,  50.3 , and  50.4 ) [ 5 ,  7 ].

       Differential Diagnosis 

 The differential diagnosis contains prominent 
folds in the atrial wall, supravalvular mitral rings, 
and persistent left SVC. Further, the membrane 
may occasionally appear as an artifact. In cor 
triatriatum, the distinguishing feature of this type 
is that the membrane or fi bromuscular diaphragm 
typically originates from the LA wall and lies 
between the left atrial appendage and the com-
mon pulmonary venous chamber [ 1 ,  4 ,  8 ].  

    Management 

 Surgical resection of the membrane is the treat-
ment of choice for patients with signifi cant 
obstruction. This results in symptom relief and a 
reduction in pulmonary artery pressure. In gen-
eral, the outcome after surgery is good [ 8 ,  9 ].  

    Cor Triatriatum Dexter 

 Cor triatriatum dexter is an infrequent congenital 
heart disorder where the RA is divided into two 
chambers by a skin or membrane (partitioning of 

  Fig. 50.2    Post-cardiac surgery cardiomegaly, left atrial 
enlargement without left atrial appendage prominence, 
right atrial and ventricular enlargement, and pulmonary 
venous congestion, differential diagnosis: (1) cor triatria-
tum, (2) mitral stenosis plus pulmonary hypertension, and 
(3) other left atrial obstructive lesions       

  Fig. 50.3    Transesophageal    
echocardiography in 
4-chamber view showing cor 
triatriatum with a small 
opening and signifi cant smoky 
pattern (Videos  50.3  and 
 50.4 ).  LA  left atrium,  RA  right 
atrium,  LV  left ventricle, 
 RV  right ventricle       

 

 

50 Cor Triatriatum



338

the RA to make a triatrial heart) that is formed 
by the persistence of the sinus venosus’s right 
valve. Characteristically, the RA    partition is 
caused by an exaggerated fetal eustachian and 
Thebesian valves, which form an incomplete 
septum transversely at the lower part of the RA 
together [ 10 ]. 

 Unlike obstructive cor triatriatum sinister, 
which has a high mortality rate if not corrected, 
cor triatriatum dexter has very different clinical 
manifestations dependent on the degree of parti-
tioning of the RA. If the septation is mild, the 
patient is asymptomatic, and this is an incidental 
fi nding in cardiac surgery for other abnormalities 
or during echocardiography. More severe septa-
tion can cause RV failure with signifi cant ele-
vated central venous pressures [ 10 ,  11 ]. 

 Cor triatriatum dexter can happen as an iso-
lated sporadic cardiac anomaly or related to other 
deformities, specially, of the right heart struc-
tures such as ASD, pulmonary valve stenosis or 
atresia, tricuspid valve disease, or Ebstein anom-
aly. Cyanosis is a very uncommon presentation 
of this disease; however, it is prominent when the 
membrane causes obstruction in RV infl ow and 
most of the fl ow is directed to the LA through a 
PFO or ASD [ 10 ,  11 ]. 

 Since    many cases are asymptomatic, the diag-
nosis of cor triatriatum dexter frequently is deter-
mined at postmortem study. But antemortem 
diagnosis is possible by using angiography, echo-
cardiography, contrast echocardiography, or car-
diac MRI [ 11 ]. 

 Asymptomatic cases are usually not treated 
unless they are experiencing cardiac surgery for 
other causes. In the past, the choice of treatment 
for symptomatic patients has been surgically 

resection of the membrane. In recent times, 
 disruption of the membrane percutaneous cathe-
ter has been reported and has been recommended 
as a chosen alternative for surgery [ 12 ].      

   References 

        1.    Jegier W, Gibbons JE, Wiglesworth FW. Cor triatriatum: 
clinical, hemodynamic and pathological studies surgical 
correction in early life. Pediatrics. 1963;31:255–67.  

    2.    Talner CN. Report of the New England Regional 
Infant Cardiac Program, by Donald C Fyler, MD. 
Pediatrics. 1998;102(1 pt 2):258–9.  

    3.    Borst H. Ein Cor triatriatum. Zentralble Allerg Pathol. 
1905;16:812–5.  

     4.    Humpl T, Reineker K, Manlhiot C, et al. Cor triatria-
tum sinistrum in childhood. A single institution’s 
experience. Can J Cardiol. 2010;26(7):371–6.  

       5.    Thakrar A, Shapiro MD, Jassal DS, et al. Cor triatriatum: 
the utility of cardiovascular imaging. Can J Cardiol. 
2007;23(2):143–5.  

    6.    Vallakati A, Nerella N, Chandra P, et al. Incidental 
diagnosis of cor triatriatum in 2 elderly patients. J Am 
Coll Cardiol. 2012;59(22):e43.  

     7.    Schluter M, Langenstein BA, Thier W, et al. 
Transesophageal two-dimensional echocardiography 
in the diagnosis of cor triatriatum in the adult. J Am 
Coll Cardiol. 1983;2(5):1011–5.  

     8.    Alphonso N, Norgaard MA, Newcomb A, et al. Cor 
triatriatum: presentation, diagnosis and long-term sur-
gical results. Ann Thorac Surg. 2005;80(5):1666–71.  

    9.    Ott DA, Cooley DA, Angelini P, et al. Successful sur-
gical correction of symptomatic cor triatriatum dexter. 
J Thorac Cardiovasc Surg. 1979;78:573–5.  

      10.    Hoye DJ, Wilson EC, Fyfe DA, et al. Cor triatriatum 
dexter: a rare cause of neonatal cyanosis. Anesth 
Analg. 2010;110:716–8.  

      11.    Fiorilli R, Argento G, Tomasco B, et al. Cor triatria-
tum dexter diagnosed by transesophageal echocar-
diography. J Clin Ultrasound. 1995;23:502–4.  

    12.    Mazzucco A, Bortolotti U, Gallucci V, et al. Successful 
repair of symptomatic cor triatriatum dexter in infancy. 
J Thorac Cardiovasc Surg. 1983;85:140–3.      

A. Alizadehasl and A. Sadeghpour



339A. Sadeghpour et al. (eds.), Comprehensive Approach to Adult Congenital Heart Disease,
DOI 10.1007/978-1-4471-6383-1_51, © Springer-Verlag London 2014

       Morphology 

 Pulmonary arteriovenous malformations (PAVMs) 
were fi rst defi ned in 1897. They include abnormal 
communications between the pulmonary arteries 
and the pulmonary veins. 

 Most cases with PAVMs have the autosomal 
dominant hereditary hemorrhagic telangiectasia 
(HHT). PAVMs may also be acquired infre-
quently secondary to not only chronic infections 
like actinomycosis, schistosomiasis, and tubercu-
losis but also end-stage metastatic thyroid cancer. 
These arteriovenous malformations may form a 
communication between the pulmonary artery 
and the pulmonary vein or between a bronchial 

artery and the pulmonary vein. PAVMs happen 
twice as often in females as in males; however, a 
male predominance has been detected among 
newborns [ 1 ,  2 ].  

    Anatomy 

 About 53–70 % of PAVMs are detected in the lower 
lobes. Nearly 70 % of patients have unilateral dis-
ease and 36 % have multiple lesions, and 50 % of 
those with multiple lesions have bilateral disease. 
PAVMs might be microscopic (i.e., telangiectasia), 
although they are classically 1–5 cm [ 1 ,  3 ].  

    Pathogenesis 

 The exact pathogenesis of PAVMs is unknown. 
At the terminal arterial loops, a defect can appear, 
allowing the dilation of the thin-walled capillary 
sacs. Otherwise, PAVMs are the result of the par-
tial resorption of the vascular septa separating the 
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arterial and venous plexus, which normally have 
anastomosis during the growth and development 
of the fetus [ 1 ].  

    Clinical Findings 

 Symptoms begotten by PAVMs are frequently 
insidious as the malformations gradually enlarge. 

 Dyspnea (especially with exercise) may 
develop over many years. In severe instances, 
dyspnea in the upright position (platypnea) can be 
present. Noticeable cyanosis can be present if 
there is a major degree of desaturation. Hemoptysis 
and even rarely massive hemoptysis may happen. 
Less frequent complaints consist of chest pain, 
cough, headaches, dizziness, dysarthria, vertigo, 
syncope, and diplopia. The reason for these symp-
toms is not exactly clear, but they may be allied to 
hypoxemia or polycythemia or even paradoxical 
embolization across the PAVMs. 

 Murmurs over the site of the PAVMs are heard 
in cases with large PAVMs. These machinery 
 murmurs are most audible through inspiration. 
Cyanosis and digital clubbing may be present [ 1 ,  2 ].  

    Pulse Oximetry 

 Pulse oximetry is a benefi cial tool in the initial 
screening for PAVMs. Pulse oximetry must be 
performed in the supine and upright positions. 
Oxygen saturation <95 % is suggestive of either 
right-to-left shunting or concomitant pulmonary 
disease. With signifi cant PAVMs, oxygen satura-
tion classically declines in the upright position 
[ 1 ,  3 ].  

    Chest Radiography 

 Chest radiographs expose some abnormalities in 
many cases with large PAVMs. The typical 
abnormal fi nding is a round- or an oval-shaped 
mass of uniform density. The mass is often 

 lobulated and most commonly is seen in the 
lower lobes of the lung [ 1 ,  2 ].  

    Echocardiography 

 Echocardiography, including transesophageal 
echocardiogram, is a helpful tool for excluding 
other causes of intracardiac right-to-left shunts 
[ 3 ,  4 ].  

    Echocardiogram with Bubble 
Contrast 

 A peripheral intravenous line is implanted, and a 
solution of 8 cc of normal saline mixed with 1 cc 
of the patient’s blood and 1 cc of air is agitated to 
create microbubbles in the solution. The solution 
is then injected swiftly when the heart is imaged 
in four-chamber view (preferably). These micro-
bubbles can produce a bright echo refl ection. 

 The right atrium, followed by the right ventri-
cle, is opacifi ed normally, and then the micro-
bubbles (< 50 microns in diameter) are fi ltered 
into the pulmonary capillary bed such that no 
bubbles are seen in the left heart. Be that as it 
may, in the presence of PAVMs, the bubbles pass 
through the malformation and are seen in the left 
atrium and the left ventricle. Any visible air 
should not be injected on the grounds that it could 
result in systemic air embolization. 

 PAVMs can be differentiated from intracar-
diac shunts based on the time of the appearance 
of the bubbles. In the left atrium, the appearance 
of the bubbles within one cardiac cycle implies 
intracardiac shunting, whereas bubbles that 
appear later denote PAVMs [ 3 ,  4 ] (Fig.  51.1a ,  b ).

   Nevertheless, other methods are required to 
confi rm the result. Contrast-enhanced computed 
tomography (CT) scanning, radionuclide perfu-
sion lung scanning, and even pulmonary angiog-
raphy and magnetic resonance imaging (MRI) 
can be helpful in establishing the exact diagnosis 
[ 5 ,  6 ].  
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    Management 

    Catheter Intervention 

 Embolization therapy is the treatment of choice 
in that it is capable of totally occluding the 
PAVMs’ feeding arteries. 

 Indications for embolotherapy consist of:
    1.    Progressive enlargement and dilatation of the 

lesions   
   2.    Paradoxical embolization   
   3.    Symptomatic hypoxemia   
   4.    Feeding vessels ≥3 mm in size     

 Surgery is indicated in very rare cases [ 1 ,  4 ,  6 ].       
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       Embryopathy 

 Aortopulmonary septal defect (APSD) as an 
uncommon congenital heart defect is a defect in 
the septum between the aorta and pulmonary 
artery, resulting in a communication between the 
two arteries [ 1 ]. 

 Mierop described three types of aortopulmo-
nary septal defect (Fig.  52.1 ).

   The three types of aortopulmonary septal 
defect are as follows:
    A.    Type I, proximal defect, midway between the 

semilunar valves and pulmonary bifurcation   

   B.    Type II, distal defect with posterior border 
absent and aortic origin of right pulmonary 
artery   

   C.    Type III, total defect, which is the combina-
tion of types I and II [ 2 ]     

 Associated lesions are PDA,  interrupted aor-
tic arch  or severe coarctation, TOF and anoma-
lous coronary from pulmonary artery, VSD, 
aortic atresia, double aortic arch, and other more 
complex heart diseases [ 1 ,  3 ].  

    Symptoms 

 Symptoms depend on the size of the defect, pul-
monary vascular resistance (PVR), and associ-
ated anomalies.
•    In a large defect with low PVR, it results in 

signs and symptoms of congestive heart fail-
ure (CHF) between the second and eighth 
weeks of life. Less commonly, the defect is 
small and shows an asymptomatic murmur.  
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•   In a large, nonrestrictive defect with elevated 
PVR, CHF does not develop, and the patients 
may be asymptomatic and diffi cult to diag-
nose except after many years [ 4 ].     

    Sign 

•     In a large defect with low PVR, physical 
examination fi ndings are tachypnea, tachycar-
dia, and increased breathing effort, wide pulse 
pressure with bounding pulses, gallop rhythm, 
continuous murmur at the left upper sternal 
border, and hepatomegaly.  

•   In high PVR situations, fi ndings may be sub-
tler: single S2, cyanosis.  

•   In small defects, a continuous murmur may be 
the only one fi nding [ 4 ].     

    Electrocardiography 

 Criteria of right ventricular hypertrophy usually 
are present, although biventricular hypertrophy 
may be present in the presence of large defect. 
Rarely, the ECG is normal or shows only a mild 
degree of right ventricular hypertrophy with an 
rsR’ pattern in the right precordial leads [ 1 ].  

    Radiography 

 The chest x-ray shows signs of a large left-to- 
right shunt like a moderately enlarged heart 
with prominent pulmonary vascular markings, 

 prominent main PA segment. LA and LV bor-
ders are also prominent. The aortic knuckle is not 
prominent [ 1 ].  

    Echocardiography 

 Echocardiography can accurately diagnose the 
main and associated anomalies. The left atrium, 
LV, and PA are dilated. The right ventricle may 
be hypertrophied. The semilunar valves usually 
have normal relation and function. “T” artifact at 
the edges of the defect is the distinguishing sign 
from normal dropout. CFD can show fl ow 
through the defect. 

 Spectral Doppler shows abnormal, continuous 
forward fl ow in the pulmonary arteries. 
Signifi cant diastolic fl ow reversal is found in both 
the proximal aortic arch and descending aorta. 
PAH can also be detected by echocardiography 
(Figs   .  52.2 ,  52.3 , and  52.4 , Videos  52.1 ,  52.2 , 
 52.3 , and  52.4 ) [ 6 ].

         Cardiac Catheterization 

 Cardiac    catheterization usually is not required 
(according to the complete data obtained by 
echocardiography). The right ventricular and pul-
monary arterial pressures usually are at systemic 
levels. The LA pressure may be elevated but the 
LV pressure is usually normal. Aortic systolic 
pressure usually is normal with decreased dia-
stolic pressure and widened pulse pressure. The 
catheter often can direct to the main pulmonary 

Type I Type II Type III

     Fig. 52.1    Three types of aortopulmonary septal defect       
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artery through the defect. An ascending aorta or 
main pulmonary angiogram will demonstrate the 
defect. Aortogram can also show associated aor-
tic abnormality [ 1 ]. The anomalous origin of a 
coronary artery from pulmonary arteries (if it 
exists) can be detected by PA angiogram 
(Fig.  52.5 ) [ 5 ].

       Medical Therapy 

 Medical palliative therapy may be done before 
elective surgery. Surgical repair is obligatory to 
prevent the development of pulmonary hyperten-
sion. Digoxin and diuretics may have some 
symptomatic benefi t before surgery. The benefi t 
of vasodilator agents (e.g., angiotensin- 
converting enzyme inhibitors, phosphodiesterase 
inhibitors, nitrates) is uncertain. 

 Positive pressure ventilation with induced 
hypercarbia and limiting inspired oxygen 
 concentration to 21 % may help limit pulmonary 
blood fl ow in infants with high pulmonary blood 
fl ow. 

 Reports of device closure of small aortopul-
monary septal defects with effi cient rims are 
existing [ 4 ].  

    Surgical Therapy 

 The aorta and pulmonary artery are divided, 
and the defects may be closed primarily or 
with patch [ 4 ].  

    Postoperative Care 

 Existence of complete repair should be confi rmed 
postoperatively. Older infant or child    is at risk for 
postoperative pulmonary hypertension that may 
require aggressive management with inhaled 
nitric oxide. Other drugs such as sildenafi l or cal-
cium channel blockers may be useful [ 4 ].      

  Fig. 52.2    Transthoracic    echocardiography in short axis 
view showing “T” artifact at the edges of the defect sug-
gestive for aortopulmonary septal defect that was con-
fi rmed by color fl ow imaging (Video  52.1 ).  AO  aorta,  PA  
Pulmonary artery       

  Fig. 52.3    Aortopulmonary septal defect in transthoracic 
echocardiography in suprasternal view (Video  52.2 ).  AO  
aorta,  PA  Pulmonary artery       

  Fig. 52.4    Aortopulmonary septal defect in transesopha-
geal echocardiography (Video  52.3  and  52.4 ).  AO  aorta, 
 PA  Pulmonary artery       
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     Fig. 52.5    AP window injection in AP view shows coincident AO and PA opacifi cation and also indicates the high PAP 
(Video  52.5 )       
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    Crisscross heart (CCH), or supero-inferior ven-
tricles, is a rotational congenital heart defect 
(CHD) in which the pulmonary and systemic 
venous streams cross each other at the atrioven-
tricular (AV) level without mixing. Its occurrence 
is <8/1000000 and accounts for less than 0.1 % of 
CHD [ 1 – 3 ]. 

 AV structures are parallel to each other in 
the normal heart, if seen from the front, while 
in CCH the AV chambers are not parallel and 
angulated by as much as 90°. The atriums con-
nect with the contralateral ventricles, and the 
ventricular chambers are placed in a supero-
inferior position (the right ventricle (RV) supe-
riorly and the left ventricle (LV) inferiorly 

positioned), regardless of whichever the AV 
connection is  concordant or discordant. The 
diagnosis of CCH and its  associated lesions are 
made by using 2-dimensional (2D) and color 
Doppler  echocardiography [ 2 – 4 ]. 

 In 1961, Lev and Rowlatt explained a rare 
arrangement of the cardiac chambers and inlets, 
that is, ventricular chambers placed in a supero- 
inferior style (the RV superiorly and the LV infe-
riorly). In 1974, Anderson et al. used the term 
CCH for this cardiac anomaly that produces the 
crossing of the pulmonary and systemic venous 
streams without mixing them at the AV level. 
Nowadays, some cases are described with situs 
solitus, situs inversus or isomerism, and mostly 
AV concordance. The physiology of CCH is 
determined by the concordant or discordant AV 
and VA connection and also the associated car-
diac disease. CCH may be seen in three types, 
that is, normal hearts, complete transposition, 
and corrected transposition. Most patients with 
CCH have other anomalies such as transposition 
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of the great vessels, ventricular septal defect, RV 
hypoplasia, subpulmonary stenosis, straddling of 
AV, and others [ 3 ,  4 ]. 

 The diagnosis should be supposed by echocar-
diography when the parallel arrangement of the 
AV valves and inlets cannot be obtained, and 
importantly the two valves are not easily visual-
ized simultaneously on a single apical 4-chamber 
view (Videos  53.1 ,  53.2 , and  53.3 ). Color fl ow 
mapping can help in evaluating the AV and VA 
connections and also recognition of the crossover 
of the infl ow streams. Previous studies reported 
that the failure to achieve a typical 4-chamber 
view was diagnostic key for differentiation of the 
CCH [ 4 – 6 ]. 

 Surgical choices vary according to the 
sequential segmental examination and associated 
anomalies. In conclusion, CCH is a rare cardiac 
anomaly that can be identifi ed by a transtho-
racic echocardiography by an attentive and alert 
echocardiographer to defi ne the relationships of 
the cardiac chambers and connections and also 
 associated cardiac anomalies [ 6 ,  7 ].     
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       Defi nition and Epidemiology 

 A patent foramen ovale (PFO) is an anatomical 
communication between two atria with a possi-
bility for right-to-left shunt. PFO is a fl ap-like 
opening between the atrial septa primum and 
secundum at the site of the fossa ovalis that per-
sists after 1 year of age. In utero, the foramen 
ovale helps as a physiologic conduit for right-to- 
left shunting. After birth, once the pulmonary cir-
culation is established, left atrial (LA) pressure 
increases, permitting functional closure of the 
foramen ovale. This is followed by an anatomical 
closure by the age of 1 year [ 1 ,  2 ]. 

 PFO is identifi ed in 10–15 % of patients by 
contrast transthoracic echocardiography (TTE), 

but autopsy studies demonstrate a 25–30 % preva-
lence of PFO. This difference is possibly due to 
the ability to directly visualize PFO at autopsy, 
but contrast echocardiography depends on detec-
tion of secondary physiologic phenomenon. The 
prevalence and size of PFO is similar in men and 
women. The prevalence of PFO reduces with age: 
34 % up to age 30 years, 25 % for age 30–80 years, 
and 20 % for older than 80 years [ 2 ,  3 ].  

    Clinical Findings 

 Most cases with isolated PFO are asymptomatic; 
however, these patients may have a history of 
stroke or transient ischemic attack (TIA) of inde-
terminate etiology. According to some references, 
some patients with PFO present with migraine or 
migraine-like symptoms. Other less frequent clin-
ical appearances of PFO include the following: 
acute myocardial infarction and systemic embo-
lism such as renal infarction and posttraumatic or 
postsurgical systemic fat embolism    [ 2 ,  4 ].  
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    Associated Cardiac Anomalies 

 The associated cardiac anomalies include atrial 
 septal aneurysm (a redundant and mobile interatrial 
tissue in fossa ovalis), elongated Eustachian valve, 
Chiari network, ASD, and Ebstein anomaly [ 1 ,  2 ].  

    Echocardiography 

 In some cases, PFO is detectable with color fl ow 
Doppler imaging in TTE. A small fl ame of color 
fl ow may be seen in the middle area of the inter-
atrial septum (Fig.  54.1 , Videos  54.1  and  54.2 ).

   Contrast TTE is usually needed to detect small 
PFO. After achieving optimal visualization of the 
interatrial septum on TTE or transesophageal 
echocardiography (TEE), a bolus of agitated 
saline is injected into an antecubital vein. Then, 
microbubbles appear in the right atrium (RA). 
The study is positive for PFO when the micro-
bubbles appear in the LA within three cardiac 
cycles of their appearance in the RA [ 5 – 7 ] 
(Fig.  54.2 , Video  54.3 ).

   Valsalva maneuver increases RA pressure and 
accelerates right-to-left shunting. 2D TEE with 
contrast provides greater visualization of the 
interatrial septum and thus is preferred to  contrast 

  Fig. 54.1    A small fl ame of 
color fl ow may be seen in the 
middle area of the interatrial 
septum       

  Fig. 54.2    Agitated saline 
injection into an antecubital 
vein showing many bubble 
passages from the interatrial 
septum within three cardiac 
cycles of their appearance in 
the RA suggestive of PFO       
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TTE for detecting PFO. When clinically 
 indicated, 2D TEE with contrast is strongly sug-
gested for patients whose fi ndings on TTE are 
negative. A 3D TEE makes available direct visu-
alization of the entire interatrial septum, PFO 
anatomy, and adjacent structures [ 6 ,  7 ].  

    Management 

 Most cases with a PFO as an isolated fi nding take 
no special management. No consensus is present 
on treatment of PFO in patients with TIA or 
stroke. When PFO is    accompanied by an unex-
plained neurologic event, traditionally antiplate-
let (often aspirin) therapy alone in low-risk 
patients or concomitant with warfarin in high- 
risk cases is used. With the use of warfarin, the 
international normalized ratio (INR) is main-
tained at 2–3. The fi rst recurrence rate of stroke 
or TIA has been reported to be 3.4–3.9 % per 
year; however, in patients with atrial septal aneu-
rysm and PFO, this risk increases to 9 %, whereas 
the rate of subsequent stroke or TIA recurrence in 
2 years increases to 22 % [ 8 ,  9 ]. 

 Percutaneous closure of PFO during cardiac 
catheterization is the treatment of choice. The 
indications are    as follows:
    1.    Recurrent cryptogenic stroke due to supposed 

paradoxical embolism through PFO   
   2.    Contraindications to anticoagulant therapy   
   3.    Substitute to medical therapy or surgical clo-

sure as an alternative treatment   
   4.    Cryptogenic stroke, TIA, or peripheral or cor-

onary embolism due to supposed paradoxical 
embolism through a PFO that is related with 
hypercoagulability state   

   5.    Divers with a PFO who are at risk of clinical 
events that are associated to paradoxical 
embolism through a PFO in decompression   

   6.    Systemic deoxygenation due to right-to-left 
shunting through a PFO in the absence of 
severe pulmonary hypertension    

  And according to some references, there are 
two other indications for PFO closure:
    7.    Migraine headache accompanied by aura   
   8.    Posttraumatic fat embolism with cerebral 

embolism through PFO     
 Surgical closure of PFO with double continu-

ous sutures has resulted in the elimination of shunt 
across the PFO; the indications are as follows:
    1.    PFO more than 25 mm in dimension   
   2.    Inadequate rims of tissue around the defect   
   3.    Percutaneous device failure [ 8 – 10 ]          
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     The atrial septal defect (ASD) is the second most 
common adult congenital heart disease, account-
ing for about 10 % of all congenital heart anoma-
lies. Seventy percent of ASDs are of the ostium 
secundum type, and surgical repair is the stan-
dard of care for the other ASD types such as 
ostium primum and sinus venosus. Surgical cor-
rection was once the standard of care for the 
secundum ASD; however, over the past decades, 
many devices have been developed to treat the 
secundum ASD percutaneously. The benefi ts of 
the percutaneous approach have been well dem-
onstrated in recent years [ 1 ,  2 ]. 

 Indeed, the transcatheter method is evolving 
to become the new effi cient standard of care for 

adults with the ASD. Similar to the surgical 
approach, this method results not only in symp-
tomatic improvement and increase in exercise 
capacity but also in improvement in cardiac 
chamber anatomy and geometry and in cardiac 
hemodynamics. The authors of several studies 
have concluded that ASD closure in adults is safe 
and effi cient with an outstanding long-term out-
come in terms of clinical symptoms and hemody-
namic improvement [ 2 – 4 ]. 

 The American College of Cardiology and 
the American Heart Association (ACC/AHA) 
guidelines recommend that a secundum ASD 
>5 mm with Qp/Qs >1.5 or an ASD associated 
with right ventricular volume overload should 
be closed in the following scenarios: as long as 
the pulmonary artery pressure is 2/3 systemic 
pressure; pulmonary vascular resistance is <2/3 
systemic vascular resistance; or the patient is 
responsive to either pulmonary vasodilator ther-
apy or occlusion test of the defect. Indeed, ASD 
closure should be considered in all hemodynam-
ically signifi cant secundum ASDs regardless of 
the patient’s age or symptoms. Contraindications 
are as follows: (1) presence of other congenital 
cardiac deformities such as anomalous pulmo-
nary venous drainage or ostium primum, sinus 
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venosus, or coronary sinus ASDs which would 
need surgical correction (should be closed sur-
gically) and (2) severe irreversible pulmonary 
hypertension and no evidence of a left-to-right 
shunt [ 2 ,  3 ]. 

 Factors that decide appropriateness for trans-
catheter closure include the size of the defect and 
also the presence of adequate tissue rims around 
the defect. Precise imaging of the anatomic fea-
tures of the ASD is critical for case selection, 
planning, and guidance during the procedure. 
This is accomplished using two-dimensional 
(2D) and three-dimensional (3D) echocardiogra-
phy. Accordingly, pre-procedural transthoracic 
echocardiography (TTE) and transesophageal 
echocardiography (TEE) have the main role in 
establishing the initial ASD diagnosis, ASD 
location, ASD size, ASD number (single or mul-
tiple fenestrations, Fig.  55.1 ), pulmonary arterial 
and right ventricular dilatation, anterior systolic 
(paradoxical) or fl at interventricular septal 
motion due to signifi cant right ventricular vol-
ume overload, pulmonary artery pressure, (some-
times) direct visualization of the defect by 
2D-echo imaging (particularly from a subcostal 
view of the interatrial septum), associated lesions 
such as mitral valve prolapse and anomalous pul-
monary venous connection, measurement of the 
distance between the ASD and the mitral valve 
and the coronary sinus, and delineation of the 
ASD rims and their pliability [ 4 – 7 ].

   TEE can provide detailed explanations 
about the ASD size and rimes (Figs.  55.2 ,  55.3  ,  
and  55.4 ). Conventionally, the rims of a secundum 
ASD are labeled as aortic (superoanterior), atrio-
ventricular (AV) valve (mitral or inferoanterior), 
superior vena caval (SVC or superoposterior), 
inferior vena caval (IVC or inferoposterior), and 
posterior (from the posterior free wall of the atria).

     Depending on the device, this technique is 
available only for patients with a secundum ASD 
with a stretched diameter < 41 mm and with ade-
quate rims [ 6 – 9 ]. 

  Fig. 55.1    Interatrial    septum with two nearby adjacent 
defect which can be closed by a large device. RV right 
ventricle, RA right atrium, LV left ventricle, LA left atrium       

  Fig. 55.2    Transesophageal echocardiography in four- 
chamber view showing the mitral or anteroinferior rim  AI  
and posterosuperior  PS  rims       

  Fig. 55.3    Transesophageal    echocardiography in short- 
axis view showing aortic (anterosuperior rim) and poste-
rior rims. AO aorta, RA right atrium, LA left atrium       
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   The Manifold Intra-procedural 
Benefi ts of TEE 

•        Confi rming the position of the guide wire in 
the left atrium  

•   Measuring the balloon stretch diameter of the 
ASD (Fig.  55.5 )

•      Monitoring if the infl ated balloon has closed 
the defect  

•   Detecting leaks around the balloon  
•   Guiding the release of the device  
•   Monitoring the Chiari network entanglement  
•   Monitoring thrombus on catheters [ 8 – 11 ]  
•   Providing adequate deployment and position-

ing of the left atrial disk (Fig.  55.6 )
•      Documenting the degree of the residual shunt 

through and around the device (Fig   .  55.7 )
•      Guiding correct device placement and assess-

ing leaks across the device     

   The Post-procedural Advantages 
of TEE 

•        Assessing leaks across the device immedi-
ately after implantation  

•   Assessing the adequacy of the occlusion  
•   Checking position stability during the wiggle 

maneuver  
•   Reviewing the device relation to the mitral valve, 

coronary sinus, and right upper pulmonary vein    
 Of course, occasionally, transient inferior ST 

elevation will be noted on electrocardiographic 

  Fig. 55.4    Bicaval view showing superior vena caval    ( SVC  or 
superoposterior) and inferior vena caval ( IVC  or inferoposte-
rior, about 2.16 cm) rims. RA right atrium, LA left atrium       

  Fig. 55.5    Transesophageal echocardiography showing 
how to measure the balloon stretch diameter of the ASD. 
RV right ventricle, RA right atrium, AO aorta, LA left atrium        

  Fig. 55.6    Improper    position and prolapse of the left 
atrial disk into the right atrium. RV right ventricle, 
RA right atrium, AO aorta, LA left atrium, RVOT right ven-
tricular outfl ow tract       

  Fig. 55.7    Trivial    shunts by color fl ow imaging around 
the edge of the device that frequently disappear on full 
release of the device. RV right ventricle, RA right atrium, 
LV left ventricle, LA left atrium, residual shunt       
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(ECG) monitoring during the procedure. This 
is thought to be caused by minor embolization, 
usually of air from the catheters, to the right 
coronary artery. TEE is ideally placed for the 
assessment and monitoring of any associated 
inferior regional wall motion abnormalities. In 
the intra-procedural time, it must be ensured that 
the deployed disk is unfolded properly, such that 
it attains an almost fl at shape. If the device twists 
on loading into the catheter or if the delivery 
catheter is advanced too far into the left atrium, 
the left atrial disk is liable to catch against the 
left atrial free wall or appendage, causing twist-
ing of the waist and a cobra-head malformation 
of the disk occurs. Trivial shunts on color fl ow 
mapping can also be detected around the edge of 
the device; they, however, frequently disappear 
on full release of the device, when its proper con-
formation is obtained. Any signifi cant residual 
shunt more than this will need to be thoroughly 
delineated and discussed with the proceduralist 
[ 2 ,  3 ,  12 ,  13 ]. 

 TEE also has benefi ts in the post-proce-
dural: checking the device position (Figs.  55.8 , 
 55.9  ,  and  55.10 ), checking the device structural 
integrity, assessing residual shunts, checking 
the device relation to other structures such as 
the mitral valve or right upper pulmonary vein, 
and looking for potential complications such as 
thrombus and infection [ 8 ,  9 ,  14 ].

     Recently, 3D echocardiography has been 
employed for precise evaluation of the ASD size 
and margins through “matrix” transducers, which 
permit acquisition of a pyramid-shaped volume 
of echocardiographic data (Fig.  55.11 ). To reach 
the highest resolution of the atrial septum and 
adjacent structures, a full-volume 3D dataset is 
achieved over 4 to 7 cardiac cycles. For transtho-
racic 3D views, the subcostal view is the view 
of choice because its projection is en face to the 
atrial septum. In cases with suboptimal windows, 
the low parasternal four-chamber view can be 
used. Note that 3D TEE overcomes the limita-
tions of poor acoustic windows in adult patients 
(Fig.  55.12 ).

    Real-time 3D imaging confi rms the changing 
in the shape of the ASD during a single cardiac 
cycle, with the maximum size in diastole. During 
the procedure, live 3D or a 3D zoom mode is 

  Fig. 55.8    Post-procedural    evaluation of device showing 
proper size and well-seated ASD occluder. RV right ven-
tricle, RA right atrium, LA left atrium       

  Fig. 55.9    Post   -procedural evaluation of device showing 
oversize, well-seated ASD occluder. RA right atrium, LA 
left atrium, IVC inferior vena cava, SVC superior vena cava       

  Fig. 55.10    Transthoracic echocardiography in four- 
chamber view showing migration of the device into the 
left ventricle. RV right ventricle, RA right atrium, LV left 
ventricle, LA left atrium       
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used to observe the position of guide wires, 
sheaths, and devices in real time. Moreover, 3D 
echocardiography is principally helpful in cases 
with multiple ASDs to ensure the placement of 
the delivery sheath through the larger defect. 
Also, 3D echocardiography may be potentially 
helpful in cases with diffi cult ASDs by demon-
strating the alignment of the disks against the 
septum during deployment [ 6 ,  9 ,  15 ,  16 ]. 

 In conclusion, ASD device closure can be the 
fi rst option for the management of the secundum 
ASD. Echocardiography plays a critical role in 
patient selection, guidance, and post-deployment 
evaluation for the transcatheter closure of the 
ASD. Understanding the echo-anatomic correla-
tion by TEE is perhaps the most essential and 
basic requisite to ensure a successful procedure. 
Furthermore, 3D echocardiography is likely to 

further this understanding in the future, particu-
larly in diffi cult cases such as multiple defects or 
defects with defi cient margins.     
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        Introduction 

 The ventricular septal defect (VSD) is a common 
congenital heart defect (CHD) in both children 
and adults. Standard treatment for the VSD is 
open surgery, which is generally performed with 
minimal operative mortality but still carries some 
risks such as complete atrioventricular block 
(AVB) and residual shunt. Since the fi rst report of 
transcatheter VSD closure in 1988, this catheter- 
based approach for the VSD (especially for the 
perimembranous VSD, which involves the mem-
branous septum and accounts for approximately 
70 % of cases) has been shown to be an  alternative 

approach to surgical closure, with acceptable 
mortality and morbidity rates as well as  promising 
results [ 1 – 3 ].  

    Inclusion and Exclusion Criteria 

 The inclusion criteria for transcatheter VSD 
 closure are comprised of the following:
    1.    Congenital perimembranous or muscular 

VSDs as shown by echocardiography   
   2.    Maximum VSD diameter <20 mm by trans-

thoracic echocardiography (TTE)   
   3.    Defect located at the 9–11 o’clock positions 

of an analog clock in the short-axis paraster-
nal view by TTE   

   4.    Distance >1 mm between the perimembra-
nous VSD and the aortic valve (AV)   

   5.    Left-to-right shunt   
   6.    Calculated pulmonary vascular resistance <8 

Wood units     
 The exclusion criteria consist of the 

following:
    1.    Defects associated with other cardiac anoma-

lies requiring a surgical approach   
   2.    Irreversible pulmonary vascular disease (pul-

monary vascular resistance >8 Wood units)   
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   3.    Severe AV regurgitation   
   4.    Severe AV prolapse   
   5.    Right-to-left shunt [ 1 ,  3 ,  4 ]      

    Procedure 

 Catheterization procedure is done without tra-
cheal intubation and under conscious sedation for 
patients younger than 10 years of age. Heparin 
(100 IU/kg) and antibiotics are administered 
intravenously during the procedure. Access is 
through the right femoral vein and also right fem-
oral artery. Angiography in the left ventricle (LV) 
at a 55°/20° left anterior oblique cranial projec-
tion is used to profi le the VSD. Location and size 
of the VSD and its relationship with the AV are 
studied. The diameter of the VSD is measured at 
the largest diastolic period, and an occluder device 
is selected according to this measurement. The 
defect is then passed from the LV with a 5-French 
partly cut pigtail catheter or a right Judkins cath-
eter. An arteriovenous circuit is set up through the 
femoral vein approach on the same side. A long 
sheath (6–12 Fr) is advanced to the LV through 
the arteriovenous circuit and placed beneath the 
AV. Through the long sheath, the VSD occluder is 
deployed under fl uoroscopic control and echocar-
diographic help and guidance. Angiography in the 
LV and ascending aorta is performed again to 
confi rm complete occlusion and to detect any 
new-onset AV regurgitation. 

 Continuous electrocardiographic (ECG) mon-
itoring is used during the fi rst 24 h after the pro-
cedure. Aspirin (5 mg/kg daily) is administered 
for 6 months in all patients [ 1 ,  4 – 7 ].  

    Complications and Follow-up 

 During follow-up, a large number of patients 
having been reported to date (by Hijazi et al.) had 
excellent closure results with 100 % complete 
closure rate at 6-month follow-up. A series of six 
patients were also reported to have 100 % com-
plete occlusion. The only complication reported 

is transient arrhythmia, which occurred during or 
immediately after deployment [ 6 ,  7 ]. 

 The most common complications associated 
with transcatheter VSD closure are heart rhythm 
disturbances. Other common adverse events 
include valvular regurgitation, device emboliza-
tion, hemolysis, hematoma, and fever. These 
adverse events are generally manageable and do 
not outweigh the benefi ts. Many types of cardiac 
arrhythmia may take place during the transcath-
eter procedure. Bundle branch block and  transient 
or permanent AVB are reported too. Complete 
AVB has been reported to be the most signifi cant 
complication in both the early phase and follow-
up period, with an incidence rate varying from 
3.5 to 8.6 % [ 1 ,  8 ,  9 ]. 

 Valvular regurgitation is another major con-
sideration in the transcatheter closure of the peri-
membranous VSD. Impingement of the occluder 
on the valve leafl ets may cause instant aortic or 
tricuspid regurgitation by interfering with the 
chordae tendineae (Figs.  56.1  and  56.2 ).

    Thus, echocardiography and angiography are 
crucial for confi rming correct device deploy-
ment. Other mechanisms may be associated with 
the improper placement of the occluder on the 
tricuspid septal leafl ets, migration of the occluder, 
shape memory of Nitinol wires, or rupture of the 
chordae tendineae [ 1 ,  6 ,  10 ].     

  Fig. 56.1     White arrow  showing    VSD occluder with tri-
cuspid valve entrapment.  LA  left atrium,  RA  right atrium, 
 LV  left ventricle,  RV  right ventricle       
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  Fig. 56.2    Improper    placement of the occluder on the tri-
cuspid septal leafl ets resulting impingement of the occluder 
on the tricuspid chordae tendineae.  RV  right ventricle,  TV  
tricuspid valve,  LV  left ventricle,  P  posterior leafl et of TV, 
 A  anterior leafl et of TV,  S  septal leafl et of TV       
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        Introduction 

 Due to tremendous development in cardiothoracic 
surgery, over the past decades, 95 % of newborns 
with congenital heart disease (CHD) survive into 
adulthood. Although most of adult patients with 
CHD have undergone surgical intervention during 
childhood and also there have been recently 
remarkable advances in percutaneous transcathe-
ter techniques to treat adult congenital heart dis-
ease (ACHD), a signifi cant proportion of these 
patients will have to undergo cardiovascular sur-
gery at some point in adulthood. 

 Surgeries may be considered in a number of 
patients with ACHD. These patients include 
those with prior palliative operations or residual 
defects. Patients with associated cardiac lesions 
who have not been operated due to missed diag-
nosis or lack of sever lesions may also need the 
surgery in adulthood. 

 The detailed management strategies in adults 
with various CHDs have been discussed in the 

related chapters, and this chapter provides an 
overview on indications for surgery in some 
types of ACHD.  

    Atrial Septal Defect 

 In the absence of symptoms or associated intracar-
diac lesions, small unrepaired atrial septal defects 
(ASDs) do not require surgical intervention [ 1 ]. 
These patients should be followed up continuously 
because LV compliance decreases with age, lead-
ing to increased left-to-right shunting and subse-
quent development of symptoms. However, in 
several specifi c conditions such as paradoxical 
embolism or maybe recent-onset atrial arrhyth-
mias, ASD closure is indicated, regardless of the 
defect size. Larger ASDs are usually accompanied 
by RV enlargement and should be closed, even in 
asymptomatic patients. ASD closure is contraindi-
cated in patients who develop severe irreversible 
pulmonary artery hypertension (i.e., Eisenmenger’s 
physiology) [ 1 ]. 

 In patients with paroxysmal or persistent atrial 
fi brillation or fl utter, a concomitant Maze proce-
dure during ASD closure may be advised [ 1 ]. The 
type of the ASD may also determine the treatment 
strategy. For example, patients with sinus  venosus, 
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ostium primum, and coronary sinoseptal ASD 
have been shown to have better results with surgi-
cal closure than with percutaneous intervention. 
However, in patients with ostium secundum ASD, 
closure can be performed either surgically or 
using a percutaneous device. In several condi-
tions, the anatomical characteristics of the ASD 
such as multiple ASDs, fenestrated septum pri-
mum, inadequate septal rim, and redundant or 
aneurysmal septum primum preclude the use of a 
device. Furthermore, in patients with concomitant 
lesions which need surgery such as signifi cant tri-
cuspid regurgitation or Maze procedure requiring 
atrial arrhythmias, the surgical closure of the ASD 
should be considered.  

    Patent Foramen Ovale 

 The patent foramen ovale (PFO) should be closed 
in patients experiencing recurrent cryptogenic 
stoke on anticoagulation. In patients with prior 
exposure to changes in atmosphere pressure that 
increases the risk of paradoxical air embolism, 
the PFO should also be closed [ 1 ].  

    Atrioventricular Septal Defect 

 Adult patients with untreated complete atrioven-
tricular septal defects usually suffer from severe 
pulmonary artery hypertension and severe pul-
monary vascular disease; surgical repair, there-
fore, has no benefi t in such cases. All patients 
with partial atrioventricular septal defects must 
be surgically treated unless severe pulmonary 
artery hypertension exists. Low surgical mortal-
ity and good survival rates have been reported for 
these patients [ 2 ]. 

 Occasionally, surgery is indicated in adult 
patients with this anomaly for the repair of resid-
ual defects or valve regurgitation.  

    Ventricular Septal Defect 

 Usually small ventricular septal defects (VSDs) 
with Qp/Qs <1.5 are not considered for surgical 
repair. Untreated small VSDs are not uneventful 

during long-term follow-up, and the recent mor-
tality and morbidity rates of surgical repair have 
been low; consequently, the percutaneous or sur-
gical closure of small VSDs may be the right 
option in selected patients [ 3 ]. 

 Moderate-sized VSDs usually have a signifi cant 
shunt (Qp/Qs >1.5) and should be closed either by 
interventional or surgical repair. Large VSDs 
should be repaired unless there is irreversible pul-
monary artery hypertension or Eisenmenger’s 
physiology.  

    Patent Ductus Arteriosus 

 The surgical closure of a large patent ductus arte-
riosus (PDA) is rarely indicated in adult patients 
since most of these patients have Eisenmenger’s 
physiology (net right-to-left shunt). Currently, 
most small- or moderate-sized PDAs are closed 
by percutaneous intervention using different 
occlusive devices. Distorted, aneurysmal, or 
severely calcifi ed PDAs are not suitable for per-
cutaneous closure and surgery is usually recom-
mended. Patients with an enlarged LV or left 
atrium (LA), pulmonary hypertension, or net left-
to- right shunting and patients with previous end-
arteritis are also recommended to undergo PDA 
closure (class I, level of evidence C) [ 1 ].  

    Tetralogy of Fallot 

 The total correction of the tetralogy of Fallot 
(TOF) is indicated in adulthood, with the excep-
tion of patients with severe left ventricular (LV) 
or right ventricular (RV) dysfunction. Post-TOF 
repair complications are not uncommon. There 
are different indications for surgical re- 
interventions in patients with previous TOF 
repair, including [ 1 ]:
    1.    Severe pulmonary regurgitation in patients 

with clinical cardiac symptoms or exercise 
intolerance may indicate pulmonary valve 
replacement (class I, level of evidence B).   

   2.    Severe pulmonary regurgitation after TOF 
repair along with moderate RV dysfunction or 
enlargement; new-onset sustained, moderate to 
severe tricuspid regurgitation; or  symptomatic 
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atrial/ventricular arrhythmia may indicate pul-
monary valve replacement (class IIa, level of 
evidence B and C).   

   3.    Residual right outfl ow tract stenosis in post- 
TOF repair patients with peak gradient 
>50 mmHg or right-to-left ventricular pres-
sure >0.7 may indicate surgical re- intervention 
(class IIa, level of evidence C).   

   4.    Symptomatic residual VSD with Qp/Qs >1.5 
may indicate VSD closure (class IIa, level of 
evidence B).   

   5.    Severe aortic insuffi ciency in symptomatic 
patients after TOF total correction may indi-
cate valve repair/replacement if more than 
mild LV dysfunction exists (class IIa, level of 
evidence C).   

   6.    Multiple residual defects in combination with 
RV dysfunction or enlargement may indicate 
surgical re-intervention (class IIa, level of evi-
dence C).    

      Ebstein’s Anomaly 

 Patients with Ebstein’s anomaly may be consid-
ered for surgical intervention for tricuspid valve 
repair or replacement and simultaneous closure 
of an ASD, if present. However, these operations 
should only be carried out in patients who have 
symptoms or exhibit any of decreased exercise 
capacity, cyanosis, paradoxical emboli, deterio-
rating cardiomegaly (as evident on chest X-ray), 
and increasing RV dilation or decreasing RV sys-
tolic function. 

 Surgical re-repair or replacement of the tricus-
pid valve may be considered for adult patients 
with Ebstein’s anomaly if they have [ 1 ]:
    1.    Symptoms, poor exercise capacity, or New 

York Heart Association (NYHA) functional 
class III–IV   

   2.    Severe post-repair tricuspid regurgitation with 
progressive RV dilation, RV systolic function 
reduction, or development or deterioration of 
atrial and/or ventricular arrhythmias   

   3.    Dysfunction of the bioprosthetic tricuspid 
valve in association with signifi cant combined 
regurgitation and stenosis   

   4.    Predominant bioprosthetic valve stenosis 
(MG >12–15 mmHg)    

  Surgery may be considered earlier with lesser 
degrees of bioprosthetic stenosis if patients have 
symptoms or decreased exercise tolerance.  

    Coarctation of the Aorta 

 Interventional repair of the coarctation of aorta 
may consist of surgery or percutaneous catheter- 
based therapy. Patients with trans-coarctation 
gradient ≥20 mmHg and luminal obstruction 
≥55 % at the coarctation site need interventional 
repair. Surgery may also be considered in patients 
with gradient <20 mmHg across the coarctation 
site and luminal narrowing <50 %, if radiologic 
fi ndings document the presence of a signifi cant 
collateral fl ow. However, controversy continues 
over the most effi cient type of therapy for native 
aortic coarctation in adults. In patients with 
native coarctation, surgery is preferred if the 
coarctation is tubular or long segment, and there 
are concomitant proximal arch hypoplasia, aneu-
rysms, dissection, or signifi cant ectasia. Recurrent 
coarctation in patients with long re-coarctation 
segment or associated aortic arch hypoplasia is 
also an indication for reparative surgery [ 1 ].  

    Cor Triatriatum 

 Cor triatriatum is rarely seen in adults. These 
patients usually present with dyspnea, pulmonary 
hypertension or pulmonary edema, and atrial 
fi brillation similar to mitral stenosis. Symptomatic 
patients should be subjected to surgical repair.  

    Bicuspid Aortic Valve 

 Patients with bicuspid aortic valve (BAV) and 
aortic stenosis without aortic insuffi ciency are 
usually good candidates for percutaneous balloon 
valvotomy. Surgery is indicated when percutane-
ous intervention fails or when signifi cant aortic 
insuffi ciency occurs. Indications for intervention 
in patients with BAV and severe aortic stenosis 
include [ 4 ]:
    1.    Patients with related symptoms (syncope, 

angina)   
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   2.    Patients candidate for other valve surgery or 
coronary artery bypass grafting (CABG)   

   3.    Patients with systolic dysfunction [left ven-
tricular ejection fraction (LVEF) <50 %] 
(class I, level of evidence B)    
  Surgical or percutaneous intervention may be 

considered for asymptomatic patients with severe 
aortic stenosis and abnormal exercise tolerance 
test (class IIa, level of evidence B). 

 Surgery should be performed when there is 
severe aortic insuffi ciency in symptomatic 
patients, asymptomatic cases with resting LVEF 
≤50 %, asymptomatic patients with resting LVEF 
>50 % and severe LV enlargement (left ventricu-
lar end-diastolic diameter >70 mm or left ven-
tricular end-systolic diameter >50 mm or left 
ventricular end-systolic diameter >25 mm/m 2 ), 
and patients who need other cardiac valve sur-
gery (class I, level of evidence B). 

 The key points in patients with BAV and 
dilated ascending aorta are:
    1.    Patients with BAV and dilated ascending aorta 

(diameter >40 mm) should be subjected to close 
follow-up and annual cardiac imaging studies.   

   2.    Surgical root reconstruction should be per-
formed for patients with ascending aorta 
diameter >50 mm or high aneurysmal dilata-
tion rate (> 5 mm/year).   

   3.    Ascending aorta repair or replacement may be 
considered for patients with BAV candidate 
for aortic valve surgery when the diameter of 
the ascending aorta is 35–49 mm.      

    Subaortic Stenosis 

 Surgical indications in patients with subaortic 
stenosis according to the American College of 
Cardiology/American Heart Association (ACC/
AHA) guideline for adult congenital heart dis-
ease (ACHD) include [ 1 ]:
    1.    Patients with peak gradient (PG) >50 mmHg 

or mean gradient (MG) >30 mmHg on 
Doppler echocardiography (class I, level of 
evidence C)   

   2.    Patients with PG <50 mmHg or MG <30 mmHg 
and progressive aortic  insuffi ciency and LV 

end-systolic diameter ≥50 mm or LVEF <55 % 
(class I, level of evidence C)    
  Surgery may also be considered in cases with 

PG <50 mmHg or MG <30 mmHg if the patient 
has LV hypertrophy or has a plan for pregnancy 
or is involved in vigorous sport (class IIa, level of 
evidence C).  

    Supravalvular Aortic Stenosis 

 Percutaneous intervention has no role in the man-
agement of supravalvular aortic stenosis and sur-
gery is the only option for these patients. Surgery 
should be considered in symptomatic cases with 
discrete or diffuse supra-aortic stenosis who have 
PG >70 mmHg or MG >50 mmHg by Doppler 
echocardiographic study [ 1 ]. 

 Surgery is also recommended for lesser 
degrees of stenosis if the patient has related 
symptoms or LV hypertrophy or dysfunction and 
in a symptomatic patient intending to become 
pregnant or a patient active in sport [ 1 ].  

    Rupture of Valsalva Sinus Aneurysm 

 Prompt surgery should be performed in all 
patients with rupture of Valsalva sinus aneurysm 
with or without concomitant VSD or aortic insuf-
fi ciency [ 1 ,  5 ]. Hemodynamic disturbance and 
acute heart failure symptoms are frequently seen 
in these patients. 

 Symptomatic or enlarging unruptured Valsalva 
sinus should be surgically treated. Surgical repair 
may be considered for asymptomatic cases with 
small- to moderate-sized aneurysm of the 
Valsalva sinus when the patient undergoes aortic 
valve or root surgery for any other indication.  

    Persistent Truncus Arteriosus 

 The surgical repair of truncus regurgitation is usu-
ally performed during the neonatal period or 
10–15 years after previous repair; therefore, the pre-
sentation of truncus arteriosus in adults is unusual.  
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    Isolated Pulmonary Valve Stenosis 

 Severe pulmonary valve stenosis is not common 
in childhood. Infrequently, less degrees of pul-
monary valve stenosis present in adult patients, 
and percutaneous balloon valvotomy is the fi rst 
line of interventional therapy. Surgery is usually 
recommended for patients with other cardiac 
problems requiring surgery (VSD, tricuspid 
regurgitation). The indications of the surgery in 
patients with isolated pulmonary valve stenosis 
include [ 1 ,  6 ]:
    1.    Residual pulmonary valve stenosis after bal-

loon valvotomy; PG >50 mmHg for symp-
tomatic and PG >70 mmHg for asymptomatic 
patients   

   2.    Dysplastic or complex RV outfl ow tract 
obstruction and concomitant severe  pulmonary 
regurgitation that precludes percutaneous bal-
loon valvotomy    

      Peripheral Pulmonary 
Artery Stenosis 

 Patients with peripheral artery stenosis >50 % of 
the diameter, patients with related symptoms, or 
patients with systolic RV pressure >50 mmHg 
should be considered for interventional therapy 
(class I, level of evidence B) [ 1 ]. 

 Percutaneous catheter-based intervention is 
the treatment of choice in these patients, and sur-
gery should be performed only in patients with 
concomitant cardiac lesions or in those amenable 
to percutaneous intervention.  

    Double-Chambered Right Ventricle 

 Double-chambered right ventricle is very 
uncommon in adulthood. In contrast to children, 
the clinical presentation usually includes chest 
pain, syncope, and dyspnea on exertion. Surgery 
is indicated for symptomatic patients. Also, 
patients with signs of myocardial ischemia or 
gradient ≥40 mmHg should be considered for 
surgery.  

    Coronary Artery Fistula 

 Any coronary arteriovenous fi stula should be 
closed in patients with related symptoms, regard-
less of the size of the fi stula and shunting, either 
by percutaneous or by surgical intervention (class 
I, level of evidence C) [ 1 ]. The clinical fi ndings 
and symptoms usually include myocardial isch-
emia, arrhythmia, unexplained ventricular dys-
function, or enlargement or endarteritis. 

 The percutaneous or surgical closure of a large 
coronary arteriovenous fi stula should be per-
formed in all patients (even asymptomatic cases) 
(class I, level of evidence C) [ 1 ]. 

 Asymptomatic patients with a small fi stula 
and a nonsignifi cant left-to-right shunt are not 
candidates for interventional closure and may be 
followed up every 3–5 years.  

    Dextro-transposition of the Great 
Arteries [ 1 ,  7 ] 

 Reconstructive surgery or catheter-based inter-
vention may be considered for residual and/or 
recurrent lesions in adults with prior surgery for 
dextro-transposition of the great arteries ( D - 
TGA ). The type of the previous surgery and also 
the specifi c characteristics of the current lesion 
may determine the preferred method of treat-
ment. Herein, the indications of reoperation after 
different surgical procedures are presented. 

    After Arterial Switch Repair 

 Surgery is indicated for repairing supravalvular 
and branch pulmonary valve stenosis either when 
it occurs alone or when it happens in association 
with valvular and subvalvular stenosis. Patients 
with LV outfl ow tract obstruction should only 
undergo surgery if LV pressure rises to suprasys-
temic values or obstruction-related symptoms 
develop. The size of the obstruction per se, even 
if moderate or severe, as estimated by pressure 
gradient, may not predict LV function properly. 
Patients with severe RV outfl ow tract obstruction 
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should undergo reoperation if they have 
 peak- to- peak gradient >50 mmHg or RV/LV ratio 
>0.7. Patients with severe pulmonary regurgita-
tion who have concomitant signifi cant RV dilata-
tion or dysfunction should undergo pulmonary 
valve repair or replacement. 

 Other conditions occurring late after arterial 
switch may also need surgical intervention such 
as coronary ostial stenosis causing myocardial 
ischemia and neoaortic root dilation. In the latter, 
valve-sparing root replacement may be suitable 
in the absence of aortic valve dysfunction. 
Nevertheless, in patients with more than mild 
aortic regurgitation, aortic root replacement with 
aortic valve replacement or aortic valve repair 
may be advisable.  

    After Atrial Baffl e Procedure 

 d-TGA patients with previous atrial baffl e opera-
tion should undergo surgical intervention in the 
following conditions:
    1.    If they exhibit moderate to severe systemic 

(morphological tricuspid) atrioventricular 
valve regurgitation in the absence of signifi -
cant ventricular dysfunction   

   2.    If they develop baffl e leak in association with 
any of left-to-right shunt ratio >1.5:1, right-to- 
left shunt with at rest or exertional arterial 
deoxygenation, symptoms, and the increasing 
ventricular enlargement   

   3.    If they have superior/inferior vena cava or pul-
monary venous pathway obstructions not 
amenable to percutaneous intervention   

   4.    If they have severe subpulmonary stenosis 
with symptoms      

    After Rastelli Procedure 

 d-TGA adults with previous Rastelli procedure 
may undergo reoperations for several purposes, 
including conduit and/or valve replacement, con-
duit regurgitation treatment, residual VSD closure 
relief, branch pulmonary artery stenosis repair, 
permanent pacing, Maze procedure (for patients 
with intermittent or chronic atrial  tachyarrhythmia 

undergoing cardiac reoperation for any cause), 
and heart transplantation. Be that as it may, each 
of these operations has its own specifi c indica-
tions, which are depicted in Table  57.1 .

   Moreover, adults with branch pulmonary 
artery stenosis who are not amenable to percuta-
neous treatment should undergo surgical inter-
vention after Rastelli repair of d-TGA. 
Intermittent or chronic atrial tachyarrhythmia in 
adults with d-TGA can be treated effectively with 
a concomitant Maze procedure during reopera-
tion for any reason.   

   Table 57.1    Indications for reoperation after Rastelli 
 procedure [ 1 ,  7 ]   

  Conduit and/or valve replacement  
 Conduit obstruction 
  Peak-to-peak gradient >50 mmHg 
  Right ventricular/left ventricular pressure ratio >0.7 
 Subaortic (baffl e) obstruction 
  Mean gradient >50 mmHg 
 Presence of concomitant severe aortic regurgitation 
  Treatment of severe conduit regurgitation  
 Presence of symptoms 
 Declining exercise tolerance 
 Severely depressed right ventricular function 
 Severe right ventricular enlargement 
 Development/progression of atrial or ventricular 
arrhythmias 
 More than moderate tricuspid regurgitation 
  Surgical closure of residual ventricular septal defect  
 Qp/Qs >1.5:1 
 Systolic pulmonary artery pressure >50 mmHg 
 Increasing left ventricular size from volume overload 
 Decreasing right ventricular function from pressure 
overload 
 Right ventricular outfl ow tract obstruction 
  Peak instantaneous gradient >50 mmHg 
 or 
   Pulmonary artery pressure <two thirds of systemic 

pressure 
 or 
   Pulmonary valve resistance <two thirds of systemic 

vascular resistance 
 and 
  A net left-to-right shunt of 1.5:1 
 or 
   A decrease in pulmonary artery pressure with 

pulmonary vasodilators (oxygen, nitric oxide, or 
prostaglandins) 
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    Congenitally Corrected Transposition 
of the Great Arteries [ 1 ,  7 ] 

 Surgery is indicated in adults with unrepaired 
congenitally corrected transposition of the 
great arteries (CCTGA) if it is associated with 
severe atrioventricular valve regurgitation. 
Patients in whom the LV is functioning at sys-
temic pressures may also be considered for ana-
tomical reconstruction with atrial and arterial 
level switch/Rastelli repair. Moreover, patients 
with VSD should undergo simple surgical VSD 
closure if the LV-to-aorta baffl ing is not feasi-
ble for the VSD or if the VSD is restrictive. 
Rarely, LV dysfunction and severe LV outfl ow 
obstruction necessitate surgery for the purpose 
of LV-to- pulmonary artery conduit. Other 
hemodynamic disturbances that are indications 
of operation in CCTGA patients are outlined in 
Table  57.2 .

   Surgery may also be required in patients with 
associated pathologies such as systemic 
 atrioventricular valve regurgitation, systemic 
ventricle dysfunction, and rarely pulmonary 
overcirculation resulting in the development of 
symptoms. Surgery is usually considered prior to 
the decline of systemic ventricle ejection  fraction 
<45 %. 

 Reoperation should also be undertaken in the 
following conditions:
    1.    Systemic atrioventricular valve repair or 

replacement in patients who have previously 
undergone a nonanatomic repair   

   2.    Conduit replacement and resection of LV out-
fl ow obstruction in patients in whom a Rastelli 
operation has been performed for the anatomi-
cal repair. Selected patients of this group may 
need aortic or mitral valve repair/replacement.      

    Tricuspid Atresia/Single Ventricle 

 Reoperation should be considered in adult 
patients with prior Fontan repair for single- 
ventricle physiology if any of the following crite-
ria is met [ 1 ,  8 ]:
    1.    Unintended residual ASD that results in a 

right-to-left shunt with symptoms and/or cya-
nosis not amenable to transcatheter closure   

   2.    Hemodynamically signifi cant residual systemic 
artery-to-pulmonary artery shunt, residual sur-
gical shunt, or residual ventricle-to-pulmonary 
artery connection not amenable to transcatheter 
closure   

   3.    Moderate to severe systemic atrioventricular 
valve regurgitation   

   4.    Signifi cant (> 30 mmHg peak to peak) subaor-
tic obstruction   

   5.    Fontan pathway obstruction   
   6.    Development of venous collateral channels or 

pulmonary arteriovenous malformation not 
amenable to transcatheter management   

   7.    Pulmonary venous obstruction   
   8.    Rhythm abnormalities such as complete atrio-

ventricular block or sick sinus syndrome 
requiring epicardial pacemaker insertion   

   9.    Creation or closure of a fenestration not ame-
nable to transcatheter intervention    
  For patients with recurrent atrial fi brillation or 

fl utter without hemodynamically signifi cant ana-
tomic abnormalities, reoperation for Fontan con-
version may be useful [ 1 ]. This operation includes 
the revision of an atriopulmonary connection to an 
intracardiac lateral tunnel, intra-atrial conduit, or 
extracardiac conduit. In these patients, a concomi-
tant Maze procedure should also be considered [ 1 ].     

   Table 57.2    Hemodynamic indications for operation in 
congenitally corrected transposition of the great arteries 
[ 1 ,  7 ]   

 Moderate or deteriorating systemic atrioventricular 
valve regurgitation 
 Conduit obstruction after anatomic repair, if associated 
with 
   Systemic or nearly systemic right ventricular 

pressures 
 and/or 
  Right ventricular dysfunction 
 Conduit obstruction after nonanatomic repair, if 
associated with 
  Systemic or suprasystemic left ventricular pressures 
 Moderate or severe aortic regurgitation/neoaortic 
regurgitation, if associated with 
  Development of ventricular dysfunction 
 or 
  Deteriorating ventricular dilatation 
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    I 
  Implantable cardioverter-defi brillators (ICD) , 242–243  
   Infective endocarditis (IE) 

 dental problems , 52  
 diagnosis , 52  
 epidemiological profi le , 51  
 incidence , 51  
 occurrence , 51–52  
 prognosis , 51  
 prophylaxis , 42  

 atrial septal defect , 181  
 coarctation of the aorta , 296  

 risk of , 52–53  
   Inferior vena cava (IVC) , 13  
   Infundibulum , 20  
   Intact ventricular septum (IVS) , 121, 122  
   Iron defi ciency , 39  
   Iron supplementation , 41  
   Isolated pulmonary valve stenosis , 367  
   Isomerism , 20  
   IVC.    See  Inferior vena cava (IVC) 
   Ivemark syndrome.    See  Heterotaxy syndrome 

    J 
  Jatene procedure , 154–155  
   Jugular venous pulse/pressure (JVP) , 120  

    L 
  LA.    See  Left atrium (LA) 
   LDS.    See  Loeys-Dietz syndrome (LDS) 
   Left anterior oblique (LAO) , 138, 139  
   Left atrioventricular valve (LAVV) , 201  
   Left atrial isomerism , 253  
   Left atrial pressure (LAP) , 132  
   Left atrium (LA) , 23, 26  
   Left coronary artery (LCA) , 331–333  
   Left pulmonary artery (LPA) , 81, 101, 131, 214, 223  
   Left sternal border (LSB) , 202, 311  
   Left ventricle (LV) 

 identifi cation , 26, 27  
 short-axis view , 26–27  
 transthoracic echocardiography , 26, 28  

   Left ventricular pressure (LVP) , 133  
   Levocardia , 31  

 CMR , 90, 91  
   Levoposition , 72, 73  
   Loeys-Dietz syndrome (LDS) , 67  
   LV.    See  Left ventricle (LV) 
   LV end-diastolic dimension/diameter (LVEDd) , 133  
   Left ventricular outfl ow tract (LVOT) , 174, 175, 202, 

205–207  

    M 
  Macroreentrant , 110, 112  
   Magnetic resonance imaging (MRI) 

 coarctation of the aorta , 294  
 dysplastic pulmonary valve stenosis , 316  
 subaortic stenosis , 283  

   Main pulmonary artery (MPA) , 58, 59, 222, 313, 314  
   Major aortopulmonary collateral artery 

(MAPCA) , 237, 241  
   Male Turner syndrome.    See  Noonan-Leopard syndromes 
   Malposition , 100  
   Malposition of the great arteries , 20  
   Marfan syndrome , 67  
   Mesocardia , 31  
   Mesoposition , 72  
   Mitral regurgitation (MR) , 307, 308  
   Mitral stenosis (MS).    See  Congenital mitral stenosis 
   Mitral valve (MV) 

 nonplanar saddle morphology , 27, 28  
 short-axis view , 27, 29  

   MRI.    See  Magnetic resonance imaging (MRI) 

    N 
  Neonatal circulation , 17  
   New York Heart Association (NYHA) , 46, 143  
   Noonan-Leopard syndromes , 66  

    O 
  Oxygen consumption (Vo 2 ) , 46, 119,  
   Open lung biopsy , 122  

    P 
  PAP.    See  Pulmonary artery pressure (PAP) 
   PAPVC.    See  Partial anomalies of pulmonary venous 

connections (PAPVC) 
   PAVMs.    See  Pulmonary arteriovenous malformations 

(PAVMs) 
   Parachute deformity of tricuspid valve , 327–328  
   Partial anomalies of pulmonary venous 

connections (PAPVC) 
 cardiovascular magnetic resonance imaging , 186  
 chest radiography , 186  
 clinical fi ndings , 185  
 ECG , 186  
 echocardiography , 186, 187  
 management , 186–187  
 morphology , 185  
 outcomes , 187  

   Partial atrioventricular septal defect 
 cardiac catheterization , 203–204  
 characterization , 201  
 chest-X-ray , 202, 204  
 clinical presentation , 202  
 ECG , 202, 203  
 echocardiography , 202–206  
 management , 204  

   Patent ductus arteriosus (PDA) 
 adult congenial heart disease , 364  
 after surgical closure , 216  
 cardiac catheterization , 130  
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 chest radiography , 213  
 classifi cation , 211  
 clinical fi ndings , 212  
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 ECG , 212–213  
 echocardiography , 213–216  
 increased pulmonary vascularity , 59  
 natural history , 212  
 pregnancy , 216–217  
 surgical closure , 215  
 surgical management , 152–153  
 treatment 

 indications for , 213–214  
 transcatheter , 214–215  

   Patent foramen ovale (PFO) 
 adult congenial heart disease , 364  
 cardiac anomalies , 350  
 clinical fi ndings , 349  
 defi nition , 349  
 echocardiography , 350–351  
 epidemiology , 349  
 management , 351  

   PCWP.    See  Pulmonary capillary wedge 
pressure (PCWP) 

   PDA.    See  Patent ductus arteriosus (PDA) 
   Pericardium, partial or complete absence , 63  
   Peripheral pulmonary artery stenosis 

 adult congenial heart disease , 367  
 chest radiography , 319  
 echocardiography , 319–320  
 management , 320  
 morphology , 319  
 tricuspid valve , 320  

   Persistent truncus arteriosus , 366  
   PFO.    See  Patent foramen ovale (PFO) 
   PH.    See  Pulmonary hypertension (PH) 
   Polycythemia , 142  
   Polysplenia syndrome , 99, 254  
   Pots shunt , 131  
   Pregnancy 

 atrial septal defect , 181  
 atrioventricular septal defect , 209  
 coarctation of aorta , 296  
 complete transposition of great arteries , 269  
 cyanosis , 42  
 Ebstein anomaly , 230  
 patent ductus arteriosus , 216–217  

   PS.    See  Pulmonary stenosis (PS) 
   Pulmonary arteriography , 191, 192  
   Pulmonary arteriovenous malformations (PAVMs) 

 anatomy , 339  
 catheter intervention , 341  
 chest radiography , 340  
 clinical fi ndings , 340  
 echocardiogram with bubble contrast , 340–341  
 echocardiography , 340  
 morphology , 339  
 pathogenesis , 339–340  
 pulse oximetry , 340  

   Pulmonary artery hypertension.    See  Pulmonary 
hypertension (PH) 

   Pulmonary artery pressure (PAP) , 131–132  
   Pulmonary arterial hypertension (PAH) , 58–59  
   Pulmonary artery/pulmonary artery (PA) , 61, 312–314  
   Pulmonary blood fl ow (Qp) , 81, 82, 135–137, 144, 145  

   Pulmonary capillary wedge pressure (PCWP) , 132  
   Pulmonary hypertension (PH) 

 anesthesia , 145  
 CHD-related PAH , 118  
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 clinical fi ndings , 118–119  
 decreased pulmonary vascularity , 62  
 defi nition , 117  
 pathophysiology , 118  

   Pulmonary infundibulum , 97  
   Pulmonary stenosis (PS) , 63  
   Pulmonary valve (PV).    See  Semilunar valves 
   Pulmonary valve regurgitation (PR) , 6  
   Pulmonary valve stenosis 

 chest radiography , 312  
 clinical fi ndings , 311–312  
 ECG , 312  
 echocardiography , 313, 314  
 management and follow-up , 313  
 morphology , 311  
 sinus rhythm , 312  

   Pulmonary vascularity 
 decreased condition 

 Ebstein anomaly , 62  
 pulmonary hypertension/Eisenmenger 

syndrome , 62  
 tetralogy of Fallot , 61  
 tricuspid atresia , 61–62  
 ventricular septal defect , 61  

 increased condition 
 atrial septal defect , 59  
 atrioventricular septal defect , 59  
 complete transposition of the great arteries , 60  
 congenitally corrected transposition of the great 

arteries , 61  
 patent ductus arteriosus , 59  
 total and partial anomalous pulmonary venous 

return , 60  
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 ventricular septal defect , 59  
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 aortic stenosis , 62  
 coarctation of the aorta , 62–63  
 congenital mitral stenosis , 63  
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 pulmonary stenosis , 63  

   Pulmonary vascular resistance (PVR) , 118–120, 137, 
145, 343, 344  

   Pulmonary vasculature 
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 pulmonary arterial hypertension , 58–59  
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   Pulmonary veins (PVn) , 11  
   Pulmonary vein stenosis (PVnS) 

 chest radiography , 329  
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   Pulmonary vein wedge pressure (PVWP) , 132–133  
   Pulmonary venous return , 60  
   Pulse oximetry , 340  
   PVnS.    See  Pulmonary vein stenosis (PVnS) 
   PVWP.    See  Pulmonary vein wedge pressure (PVWP) 
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  Quadricuspid aortic valves (QAV) 

 abnormalities , 279  
 defi nition and diagnosis , 278–279  
 management , 279  
 presentation and outcome , 279  

    R 
  RA.    See  Right atrium (RA) 
   RAP.    See  Right atrial pressure (RAP) 
   Rastelli procedure , 155  
   Reentrant tachycardia (RT) , 110  
   Renal dysfunction , 39  
   Re-sternotomy 

 high-risk patients , 151  
 low-risk patients , 151  
 special considerations , 150–151  

   Right anterior oblique (RAO) , 138, 139  
   Right atrial isomerism , 253  
   Right atrial pressure (RAP) , 126–127  
   Right atrium (RA) 

 appendage , 22, 23  
 Chiari network , 22, 24–25  
 Crista terminalis , 22, 25  
 Eustachian valve , 22–23  
 Thebesian valve , 22, 24  
 transesophageal bicaval view , 22, 26  

   Right bundle branch block (RBBB) , 107, 175  
   Right pulmonary artery (RPA) , 81, 131, 138, 

179, 223, 320  
   Right ventricle (RV) , 24–25  
   Right ventricular outfl ow tract (RVOT) , 153–156, 174, 

197, 237–243, 300, 301  
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   RVP.    See  Right ventricular pressure (RVP) 
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   Semilunar valves , 28, 30  
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 LVOT , 168, 174  
 transesophageal echocardiography , 168, 175  
 transthoracic and transesophageal 

echocardiography , 167, 173  
 trileafl et left AV valve , 168, 174  

   Septum secundum 
 bicaval view , 166, 169  
 chest x-ray , 166, 167  
 color fl ow imaging , 166, 170  
 contrast echocardiography , 166, 171  

 ECG , 166, 167  
 left-to-right shunt , 166, 168  
 postoperative echocardiography , 167, 172  
 pulsed wave Doppler study , 166, 170  
 right heart contrast study , 166, 171  
 three-dimensional transesophageal 

echocardiography , 166, 172  
 transesophageal echocardiography , 167, 173  
 transthoracic echocardiography , 166, 168  
 two-dimensional transesophageal 

echocardiography , 166, 169  
   Sequential segmental approach 

 atrioventricular valve , 33  
 cardiac anatomy, normal , 21  
 computed tomography , 97  
 echocardiography 

 atrioventricular connection , 77  
 cardiac location , 72  
 cardiac orientation (base-to-apex axis) , 72  
 ventriculoarterial connection   ( see  

Ventriculoarterial connection) 
 visceral situs   ( see  Visceral situs) 

   Sidedness.    See  Visceral situs 
   Single ventricle.    See  Tricuspid atresia 
   Sinus node dysfunction , 106  
   Sinus node recovery time (SNRT) , 106  
   Sinus of valsalva aneurysm and fi stula 

 cardiac catheterization , 301  
 chest radiography , 300  
 clinical fi ndings , 299–300  
 ECG , 300  
 echocardiography , 300–301  
 morphology , 299  
 preoperative management , 301  

   Sinus rhythm , 312  
   Sinus venosus 

 cardiac CT , 176, 179  
 chest x-ray , 174, 176  
 color doppler imaging , 176, 178  
 contrast injection , 176, 179  
 ECG , 174–175  
 right catheter course , 176, 179  
 transesophageal echocardiography , 176–177  
 transthoracic echocardiography , 176  

   Sinus venosus atrial septal defect (SVASD) , 171–176  
   Situs ambiguous , 132  
   Situs inversus , 99  
   Situs solitus 

 asymmetric right and left bronchi , 22  
 computed tomography , 98–99  
 plain chest X-ray , 21–22  

   Snowman sign , 60  
   SNRT.    See  Sinus node recovery time (SNRT) 
   Stroke volume (SV) , 81, 82  
   Subaortic stenosis 

 adult congenial heart disease , 366  
 cardiac catheterization , 282–283  
 chest radiology , 282  
 clinical features , 282  
 ECG , 282  
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 echocardiography , 282  
 interventional options , 283  
 morphology 

 associated lesions , 281–282  
 discrete fi bromuscular , 281  
 focal muscular , 281  

 MRI , 283  
 outcomes and follow-up , 283  
 surgical management , 157  

   Superior vena cava (SVC) , 16, 23, 26, 93, 94, 128–131  
   Supero-inferior ventricles.    See  Crisscross heart (CCH) 
   Supravalvular aortic stenosis 

 adult congenial heart disease , 366  
 cardiac catheterization , 287  
 chest x-ray , 286  
 ECG , 286  
 echocardiography 

 Doppler study , 286–287  
 transthoracic apical 5-chamber view , 286  

 morphology and clinical presentations , 285–286  
 noninvasive imaging modalities , 287  
 treatment , 287  
 Williams syndrome , 286  

   Surgical management 
 atrial septal defect , 151–152  
 bicuspid aortic valve , 157  
 coarctation of the aorta , 153  
 coronary arteriovenous fi stula , 158  
 dextro-transposition of the great arteries 

 after arterial switch operation , 154–155  
 after atrial baffl e procedure , 154  
 after Rastelli procedure , 155  

 Ebstein anomaly , 155  
 median sternotomy , 150  
 and medical care , 149–150  
 patent ductus arteriosus (PDA) , 152–153  
 re-sternotomy 

 high-risk patients , 151  
 low-risk patients , 151  
 special considerations , 150–151  

 robotic and minimally invasive surgeries , 150  
 subaortic stenosis , 157  
 tetralogy of Fallot , 153–154  
 tricuspid atresia   ( see  Tricuspid atresia) 
 ventricular septal defect , 152  

   Systemic blood fl ow (Qs) , 135–137, 144, 145  
   Systemic vascular resistance (SVR) , 137, 145  
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  TA.    See  Tricuspid atresia/truncus arteriosus (TA) 
   TAG.    See  Transposition of great arteries (TGA) 
   TAPVC.    See  Total anomalous pulmonary venous 

connection (TAPVC) 
   TV.    See  Tricuspid valve (TV) 
   TEE.    See  Transesophageal echocardiography (TEE) 
   Tetralogy of Fallot (TOF) 

 adult congenial heart disease , 364–365  
 cardiac catheterization and angiocardiography , 241  
 cardiovascular MRI study , 241  

 chest radiography , 238, 239  
 clinical fi ndings , 238  
 decreased pulmonary vascularity , 61  
 ECG , 238, 239  
 echocardiography , 239–240  
 implantable cardioverter-defi brillators , 242–243  
 morphology , 237–238  
 outcomes , 243  
 pathophysiology , 238  
 surgical management , 153–154  
 surgical repair management , 241–242  

   Thebesian valve , 22, 24  
   Therapeutic phlebotomy , 41  
   Three-dimensional echocardiography (3DE) 

 advantages , 83–84  
 atrial septal defect , 82–83  
 indications , 84  
 morphological information , 84  

   Thrombosis/bleeding , 39  
   Tissue Doppler imaging (TDI) , 268  
   TOF.    See  Tetralogy of Fallot (TOF) 
   Total anomalous pulmonary venous connection (TAPVC) 

 cardiac catheterization , 130, 191, 192  
 chest X-ray , 190  
 echocardiographic evaluation of , 190–191  
 management , 191–192  
 variants of , 189  
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   Transcatheter closure of atrial septal defect.    See  Atrial 

septal defect (ASD) 
   Transcatheter closure of ventricular septal defects.    See  

Ventricular septal defects (VSD) 
   Transesophageal echocardiography , 322, 328  

 septum primum , 168, 175  
 septum secundum , 167, 173  
 sinus venosus , 176–177  

   Transesophageal echocardiography (TEE) , 350–351  
 atrial septal defect 

 defi nition , 354  
 intra-procedural benefi ts , 355  
 post-procedural advantages , 355–357  

 atrial situs , 76–77  
 ventriculoarterial connection , 82  

   Transitional circulation , 14–15  
   Transposition of great arteries (TGA) , 20, 250  
   Transthoracic echocardiography , 328  

 septum primum , 167, 173  
 septum secundum , 166, 168  
 sinus venosus , 176  

   Transthoracic echocardiography (TTE) , 52  
   Tricuspid atresia (TA) 

 adult congenial heart disease , 369  
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 additional pulmonary blood fl ow , 156  
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 cardiac catheterization , 234, 235  
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 Tricuspid atresia (TA) ( cont .) 
 Fontan surgery management , 234  
 modifi ed Fontan procedures , 156  
 morphology , 233  
 one-and-a-half-ventricle repair , 156  
 pathophysiology and paraclinical aspects , 233–234  
 single-ventricle repair , 156  
 systemic-to-pulmonary artery shunt , 155  
 transplantation , 156–157  
 two-ventricle repair , 156  

   Tricuspid regurgitation (TR) , 152, 164, 227, 364, 365  
   Tricuspid stenosis (TS) , 226  
   Tricuspid valve (TV) 

 cardiac anatomy, normal , 27  
 peripheral pulmonary artery stenosis , 320  

   Truncal valve 
 echocardiography , 221–223  
 morphology , 219  
 pregnancy , 223  

   Truncus arteriosus , 61  
 cardiac catheterization , 222, 223  
 chest radiography , 221, 222  
 classifi cation , 220  
 clinical fi ndings , 220  
 computed tomography , 101  
 ECG , 220–221  
 echocardiography , 221–223  
 follow-up , 223–224  
 management , 223  
 morphology , 219  
 MRI , 222  
 pathophysiology and natural history , 220  
 pregnancy , 223  

   TTE.    See  Transthoracic echocardiography (TTE) 
   Turner syndrome , 66–67  
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(TEE) , 325, 336–337  
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  Valsalva sinus aneurysm , 366  
   Velocardiofacial syndrome.    See  del22q11 syndrome 
   Ventricles 

 computed tomography 
 components , 95  
 LV and left atrium and and left atrial auricle , 97  
 morphologic characteristics , 95–96  
 muscular bands , 95  
 pulmonary infundibulum , 97  

 embryology , 10–11  
   Ventricular looping , 20  
   Ventricular septal defects (VSD) 

 activity , 199  

 adult congenial heart disease , 364  
 anatomic types , 193–194  
 associated lesions , 194  
 cardiac catheterization , 129, 197–198, 360  
 cardiac magnetic resonance , 197  
 chest-X-ray , 195, 196  
 clinical presentation and natural 

history , 194–195  
 complications , 360–361  
 decreased pulmonary vascularity , 61  
 defi nition , 193  
 ECG , 195  
 echocardiography 

 evaluation of , 195–196  
 inlet-type , 196  
 muscular-type , 196, 197  
 perimembranous , 196  
 subarterial , 196, 197  

 exclusion criteria , 359–360  
 follow-up , 360–361  
 IE prophylaxis , 199  
 inclusion criteria , 359  
 increased pulmonary vascularity , 59  
 interventional catheterization , 198  
 location of , 246, 247  
 medical therapy , 198  
 pregnancy , 198–199  
 surgical management , 152  
 surgical ventricular septal defect closure , 198  

   Ventricular situs 
 D-loop ventricle , 75, 78  
 L-loop ventricle , 75, 79  

   Ventricular tachyarrhythmias , 112, 114  
   Ventricular tachycardia (VT) , 107  
   Ventriculoarterial concordance , 20  
   Ventriculoarterial (VA) connection 

 discordant connection , 79, 81  
 Doppler echocardiography , 81–82  
 great arteries , 78, 81  
 three-dimensional echocardiography 

 advantages , 83–84  
 atrial septal defect , 82–83  
 indications , 84  
 morphological information , 84  

 transesophageal echocardiography , 82  
   Visceral situs 

 abdominal situs solitus , 74–75  
 atrial situs 

 inferior vena cava , 77–78  
 transesophageal echocardiography , 74, 76–77  

 ventricular situs 
 D-loop ventricle , 75, 78  
 L-loop ventricle , 75, 79  

   VSD.    See  Ventricular septal defects (VSD) 
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  Williams syndrome , 67, 286         
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