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Foreword 

In this unprecedented era of revolutionary developments in clinical imaging, 
in no area of the body are dramatic breakthroughs better exemplified than in 
imaging of the heart. 

It is difficult for this writer to be objective about this work because he has 
watched its development in the exceptionally capable hands of a cardiovascular 
radiologist and a cardiovascular internist, functioning as an ideal amalgam in 
its preparation. In the process, the author of this Foreword has developed an 
unbounded enthusiasm for the content of the work. 

At the outset it must be stressed that the dramatic gains in the develop
ment of new imaging modalities and the improvements in the old [e.g., ul
trasonography, echocardiography, radionuclides, computerized tomography 
(CT), cineradiography, magnetic resonance (MR)] have changed our concepts 
about the anatomy of a number of organ systems. Anatomy and even 
physiology virtually are being rewritten. These changes apply particularly to the 
chest (mediastinum), biliary tract, central nervous system (brain), heart 
and great vessels and the hemodynamics of the cardiovascular system. The 
authors have demonstrated in this exhaustive treatise how far our understand
ing of the many cardiac abnormalities has progressed, made possible by the 
application of the new modalities and further advances in those already estab
lished, particularly echocardiography and radioisotope scanning. These de
velopments have altered and added significantly to our body of information, 
particularly in the many complex congenital anomalies and in coronary artery 
disease. 

This work is presented in ten chapters. Chapter 1 consists of an updated 
delineation of normal anatomy of the heart and great vessels; Chapter 2 consti
tutes an introductory but thorough discussion of the clinical application of echo
cardiography (including Doppler echocardiography); Chapter 3 deals with the 
almost startling newly discovered efficacy of cardiovascular nuclear medicine 
(contributed by Drs. Richard Steingart and John Wexler); Chapter 4 discusses 
an increasingly important subject-ischemic heart disease; Chapter 5 describes 
in detail the various forms of valvular heart disease; Chapter 6 evaluates the 
various cardiomyopathies in depth; Chapter 7, by far the largest of the book, 
is divided into six sections describing both the commonplace and the esoteric 
congenital abnormalities of the heart and great vessels. This chapter constitutes 
a monograph unto itself, discussing a very complex subject in superb detail 
and with great clarity; Chapter 8 details the various neoplasms of the heart; 
the number of neoplasms considered is extraordinary; Chapter 9 discusses dis
eases of the pericardium; and finally, Chapter 10 is a contribution from Dr. 
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viii Foreword 

Charles B. Higgins of the University of California at San Francisco on imaging 
of the heart by magnetic resonance. 

This work is encyclopedic in its scope and yet brilliantly organized and written 
with admirable lucidity. The authors go into the most minute detail regarding 
even the most obscure of lesions. The tome is a thoroughly scholarly effort. 
The reproductions are of superior quality lending to the enhancement of an 
impressive array of descriptive illustrations of an unusually large volume of 
material-both commonplace and esoteric. A very considerable, very thorough, 
yet relevant bibliography is appended to each chapter, promising to be of inestim
able value to the scholar in the field. 

In all instances, the authors diligently correlate the interrelationship of the 
anatomical features, the clinical data, the findings on echocardiography, the 
hemodynamics, the application of radionuclides where appropriate. In addition, 
a description in depth of the imaging (radiological) features with plain films, 
cine radiography for opacification studies, and other "state of the art" imaging 
techniques is presented. Even a concise but pragmatic discussion of treatment 
in each disorder is provided. 

It is very difficult to write an objective Foreword for this work. This enthusias
tic evaluation of the treatise probably overcomes any degree of objectivity in 
evaluating the tome and yet the author of this Foreword has no compunction 
about being biased in this instance. In a sense this Foreword constitutes a review 
of the book-a review that appears to sing constant paeans of praise for the 
quality and scope of the work. If the impression is gained that this writer is 
prejudiced, so be it. Calling it "like you think it is" is still fundamentally a 
sound aphorism, even if the judgment of the "caller" is suspect. 

This important work is an unusual example of a cooperative effort by a 
clinical cardiovascular radiologist and a clinical cardiovascular internist in the 
production of a treatise of great scope and significance. In this writer's judgment, 
an outstanding contribution has been prepared on a highly complex but funda
mentally important subject-a contribution badly needed in the discipline of 
cardiac radiology. This treatise should prove to be of inestimable value to a 
whole array of different groups of physicians: the general radiologist, the primary 
care physician in all areas, the residents in training, all medical students and, 
of course, the cardiac radiologist and cardiac internist. The work, with its deftly 
organized presentation of inexhaustible details, promises to become a landmark 
on the subject. 

The authors are to be congratulated on the preparation of an important 
contribution on a complex but overwhelmingly vital subject. 

HAROLD G. JACOBSON, M.D. 



Preface 

The purpose of this book is to provide comprehensive coverage of all aspects 
of cardiovascular disease. Each topic is presented systematically and concisely 
leading the reader to correlate clinical findings and non-invasive studies with 
invasive studies and treatment modalities. 

A detailed description of the patterns of pulmonary vasculature and a new 
classification of congenital heart disease based on radiological findings should 
facilitate an accurate diagnosis in simple as well as complex cardiac defects. 

The stepwise approach used in this book is used by the authors in the evalua
tion of patients and in the instruction of trainees as well as colleagues. 

Weare confident that by using this approach others will become proficient 
in a field which has been, even for sophisticated professionals, an impenetrable 
enigma. 
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1 Normal Heart and 
Great Vessels 

The radiological appearance of the heart and great vessels 
has a wide variation. The configuration of the cardiovascu
lar silhouette varies according to the body build (chest 
shape) or habitus, respiratory cycle, the age and sex of 
the individual, and position (effects of gravity) at the time 
of examination (supine, erect), changes in intrathoracic 
pressure (Valsalva and Mueller maneuvers), and the like. 

The heart is situated in the middle mediastinum and 
casts a homogeneous shadow (water density). Approxi
mately two thirds of the heart project to the left of the 
midline and one third projects to the right. The cardiac 
borders are clearly outlined by the radiolucent lungs. The 
inferior heart border may blend with the diaphragm, mak
ing its differentiation difficult. The shadows of the ht;art 
and pericardium cannot often be separated. When optimal 
roentgenograms are obtained, however, the epicardial fat 
allows these structures to be distinguished in the frontal 
and lateral projections and especially over the apex. Peri
cardial fat, however, may obscure the cardiophrenic angles. 
Fat in obese patients and in those taking steroids (fat redis
tribution) and the thymus in children may obscure the 
vascular structures in the superior mediastinum. Evalua
tion of heart size and chamber enlargement requires inti
mate knowledge of the position of the chambers and their 
contribution to the formation of the cardiac outline. 
Heart Size. Many methods and innumerable tables are 
available for determination of normal heart size. However, 
most of these are cumbersome and inaccurate. Although 
the cardiothoracic ratio (the ratio of the transverse cardiac 
diameter to the maximum internal diameter of the thorax) 
and the absolute transverse cardiac diameter (Ungerleider 
method) are grossly inaccurate, they are useful guidelines 
for the unsophisticated. A cardiothoracic ratio of 55%-
60% is considered normal. The measurement of the trans
verse cardiac diameter alone is a useful baseline for future 
comparison and gross determination of cardiac enlarge
ment. 

Determination of cardiac volumes on plain films pro-

vides a more accurate index of overall cardiac size. It is 
cumbersome, however, and seldom used. 

Normal Heart 

The Posteroanterior (PA) Projection (Fig. l-IA) 
The right heart border is composed of two segments. The 
inferior segment is smooth and convex, being formed by 
the lateral wall of the right atrium. The superior segment 
is usually straight and is formed by the superior vena cava 
and right innominate vein. The ascending aorta may cause 
a gentle convexity of the lower part of the superior segment. 
The junction of the superior and inferior segments is often 
delineated by a shallow notch. 

The left heart border is made up of three segments: 
The upper segment is usually round and convex laterally 
and is formed by the aortic arch (aortic knob). The middle 
segment is variable in shape, usually slightly convex but 
on occasion straight or even concave, depending on the 
age and habitus of the patient. This segment is formed 
by the main pulmonary artery. The lower and longest seg
ment is convex, being formed by the left ventricle. The 
degree of convexity of the lower segment is variable, de
pending on the age and habitus of the patient. The junction 
of the middle and lower segments usually demarcates the 
region of the left atrioventricular groove. The left circum
flex artery generally runs in that plane. The edge of the 
left atrial appendage may contribute to this small segment. 
The left cardiophrenic angle may be obliterated by pericar
dial fat, which may simulate cardiomegaly. 

Lateral Projection (Fig. I-IB) 
From above downward the anterior border of the cardio
vascular silhouette is formed by the ascending aorta, the 
pulmonary artery and the right ventricle (outflow tract 
superiorly and sinus portion inferiorly). Between the ster
num and the outflow tract of the right ventricle is a clear 



2 Normal Heart and Great Vessels 

A B 

c 0 
Fig. 1-1, A-D. Normal cardiac configuration, normal pulmonary 
vascularity. A PA view. Comprising the right heart border are 
the outlines of the superior vena cava, right atrium, and inferior 
vena cava. The outer contour of the left heart border consists 
of the aortic arch, main pulmonary artery (MPA) and left ventri
cle. The pulmonary vessels to the upper segments of the lungs 
are of smaller caliber than are those to the lower segments. Grad
ual tapering ofthe vessels is apparent. B Lateral view. The anterior 
heart border is formed by the ascending aorta, MP A and right 
ventricle. The posterior cardiac border is formed by the left 
atrium, left ventricle and inferior vena cava. The right pulmonary 
artery appears as a spheroid density. The left pulmonary artery 

arches posteriorly and inferiorly above the left main bronchus. 
C Right anterior oblique (RAO) view. The anterior (left) heart 
border is formed by the ascending aorta, pulmonary artery, right 
ventricular outflow tract and right ventricular sinus (body of the 
right ventricle). The posterior (right) heart border is formed by 
the aorta, left atrium, right atrium and inferior vena cava. The 
barium-filled esophagus is indented by the aorta above. D Left 
anterior oblique (LAO) view. The anterior (right) heart border 
is formed by the superior vena cava, ascending aorta, right atrial 
appendage and right ventricle. The posterior (left) heart border 
is formed by the left atrium and the left ventricle. A radiolucent 
space (the aortic window) is present below the aortic arch. 



Normal Heart 3 

A B 

Fig. 1-2, A and B. Cardiomegaly. A PA view. Generalized car
diac enlargement and pulmonary venous hypertension (redistribu
tion with interstitial changes) caused by pericardial effusion and 

space (retrosternal clear space) that is important in the 
analysis of chamber enlargement. The posterior border is 
formed by the left atrium superiorly and the left ventricle 
inferiorly. The inferior vena cava casts a slightly concave 
linear density as it enters the right atrium from below. 
The aortic arch is usually well outlined, as is the ascending 
aorta and proximal portion of the descending aorta. The 
right pulmonary artery is visualized as a spheroid or ovoid 
density in front of the lucency cast by the opening of the 
eparterial bronchus. This first branch of the right bronchus 
is called eparterial because it lies above the right pulmonary 
artery. The left pulmonary artery is represented by a tubu
lar density that arches in a posterior direction above the 
left main pulmonary bronchus (the hyparterial bronchus). 

Right Anterior Oblique (RAO) Projection (Fig. I-Ie) 
The anterior cardiovascular border is formed from above 
downward by the ascending aorta, pulmonary artery and 
outflow tract of the right ventricle and the sinus portion 
of the right ventricle. The posterior border is formed again 
from above downward by the aorta, left atrium, right 
atrium and the inferior vena cava as it enters the right 
atrium. 

Left Anterior Oblique (LAO) Projection (Fig. I-ID) 
The anterior (right) border is formed from above downward 
by the ascending aorta, the right atrial appendage, and 
the right ventricle. Above the outline of the ascending aorta 
the virtually straight density of the superior vena cava can 
be appreciated. The posterior border is formed by the left 
atrium and the left ventricle, which are below the pulmo
nary artery. The aortic arch is outlined virtually in its 
entirety, and, depending on the degree of inspiration, a 

cardiac tamponade. B After resolution of pericardial effusion. 
An incidental large granuloma is noted overlying the left heart 
border. 

radiolucent clear space (aortic window) may be noted below 
it. The aortic window is thus outlined by the undersurface 
of the aorta and the superior surface of the left pulmonary 
artery. 

Cardiomegaly 

Enlargement of the heart may be generalized, or it may 
involve one or more chambers. Generalized cardiac en
largement may be difficult to distinguish from pericardial 
effusion (Fig. 1-2). However, if one or more chambers 
are enlarged the cardiac silhouette usually shows character
istic changes recognizable on plain films. 

Left Ventricular Hypertrophy 
In most cases left ventricular hypertrophy does not alter 
the left heart border. However, in some instances rounding 
and elevation of the cardiac apex on the frontal roentgeno
grams are noted. Right ventricular hypertrophy also causes 
rounding and elevation of the cardiac apex but is usually 
associated with abnormalities of the main pulmonary artery 
(concavity or dilatation). 

Left Ventricular Enlargement (LVE) (Fig. 1-3) 
On the P A projection dilatation of the left ventricle (LV) 
causes an increase in the transverse cardiac diameter and 
in the length of the left heart border with the apex pointing 
downward. The apex projects below the left hemidia
phragm, and the prominence of the left heart border may 
be pronounced in contrast to the adjacent concavity of 
the pulmonary artery segment. 

On the lateral projection LV dilatation increases the 
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A B 
Fig. 1-3, A and B. Left ventricular enlargement in a hypertensive 
male. A PA view. An increase in the transverse cardiac diameter 
with rounding and elongation of the left heart border is observed. 
The apex points downward. The dilated ascending aorta can be 
identified as a convexity along the right heart border between 

convexity of the lower posterior contour. The LV should 
not extend more than 1.8 cm behind the posterior border 
of the inferior vena cava at a level 2 cm cephalad to their 
crossing (the Rigler sign). The sharp angle between the 
heart and the diaphragm disappears. The left ventricle may 
also extend behind the barium-filled esophagus with reduc
tion of the retrocardiac space. Depending on the extent 
of the dilatation, the left ventricle may become border form
ing anteriorly. 

On the RAO projection the enlarged LV may displace 
and indent the esophagus, and on the LAO projection the 
LV may project over the spine. 

The LV is enlarged in patients with hypertension, aortic 
valvular disease (insufficiency), coarctation of the aorta, 
myocardial disease (including ischemic myopathy), mitral 
valvular disease (insufficiency) and shunt lesions (e.g., ven
tricular septal defect, patent ductus arteriosus). 

Left Atrial Enlargement (LAE) (Fig. 1-4) 
On the PA projection the enlarged left atrium (LA) usually 
produces a double density within the cardiac silhouette. 
A double density also may be observed in some individuals 
with a normal LA. In these individuals the double density 
is the size of a normal LA and is not as radiopaque as 
that of an enlarged LA. In LAE, however, the density of 
the right atrium is considerably less than that of the left 
atrium, and it tends to be more lateral and inferior. When 
the LA is markedly enlarged (giant LA) it may bulge just 

the superior vena cava and right atrium. The aortic arch and 
descending aorta are also dilated. B Lateral view. The enlarged 
left ventricle presents as a convexity along the lower segment 
of the posterior heart border, extending more than 1.8 cm behind 
the inferior vena cava. 

superiorly to the right atrium or it may form the right 
heart border. Other signs of LAE include elevation of the 
left main bronchus and splaying of the carina, which on 
occasion is associated with collapse of the left lower lobe 
(LLL). The esophagus is generally displaced to the right, 
but displacement may also occur to the left. The descending 
thoracic aorta may also be displaced to the left. Enlarge
ment of the left atrial appendage produces straightening 
of the left heart border or a convexity (bulge, third mogul) 
below the pulmonary artery segment in the frontal view. 

Indentation of the barium-filled esophagus by the LA 
is observed optimally in the RAO and left lateral pro
jections. It should be noted that in some individuals with 
marked enlargement of the LA the barium-filled esophagus 
tends to remain in a relatively normal position with mini
mal or no displacement. This is because the LA dilates 
laterally. On the RAO projection the enlarged LA projects 
posterior to the esophagus. In some older individuals with 
uncoiling of the aorta the esophagus tends to follow the 
aorta and may on occasion simulate LAE, particularly on 
the lateral projection. 

On the LAO projection the contour corresponding to 
the LA is prominent, and the elevation of the left main 
bronchus can be best appreciated. The left main bronchus 
may be narrow and associated with LLL collapse. 

The left atrium is enlarged in rheumatic heart disease 
(mitral valvular disease), shunt lesions (ventricular septal 
defect, patent ductus arteriosus, aorticopulmonary win-
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Fig. 1-4, A-C. Left atrial enlargement 
(LAE) in a patient with mitral stenosis. A 
PA view. The enlarged left atrium produces 
a double density within the cardiac contour. 
The left atrial appendage produces a slight 
convexity in the region of the A V groove 
along the left heart border (arrows). In in
stances in which this convexity is more pro
nounced it is called the third mogul. Another 
sign of LAE observed in this film is mild 
elevation of the left main stem bronchus. B 
Lateral view. A bulge in the region of the 
left atrium displaces the left main bronchus 
posteriorly and superiorly. C RAO view. 
Characteristic indentation of the barium
filled esophagus by the enlarged left atrium 
is present. 
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Fig. 1-5, A-E. Right ventricular enlargement in a patient with 
pulmonic stenosis and tricuspid insufficiency. A PA view. The 
dilated right ventricle (RV) causes straightening and slight con
vexity of the left heart border. The MP A is dilated. The aortic 
arch is inconspicuous. The dilated right atrium (RA) causes in
creased convexity and outward extension of the lower segment 
of the right heart border. Note the pulmonary undercirculation. 
B Lateral view. The retrostemal clear space is obliterated by 
the dilated RV and RA. Specifically the dilated right atrial ap
pendage (RAA) is elevated so that it becomes the major contribu
tor to obliteration of the retrostemal clear space. The markedly 

enlarged right atrium is also border forming posteriorly, simulat
ing left ventricular enlargement. C LAO view. A "shoulder" or 
"shelf' configuration along the right (anterior) heart border is 
produced by the RAA and RV. D AP right ventriculogram. Note 
the dilated right ventricle and right atrium, which confirm the 
plain film findings. The right atrium is opacified by regurgitation 
of contrast material across the tricuspid valve (severe tricuspid 
insufficiency). E Lateral right ventriculogram. Severe pulmonic 
valve stenosis is present, with doming of the pulmonary valve 
and a narrow jet emptying into a markedly dilated main pulmo
nary artery (poststenotic dilatation). 
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dow), in some instances of left ventricular failure (from 
any cause), tumors (myxoma), and in other unusual causes 
(e.g., idiopathic left atriomegaly). 

Enlargement of the left atrial appendage is usually asso
ciated with mitral valvular disease and to a lesser extent 
with shunt lesions. Idiopathic dilatation of the left atrial 
appendage is rare (noted above). 

Right Ventricular Hypertrophy 
Right ventricular hypertrophy usually does not result in 
cardiac enlargement on plain films. When it does, the car
diac apex is uplifted and rounded, particularly on the fron
tal projection. 

Right Ventricular Enlargement (RVE) (Fig. 1-5) 
When the right ventricle dilates it becomes border forming, 
producing an abnormal convexity of the left heart border 
on the frontal view. The degree of rounding of the left 
heart border depends on the extent of R V dilatation. In 
mild R V dilatation, straightening of the left heart border 
may mimic enlargement of the left atrial appendage. In 
moderate R V dilatation, rounding of the junction of the 
middle and lower segments of the left heart border occurs. 
This rounding or abnormal convexity may encompass most 
of the left heart border when the R V is markedly enlarged. 

In the LAO projection, RV dilatation causes abnormal 
convexity of the right (anterior) heart border, which may 
be accentuated superiorly in the region of the right atrial 
appendage. This abnormal upper convexity ("shoulder" 
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configuration) results from elevation of the right atrial ap
pendage by an enlarged RV. In the RAO projection, RVE 
causes an abnormal convexity or rounding of the anterior 
heart border. The lateral projection is very useful in the 
evaluation of R VE, demonstrating obliteration (increase 
in density) of the retrosternal clear space caused by dilata
tion of the outflow tract of the R V as shown by right 
ventriculography. Elevation of the right atrial appendage 
by an enlarged R V also contributes to obliteration of the 
retrosternal clear space. The LV is usually retrodisplaced 
by an enlarged RV. Thus the lower segment of the posterior 
heart border may project behind the esophagus, or it may 
project far behind the posterior border of the inferior vena 
cava at its entrance to the RA, simulating LV enlargement. 
Analysis of the other projections and the presence of oblit
eration of the retrosternal clear space (lateral view) will 
clarify the situation. 

On occasion, R VE will also displace the LA, causing 
an exaggerated convexity of the superior segment of the 
posterior heart border that simulates LAE. In such in
stances, the signs of LA enlargement will be lacking in 
other projections. 

Right Atrial Enlargement (Figs. 1-5, 1-6) 
Dilatation of the right atrium (RA) causes increased round
ing of the lower segment of the right heart border and a 
prominence or bulge in the region of the right atrial append
age (RAA) in the LAO projection. In the RAO projection 
RA dilatation is reflected in increased convexity or round
ing of the posterior heart border above the diaphragm and 
below the contour of the left atrium. A dilated RA may 
displace the LA, simulating LA enlargement in the lateral 
and LAO projections; however, a double density is not 
present in the frontal view. RA enlargement may be accom
panied by dilatation of the superior vena cava (SVC), which 
causes widening or fullness of the right upper mediastinum. 
In extreme forms of RA dilatation (e.g., Ebstein anomaly) 
the RA becomes border forming in the lateral projection 
(Fig. 1-6). 

A bulge in the upper segment of the anterior (right) 
heart border (shelf or shoulder configuration) in the LAO 
projection may be due to enlargement of the RA, RVor 
both. Dilatation of the intracardiac portion of the aorta 
(aortic root) (e.g., cystic medial necrosis) will displace the 
RAA in the LAO projection, producing the shoulder con
figuration and mimicking right heart enlargement (Fig. 
1-7). Review of the PA and lateral projections will show 
the lack of signs of R V and RA enlargement. 

If the RA and RV are both enlarged the frontal and 
lateral views will show signs of combined enlargement. 
It should be noted that a dilated RAA also causes oblitera
tion of the retrosternal clear space. 

In addition to alterations in the size of the cardiac cham
bers, the size and shape of the SVC and supradiaphragmatic 
portion of the inferior vena cava (IVC) may change in 
response to abnormal pressure or volume overload. The 
dilated SVC will cause widening of the superior mediasti-
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Fig. 1-6, A and B. Right atrial enlargement 
in an infant with Ebstein anomaly. A PA 
view, B lateral view. The right atrium is mas
sively enlarged, forming the entire right heart 
border on the frontal view and the entire 
posterior border on the lateral view. Note 
the severe pulmonary undercirculation. 
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Fig. 1-7, A-D. Enlargement of the aortic root (intracardiac seg
ment of the aorta) in a man with cystic medial necrosis. A P A 
view. The dilated aortic root and dilated ascending aorta form 
a convexity along the upper segment of the right heart border. 
The aortic arch is also enlarged but to a lesser extent than the 
root of the aorta. Left ventricular enlargement is also present. 
B Lateral view. Enlargement of the root of the aorta is responsible 
for displacement of the right atrial appendage (RAA), resulting 

in obliteration of the retrosternal clear space. C LAO view. A 
"shoulder" configuration, caused by displacement of the RAA, 
may be confused with right atrial enlargement. Note the left ven
tricular enlargement. D LAO aortogram (subtraction film). 
Marked symmetrical dilatation of the root of the aorta and efface
ment of the sinuses of Valsalva are apparent. The aortic arch is 
relatively spared. 
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Fig. 1-8, A-C. Dilatation of the superior vena cava in a child 
with venous obstruction after Mustard procedure (intraatrial baf
fle) for dextrotransposition of the great vessels. A Frontal view. 
Marked widening of the superior mediastinum is caused by the 
superior vena cava and azygos vein on the right and by the left 
innominate vein on the left. B Lateral view. The dilated Ive 
forms a convex density (arrows) as it enters the right atrium. e 
Superior vena cava injection. Obstruction (arrow) at the entrance 
to the superior limb of the baffle is present. Note the retrograde 
flow from the sve into the dilated azygos vein and from there 
to the anterior spinal veins. The left innominate vein is not opaci
fied. 

num on the frontal view (Fig. 1-8). The IVe, normally 
a slightly concave structure on the lateral view, will become 
convex. 

Pulmonary Vasculature 

Even though the distribution of the pulmonary veins and 
arteries is uniform throughout the lungs, their perfusion 
differs. Bjure and Laurell in 1927 observed that in the 
erect position the bases of the lungs were better perfused 
than the apices. They believed this phenomenon to be due 
to gravity. 

Normal Pulmonary Vasculature (Figs. I-lA, 1-9) 
Because of the gravitational dependence of the distribution 
of pulmonary flow, the vessels to the lower lobes are signifi
cantly larger than those to the upper lobes (the normal 
ratio of the caliber of the lower to upper pulmonary vessels 
is approximately 4: 1). Radiologically, the lower lobe ves
sels, particularly near the hilum and the left atrium, are 
clearly visualized, whereas those in the upper lobes may 
be difficult to identify because of their smallness. The pul
monary vessels taper gradually from center to periphery, 
becoming imperceptible in the outer third of the lungs. 
At no point does any abrupt change in caliber occur. Arter
ies and veins cannot be differentiated by their radiodensity, 

size, or numerical quantity; however, they can be distin
guished by their characteristic directional arrangement. 
The pulmonary arteries originate from the hilus at about 
the level of the seventh posterior rib, approximately 3 em 

B 
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Fig. 1-9, A and B. Normal pulmonary angio
gram. A arterial phase; B venous phase. Pul
monary arteries and veins can be differenti
ated by the direction of their courses and 
by the location of their attachments to the 
heart. In the upper lobes the arteries and 
veins have an approximately parallel course. 
The veins are lateral to their corresponding 
arteries and enter the heart at a lower level. 
In the lower lobes the arteries descend in a 
vertical course, whereas the veins pass hori
zontally to join the left atrium lower down. 
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Fig. 1-10, A-C. Bilateral (generalized) pulmonary overcircula
tion. A A frontal plain film in a child with coronary aneurysm 
and coronary arteriovenous fistula shows mild enlargement of 
the pulmonary vessels. B Marked pulmonary overcirculation in 
a woman with endocardial cushion defect. The pulmonary arteries 

above the confluence of the pulmonary veins entering the 
left atrium. The venous and arterial vessels in the lower 
lobes can be differentiated by their attachment to the car
diac silhouette. The veins are directed relatively more hori
zontally and attach lower down at the left atrial level. 
Conversely, the apical arteries and veins have a nearly 
parallel course; the veins are usually located lateral to their 
corresponding arteries. The peripheral pulmonary vessels 
are very small. Only in the presence of an abnormally 
high flow are they easily defined. 

Abnormal Pulmonary Vasculature (Table 1-1) 
The normal pulmonary pattern (normal pulmonary vascu
larity) described in the foregoing may be altered by distur
hances in the pulmonary flow or resistance. The changes 

are markedly dilated all the way to the periphery. CAn aortogram 
from the patient in A demonstrates an aneurysm of the sinoatrial 
node artery, associated with a fistula emptying into the right 
atrium. 

in pressure are secondary manifestations of abnormal flow 
or resistance or both. Accordingly, the abnormal radiologi
cal patterns can be categorized in three groups: (l) in
creased pulmonary blood flow (pulmonary overcircula
tion); (2) increased pulmonary resistance; and (3) decreased 
pulmonary blood flow (pulmonary undercirculation). A 
fourth group, called the variegated pattern, consists of a 
combination of (1) and (2). 

Increased Pulmonary Blood Flow (Pulmonary 
Overcirculation) 
Increased pulmonary blood flow (overcirculation pattern) 
may be bilateral (generalized), unilateral or segmental. Bi
lateral or generalized overcirculation (Fig. 1-10) may be 
observed in (1) high output states (e.g., anemia, hyperthy
roidism, fever, exercise, pregnancy); (2) left-to-right shunts 



Table 1-1. Radiological Patterns of Abnormal Pulmonary 
Vasculature 

Increased pulmonary blood flow (pulmonary overcirculation) 
Bilateral (generalized) 
Unilateral 
Segmental 

Decreased pulmonary blood flow (pulmonary undercirculation) 
Bilateral (generalized) 
Unilateral 
Segmental 
Unilateral undercirculation and contralateral overcirculation 

Variegated pattern of pulmonary blood flow 

Increased pulmonary resistance 
Postcapillary (pulmonary venous hypertension) 
Precapillary (pulmonary arterial hypertension) 
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Fig. 1-11. Unilateral pulmonary overcirculation. A frontal view , artery). Marked dilatation of the right pUlmonary artery arid 
in an infant with a Waterston shunt (side-to-side anastomosis' branches is present. In contrast, the left lung shows undercircula
of the posterior wall of the ascending aorta to right pulmonary ' tion. 

(e.g., atrial septal defect, ventricular septal defect, patent 
ductus arteriosus); (3) admixture lesions (e.g., transposi
tions, total anomalous pulmonary venous return, truncus 
arteriosus communis, single ventricle); (4) conduction dis
turbance (e.g., congenital complete heart block). 

Unilateral overcirculation (Fig. 1-11) may be congenital 
(e.g., ectopic origin of either the right or left pulmonary 
artery from the ascending aorta, preferential flow in some 
patients with dextrotransposition of the great arteries) or 
acquired (Waterston anastomosis for cyanotic congenital 
heart disease). Segmental overcirculation (Figs. 1-12, 
1-13) may be congenital (e.g., single or multiple pulmonary 
arteriovenous fistulas, pulmonary steal syndrome) or ac-

quired (faulty Waterston anastomosis causing tenting or 
kinking of the right pulmonary artery). 

Decreased Pulmonary Blood Flow (Pulmonary 
Undercirculation) 
Decreased pulmonary blood flow may be bilateral (general
ized), unilateral or segmental. Unilateral undercirculation 
may be associated with contralateral overcirculation. Bilat
eral or generalized undercirculation (Fig. 1-14) is observed 
in obstructing lesions such as pulmonic stenosis (valvar, 
supravalvar and infravalvar), double-chambered right ven
tricle, RV tumors (e.g., rhabdomyoma, rhabdomyosar
coma), cystic lesions of the pulmonary valve, multiple pul-



Fig. 1-12, A and B. Segmental pulmonary 
overcirculation in a woman with a pulmonary 
arteriovenous (A-V) fistula. A PA view. A 
mass density in the right base (F) is associ
ated with dilatation of an artery (A) and vein 
(V). B AP pulmonary angiogram. The pul
monary A-V fistula is opacified. 

v 
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Fig. 1-13, A-C. Segmentalovercirculation in a man with angina. 
A PA view. An abnormal vessel is observed in the right upper 
lobe (arrows). B Coronary angiogram. Note communication be
tween the left coronary artery and the pulmonary artery (pulmo
nary steal). C Coronary arteriogram (subtraction film). The anas
tomoses between the left coronary artery and the bronchial artery 
and between the bronchial artery and the pulmonary artery are 
demonstrated (arrows). Spindola-Franco H, Weisel A, Delman 
AJ (1978) Pulmonary steal syndrome: An unusual case of coro
nary-bronchial pulmonary artery communication. Radiology 
126:25-27 

c 



Fig. 1-14, A and B. Generalized pulmonary 
undercirculation in an infant with rhabdo
myoma of the right ventricular outflow tract. 
A Frontal view. The lungs show marked un
dercirculation. B Lateral view of right ven
triculogram. A large mass nearly fills the R V 
outflow tract. 
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Fig. 1-15, A-C. Unilateral undercirculation 
with contralateral overcirculation in a pa
tient with agenesis of the right pulmonary 
artery. A Frontal view. The left lung shows 
overcirculation while the right lung demon
strates undercirculation. Loss of volume of 
the right lung is apparent. B Lateral view. 
The left pulmonary artery is enlarged. A 
clear space (arrow) is observed where the 
spheroid density of the right pulmonary ar
tery is normally present. This finding sug
gests absence of the RP A. C Posterior lung 
scan. Only perfusion of the left lung is appar
ent. 
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monary branch stenosis, and persistence of fetal circulation 
in neonates. Unilateral undercirculation may be noted in 
such disorders as stenosis of one pulmonary artery and 
pulmonary embolism. Segmental undercirculation is ob
served in isolated stenosis of interlobar branches and bron
chial atresia and other disorders. Unilateral undercircula
tion with contralateral overcirculation may be noted in 
patients with agenesis or severe stenosis of one pulmonary 
artery (Fig. 1-15). 

Variegated Pattern of Pulmonary Vasculature 
A variegated pattern of pulmonary vasculature consists 
of a mixture of overcirculation and undercirculation pat
terns. Some areas appear overcirculated, and some are nor
mal or undercirculated, producing a nonhomogeneous or 
patchy appearance of one or both lungs. A variegated pat
tern of pulmonary vasculature occurs in pulmonary atresia 
with ventricular septal defect, in which the pulmonary cir
culation is supplied by mUltiple systemic (or bronchial) 
collateral vessels. These vessels join the pulmonary arteries 
directly, some of them being stenotic at their anastomotic 
sites and some having no stenosis. The result is that the 
areas of lung supplied by nonstenotic collaterals carry sys
temic blood pressure and are overcirculated, while the areas 
supplied by stenotic vessels carry low blood pressure and 
are normally perfused or undercirculated. The radiological 
appearance reflects the pathophysiology. (See section on 
pulmonary atresia with VSD, Chapter 7.) 

Increased Pulmonary Resistance 
The appearance of the pulmonary vasculature on plain 
films varies with the location (precapillary or postcapillary) 
and degree of the increased resistance. 
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Table 1-2. Causes of Increased Pulmonary Resistance 

Postcapillary (pulmonary venous hypertension) 
LV failure (from any cause) 
Mitral valvular disease (acquired) 
Congenital obstructive lesions (Table 1-3) 

Precapillary (pulmonary arterial hypertension) 
Obstructive (pulmonary vascular disease) 

Thromboembolism 
Arteritis 
Schistosomiasis 
Idiopathic (primary) pulmonary hypertension 

Obliterative (pulmonary parenchymal disease) 
Emphysema 
Pulmonary fibrosis (from any cause) 

Constrictive (hyperkinetic) 
Hypoxia (from any cause) 
Left-to-right shunts (chronic and large) 

Combined (postcapillary + Precapillary) 
Severe mitral stenosis 

Table 1-3. Congenital Lesions Causing Pulmonary Venous 
Hypertension 

Pulmonary venous obstruction 
With normal pulmonary venous return 

Pulmonary vein stenosis 
Pulmonary vein atresia 
Intimal fibrosis (focal, diffuse) 
Pulmonary vein diaphragm 
Pulmonary veno-occlusive disease 

With total anomalous pulmonary venous connection 
Usually SUbdiaphragmatic 

Left Atrial Obstruction 
Cor triatriatum 
Supravalvular left atrial ring 

Mitral Valve Disease 
Atresia 
Hypoplasia 
Stenosis 
Insufficiency 

Left Ventricular and/or Aortic Obstruction 
Subaortic stenosis 
Aortic valve stenosis or atresia 
Hypoplastic left heart syndrome 
Coarctation of aorta 
Shone Syndrome 

Pulmonary venous hypertension (PVH), also known as 
postcapillary hypertension, results from increased pressure 
beyond the capillary bed. Left ventricular failure (from 
any cause) and mitral valvular disease are the most com
mon causes, (Table 1-2). Uncommon causes are cor triatri
atum and abnormalities of the pulmonary veins (e.g., steno
sis, thrombosis) (Table 1-3). Radiologically, PVH may 
manifest as pulmonary vascular redistribution, pulmonary 
edema (interstitial or alveolar) and pleural effusion. Pulmo
nary hemosiderosis and ossification are secondary late man
ifestations. The degree of pulmonary venous hypertension 
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Table 1-4. Radiological Findings with Pulmonary Venous 
Hypertension 

Mild pulmonary venous hypertension (12-20 mm Hg)* 
Equal perfusion 
Pulmonary vascular redistribution 

Moderate pulmonary venous hypertension (20--30 mm Hg)* 
Interstitial edema (Kerley lines) 
Pulmonary "interstitial veiling" 
Subpleural edema 
Perihilar, perivascular, peribronchial haziness 
Small pleural effusions 

Severe pulmonary venous hypertension (>30 mm Hg)* 
Alveolar and/or interstitial edema 
Large pleural effusions 

* Correlates with mean pulmonary capillary wedge pressure or left atrial 
mean pressure in older children and adults. In infants the corresponding 
pressures are much lower. 

(pulmonary venous pressure) and its response to therapy 
can be estimated by careful analysis of plain films (Table 
1-4). 

Mild PVH (12-20 mm Hg) is characterized by pulmo-

Fig. 1-16. Mild pulmonary venous hyperten
sion (pulmonary vascular redistribution) in 
a patient with cardiomyopathy. The mean 
pulmonary capillary wedge pressure was 18 
mmHg. 

nary vascular redistribution (dilatation of the upper lobe 
vessels). The vessels of the lower lobes are constricted (Fig. 
1-16). This reversal of the normal relationship is secondary 
to an elevation of the pulmonary venous pressure, causing 
interstitial and perivascular edema. The perivascular edema 
causes compression of the pulmonary capillaries in the 
lower lobes. Consequently an increase in the pulmonary 
vascular resistance in the lung bases occurs, and blood 
flow is diverted to the upper lobes, which have a lower 
resistance. Friedman and Braunwald showed by radionu
elide studies that a linear relationship exists between left 
atrial pressure and the upper/lower lobe flow ratio. 

Equal distribution of pulmonary blood flow to the upper 
and lower lobes (same vessel caliber of upper and lower 
lung zones on chest roentgenograms) may precede pulmo
nary vascular redistribution. This equalization of the cali
ber of the vessels should be differentiated from a left-to
right shunt. In left-to-right shunts the peripheral pulmo
nary vessels which are usually not visualized are dilated 
and thus become visible because of the increased blood 
flow. 

Moderate PVH (20-30 mm Hg) is characterized by the 



Fig. 1-17. Severe pulmonary venous hyper
tension in a patient with congestive heart 
failure. Interstitial pulmonary edema with hi
lar haze and a large right pleural effusion 
are noted. The left ventricular end-diastolic 
pressure was 36 mm Hg. 

presence of interstitial edema. Interstitial pulmonary edema 
may be septal (Kerley lines), subpleural or perivascular. 
Septal lines are distended interlobular septa. Septal lines 
may also be due to interstitial fibrosis, hemosiderosis, lym
phangitic metastatic spread and lymphatic obstruction. 
Septal lines are therefore nonspecific. They are sharp, linear 
densities about I mm in width and 2-3 cm in length extend
ing from the pleural surface toward the center of the thorax. 
They usually run transversely in the frontal projection and 
are more common in the costophrenic angles. Perivascular 
edema produces "interstitial veiling" and unsharpness of 
both the central and peripheral vessels (perivascular cuf
fing). Loss of definition of the clear space between the 
right hilum and the heart (perihilar haziness) occurs (Fig. 
1-17). Subpleural edema represents the accumulation of 
fluid between the lung and the adjacent pleural surface 
(visceral pleura) (Fig. 1-18) and should be differentiated 
from encapsulated interlobar effusion (pseudotumor or van
ishing tumor) and middle lobe collapse. An interlobar effu
sion has biconvex margins (spindle shaped) (Fig. 1-19). 

Severe PVH (> 30 mm Hg) is characterized by pulmo
nary edema and pleural effusions. Acute pulmonary edema 
(alveolar pulmonary edema) usually occurs in patients with 
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acute left heart failure. Rapid transudation of fluid from 
the capillary bed into the alveoli takes place beyond the 
capacity of the pulmonary lymphatics to resorb it. The 
pulmonary capillary pressure is usually greater than 30 
to 35 mm Hg. The radiological appearance of pulmonary 
edema consists of fluffy densities more prominent in the 
hilar areas of the lungs and fading toward the periphery 
("butterfly" configuration) (Fig. 1-20). On occasion, a mili
ary or nodular pattern may be observed. The distribution 
of pulmonary edema is variable. It may be central (hilar) 
or peripheral, symmetrical or asymmetrical, bilateral or 
unilateral (Fig. 1-21) or combinations thereof. 

Uremic alveolar edema that occurs in patients with renal 
failure may be differentiated on occasion from the acute 
pulmonary edema of heart failure. Uremic edema tends 
to be less basal in distribution than in cardiac failure. Often, 
evidence of narrowing of the basal vessels is lacking. The 
upper lobe vessels are dilated, resulting in an upper lobe/ 
lower lobe flow ratio of approximately 1. Thus a 1/1 flow 
distribution should lead one to suspect renal failure rather 
than cardiac failure. 
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Pulmonary Arterial Hypertension 
Numerous disorders (Table 1-2) that cause an increase 
in the pulmonary artery resistance (increased precapillary 
resistance) result in pulmonary arterial hypertension. Un
der normal circumstances the pulmonary artery pressure 
does not exceed 30/10 mm Hg., with a mean pressure of 
20. Mild pulmonary hypertension is defined as systolic pres
sure of 35-50 mm Hg; moderate, from 50--75 mm Hg; 
and severe, from 75 mm Hg to systemic level or greater. 

In chronic moderate to severe pulmonary arterial hyper
tension, dilatation of the pulmonary trunk (pulmonary 

Fig. 1-18, A and B. Subpleural edema in 
a patient with ischemic cardiomyopathy. A 
before treatment; B after treatment. The lin
ear density in A (arrows) represents a collec
tion oftluid between the lung and the visceral 
surface of the pleura. The lower margin is 
sharp because it is delineated by the pleural 
surface. The upper margin is indistinct be
cause it is in contact with the pulmonary 
surface. Subpleural edema may be the only 
clue to distinguish interstitial edema from 
interstitial fibrosis. 

artery segment) and both pulmonary arteries is present, 
and the intrapulmonary arterial (lobar and segmental) 
branches are uniformly constricted, producing the 
"pruned-tree" appearance (Fig. 1-22). Because of the di
minished blood flow through the capillary bed, the caliber 
of the pulmonary veins is also decreased. Calcification of 
the main pulmonary artery (trunk) and branches may be 
observed. Angiocardiography is generally contraindicated 
in patients with severely elevated pulmonary resistance. 
If a pulmonary angiogram is obtained a slow washout of 
contrast material from the lungs occurs. 
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Fig. 1-19, A and B. Interlobar effusion. A PA view. Compare 
the fusiform appearance of the pseudotumor with subpleural 
edema present in Fig. 1-18. The haziness projecting below the 
pseudotumor proved on the lateral view (B) to be a second pseudo-

Fig. 1-20. Bilateral alveolar pulmonary 
edema. Note the Swan-Ganz catheter in the 
right pulmonary artery. Injection of contrast 
medium through the second catheter demon
strates opacification of the pericardiophrenic 
vein. The position of the catheter may simu
late perforation. A nasogastric tube is also 
noted. 

tumor. The fusiform appearance of both pseudotumors is demon
strated on the lateral view. In addition, fluid is observed in a 
major fissure. 
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Fig. 1-21. Unilateral pulmonary edema. 
The patient had severe aortic and mitral in
sufficiency after aortic valve replacement. 
Pulmonary edema on the right was prevented 
by compression of the right pulmonary ar
tery and veins by a pseudoaneurysm of the 
aorta into the transverse sinus of the pericar
dium. The pseudoaneurysm was diagnosed 
by angiography and confirmed at surgery. 

Fig. 1-22. Pulmonary arterial hypertension 
due to markedly elevated pulmonary resis
tance (precapillary). The central pulmonary 
arteries are massively dilated. The interlobar 
vessels taper abruptly ("pruned-tree" appear
ance). 
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2 Introduction to 
Echocardiography 

Physical Principle 

The principle upon which ultrasound imaging is based is 
similar to that used in sonar depth finders. Sound waves 
are produced by a piezoelectric crystal that vibrates within 
a known frequency range when excited by an electric cur
rent. Such crystals also act as receivers, transforming acous
tic energy back into electrical energy with extreme effi
ciency. Some naturally occurring crystals such as quartz 
and Rochelle salt have piezoelectric properties. Ultrasound 
transducers are usually made of ceramics such as barium 
titanate and lead zirconate. 

The piezoelectric crystal is excited by a short burst of 
electrical energy so that it vibrates at its intrinsic frequency 
for a very short period. The sound is directed in a straight 
line, with some dispersion beyond the focal depth of the 
transducer. In a liquid medium and in most body tissues 
the sound travels with a known velocity (1540 m/sec). It 
is reflected by any interface between substances of differing 
acoustic impedance. Each interface reflects a greater or 
lesser fraction of the signal, depending on the difference 
between the ultrasound impedances. Bone and air reflect 
all of the signal because their ultrasound impedances are 
markedly different from that of soft tissues. Heart valves 
and heart muscle have acoustic impedances close to that 
of blood. Therefore many layers of heart tissue can be 
imaged without total attenuation of the transmitted signal. 
As the reflected sound reaches the transducer the crystal 
transforms the acoustic energy back into electrical energy 
and transmits electrical impulses to the receiving amplifier. 
A-mode or amplitude mode is the simplest method of dis
play of the returning signals. In this mode the echocardio
graph displays a spike on the baseline to represent each 
returning echo. The spike is closer to the origin if the 
returning echo is relatively early and further from the origin 
if the echo returns later. The amplitude of the spike is 
proportional to the intensity of the returning echo (Fig. 
2-1). 

B-mode (brightness mode) is made up of an array of 
points of light along a line, each representing a returning 
echo. The distance of each point from the origin is propor
tional to the distance the sound has traveled before return
ing to the transducer (i.e., the depth of the structure). The 
intensity or brightness of each point is proportional to the 
intensity of the returning echo reaching the transducer (Fig. 
2-2). 

TM-mode (time-motion mode) or M-mode (Figs. 2-3 
to 2-6) is made by sweeping the dots of the B-mode across 
a persistence screen or photographic paper so that the 
changing depth (motion) of the structure is displayed versus 
time. Use of M-mode for imaging motion of cardiac struc
tures was described by Hertz and Edler in 1954. Even 
with the advent of two-dimensional echocardiography (2-
DE), M-mode remains an important method of imaging 
cardiac structures. M-mode is especially useful when timing 
of events is crucial. M-mode allows precise measurements 
of thickness, leaflet velocity, chamber diameter, and mean 
velocity of circumferential fiber shortening (mean VeF). 
Subtle abnormalities of leaflet motion (e.g., fine flutter) 
are also better identified on M-mode than on 2-DE. M
mode echocardiography is particularly useful as an aid 
in recognition of noncalcified bicuspid aortic valve, aortic 
insufficiency (mitral flutter), mitral prolapse, flail mitral 
leaflet, pedunculated vegetations and pedunculated intra
cardiac tumors. 

The following are descriptions of the M-mode images 
of the cardiac valves and chambers. The patient is supine 
or in left lateral decubitus position. The transducer is gener
ally placed in the third or fourth (or occasionally in the 
second or fifth) left intercostal space. 

Aortic valve motion (Figs. 2-3, 2-4, and 2-7) is charac
terized by a rapid opening motion anteriorly and posteri
orly, probably representing the right (anterior) and non
coronary cusps within the aortic root. Sometimes a third 
leaflet can be seen fluttering in the middle of the aortic 
root during systole (Fig. 2-7B). The opening is sustained 
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Fig. 2-1. A-mode (amplitude mode). The height of the spikes 
is proportional to the intensity of the returning echoes. The dis
tance from the origin is proportional to the depth of the reflec
ting interface. The centimeter scale indicates the depth. T A = 
transducer artifact; R VW = right ventricular wall; S = septum; 
AML = anterior mitral leaflet; PML = posterior mitral leaflet; 
L VPW = left ventricular posterior wall. 

throughout systole. The leaflets then fall together, complet
ing a parallelogram. The leaflets coapt in the middle of 
the aortic root throughout diastole. The entire aortic root 
is moved anteriorly during ventricular systole and then 
falls posteriorly as the left ventricle fills. The atrial kick 
can usually be seen as a posterior dip of the aortic walls 
and the coapted valve just before systole. The right ventricu
lar outflow tract is anterior to the aortic valve. The left 
atrium is behind the aorta. The left atrium is generally 
measured at the end of ventricular systole from the initial 
echoes of the posterior aortic root to the initial echoes of 
the left atrial free wall. The aortic root is measured during 
diastole, from the initial echoes of its anterior wall to the 
initial echoes of its posterior wall. Normal measurements 
are found in Table 2-1. 

The pulmonary valve (Figs. 2-4 and 2-8) is encountered 
as the transducer is angled superiorly and to the left of 
the aortic valve. In infants a parallelogram can be identified 
if the transducer is moved to the second intercostal space 
to transect the valve perpendicular to its opening motion. 
In older children and adults the transducer is positioned 
in the left third or fourth interspace, so that the valve is 
imaged from below. Therefore the opening motion of the 
valve is away from the transducer and its closing motion 
is toward the transducer. During systole coarse flutter is 
normally observed. During diastole the coapted valve tends 
to move slowly away from the transducer. The atrial kick 
is observed just prior to the opening of the valve. 
Semilunar Valves in Complex Congenital Defects In con
genital heart defects it is not possible to differentiate the 
aortic from the pulmonic valve by motion. Usually the 
semilunar valves can be differentiated by use of systolic 
time intervals. In infants beyond a few hours of age, pulmo
nary pressure should be less than systemic. The preejection 

Fig. 2-2. B-mode (brightness mode). The intensity of the dots ; 
is proportional to the intensity of the returning echo. The distance 
from the origin indicates the depth of the reflecting interface. 
This representation is swept across a persistence screen or polaroid 
film or along photographic paper to produce the T-M mode (Fig. 
2-3 to 2-5). Abbreviations same as Fig. 2-1. 

period (PEP) of the pulmonary valve should therefore be 
shorter than that of the aortic valve. The ventricular ejec
tion time (VET) of the pulmonic valve tends to be longer 
than that of the aortic valve. With normally related great 
vessels the aortic valve (long PEP, short VET) should be 
posterior, to the right and inferior relative to the position 
of the pulmonary valve (short PEP, long VET) (Figs. 2-
7,2-8). If the aorta is anterior and to the right, D-transposi
tion is likely (Fig. 2-9). If the aorta is anterior and to 
the left, L-transposition should be suspected (Fig. 2-10). 

The mitral valve (Fig. 2-11) is identified as the trans
ducer is angled caudally and laterally from the fourth left 
intercostal space. The normal motion of the anterior leaflet 
during diastole is like the letter M. The initial rapid opening 
motion of the anterior leaflet is anterior (toward the trans
ducer). The posterior leaflet moves posteriorly (away from 
the transducer) but to a lesser extent than the anterior 
leaflet. During the slow filling phase the mitral leaflets tend 
to fall together. The atrial kick again spreads the leaflets 
before they close with onset of ventricular systole. The 

Fig. 2-3. Cardiac anatomy as observed on M-mode echocardiogra- ~ 
phy. The upper part of the diagram is a cross section along the 
long axis of the left ventricle. M-mode can only image one position 
at a time. By angling the transducer through positions, 1,2 and 
3, all structures can be imaged in sequence. The characteristic 
motions of the structures are observed in the lower part of the 
drawing. At position 1 the left ventricle (L V) and chordae tendi
neae (CH. n are imaged (Figs. 2-5, 2-6). At position 2 the mitral 
valve is demonstrated (see also Fig. 2-11). At position 3 the 
aortic root (Ao) is noted (Fig. 2-7) with the right ventricular 
outflow tract (R VOn anterior to it and the left atrium (LA) 
behind it. Ao. V = aortic valve; AML = anterior mitral leaflet; 
PML = posterior mitral leaflet; PM = papillary muscle; R VW 
= right ventricular free wall; L VPW = LV posterior wall. 
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Fig. 2-4. Cardiac anatomy as defined on M-mode echocardiogra
phy. The upper image represents a horizontal cross section of 
the heart at the level of the aortic valve (Ao. V). The tricuspid 
valve (TV) is to the right of the aortic valve (position 1) (see 
also Fig. 2-12). The right ventricular outflow tract (RVOT) (posi
tion 2) is wrapped around the front of the aortic root. The pulmo
nary valve (PV) (position 3) is superior and to the left of the 

Dome 

aortic valve. When the transducer is held in the third or fourth 
left intercostal space the pulmonary valve is imaged from within 
the RVOT. Therefore both leaflets move away from the transducer 
during systole (see Fig. 2-8). LA = left atrium; RA = right 
atrium; RC = right coronary cusp; LC = left coronary cusp; 
NC = noncoronary cusp; MPA = main pulmonary artery; LPA 
= left pulmonary artery; RPA = right pulmonary artery. 
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Fig. 2-5. M-mode (time-motion mode)at the level of the mitral 
valve and left ventricular cavity. This image is formed by moving 
the photographic paper past a screen which displays the B-mode 
similar to Fig. 2-2. Depth markers (open arrow) indicate I cm 
of tissue depth, occurring at I-second intervals. The transducer 
artifact (TA) and chest wall (CW) are the first echoes. Right 
ventricular free wall is observed, on occasion, just beyond the 
chest wall, but more often it is obscured. The right ventricular 
cavity (R V) is defined next, then the interventricular septum. 
The left ventricular cavity is bounded by the septum anteriorly 
and the LV free wall (L VW) posteriorly. The mitral valve can 
be detected as it moves within the left ventricle. Normally the 

letters A through F are generally used to designate the 
positions of the anterior mitral leaflet during various phases 
of its motion so that each phase can be described and 
quantitated: A represents the peak of atrial kick; B the 
onset of ventricular systole; C the mitral closing motion; 
D the onset of rapid opening motion; E the peak of the 
opening; and F the end of the initial closing slope. Measure
ments of the amplitude of the D to E motion have been 
used to estimate volume of the flow during rapid filling 
or alternatively the flexibility of the valve in mitral stenosis. 
The E-F slope has been used as an indicator of mitral 
stenosis, although it has been shown to correlate poorly 
with severity of the stenosis. The E-F slope may also be 

septum moves posteriorly and the ventricular free wall moves 
anteriorly to compress the left ventricular cavity during ventricu
lar systole. The mitral apparatus and chordae tendineae are easily 
distinguished from the LV endocardium, since the endocardium 
moves most rapidly. The internal diameter of the left ventricle 
in diastole (LV1Dd) and in systole (LV1Ds) are used to calculate 
shortening fraction and mean velocity of circumferential fiber 
shortening (mVCF). LVIDd is measured at the time of the R 
wave of the electrocardiogram, while L VIDs is measured either 
at the peak of motion of the LV wall or the peak of motion of 
the septum. 

reduced with poor compliance of the left ventricle. It has 
been suggested, therefore, that this motion of the mitral 
valve reflects the rate of filling of the left ventricle. 

To visualize the tricuspid valve (Fig. 2-12) the trans
ducer is angled steeply to the right. In some adults this 
valve cannot be imaged even though the subject reclines 
on his or her left side. The tricuspid valve moves like the 
mitral valve but is placed more anteriorly. Because of poor 
visualization, only qualitative statements are generally 
made regarding the M-mode image of the tricuspid valve 
(e.g., presence or absence, position relative to the mitral 
valve). 

Quantitative M-mode images of the left ventricle (LV) 
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Fig. 2-6. Measurement of right ventricular diameter by M-mode 
recording through the right ventricle (R V) and left ventricle (L V) 
at the level of the tip of the mitral valve (AML). The right ventricu
lar wall (RVW) is well demonstrated so that the RV internal 
diameter in systole (syst) and diastole (diast) can be measured. 

are normally obtained just beyond the tips of the mitral 
leaflets in adults (Fig. 2-5). In children the standard image 
of the LV is obtained higher up where the mitral leaflets 
are easily identified. During systole the septum and LV 
posterior wall (L VPW) move toward one another. The LV 
end-diastolic dimension is measured on the R wave of the 
EeG, and the LV systolic dimension is measured at the 
peak of upward motion of the LV wall or the peak of 
downward motion of the ventricular septum (these two 
measurements are usually nearly identical). The septal 
thickness and LV free-wall thickness should be measured 
during diastole, when both sides of the septum are well 
delineated and the endocardium and epicardium of the 

LV 

It is important to be consistent in positioning the patient for 
this measurement (e.g., the RV diameter may increase if the pa
tient lies with the right side up). TA = transducer artifact; cw 
= chest wall; VS = ventricular septum; Ch. T = chordae tendi
neae; Endo = endocardium. 

LV free wall are also easily observed. On occasion the 
septum and LV free wall must be measured on separate 
tracings. Normal measurements of septal thickness, LV 
wall thickness, LV diameter, and LV contractions are found 
in Table 2-1. M-mode echocardiographic dimensions cor
relate well with angiographic volume determination in 
healthy young individuals. If dilatation or asynergy is pres
ent the correlation between M-mode diameters and angio
graphic measurements is poor. Thus the operator should 
determine carefully in each patient whether it is appropriate 
to use M-mode measurements to estimate LV volume, mass 
and function. (See section on LV performance, p. 54.) 

The RV internal diameter (RVID) is measured from 
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Fig. 2-7, A-C. Aortic valve. A Normal aortic valve in a 16-year
old boy. The anterior and posterior walls of the aorta (Ao) move 
in parallel, while the aortic valve leaflets move toward and away 
from the transducer during systole. During diastole the leaflets 
coapt in the middle of the aortic root. Anterior to the aorta is 
the right ventricular outflow tract (R VOI) and posterior to it 
is the left atrium (LA). The atrial "kick" (A) is characterized 
by a posterior dip on the anterior and posterior walls of the 
aortic root as well as on the coapted leaflets. An idealized paralle
logram is traced over one beat and systolic time intervals are 
indicated. The preejection period for the left ventricle (LPEP) 
is 60 msec and the LV ejection time (LVEI) is 260 msec. 0 = 
opening of the valve; C = closing of the valve. B Normal aortic 
valve showing the third leaflet fluttering in the middle of the 
aortic root throughout systole (arrows). C Fibrotic aortic valve. 
The leaflets are thickened. Note multiple echoes during diastole. 
The leaflets do not meet the anterior or posterior wall of the 
aortic root during systole. Courtesy of Naftali Neuberger, M.D. 
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Fig. 2-8. Normal pulmonary valve. The small letters are those 
conventionally applied to pulmonary valve motion. During dias
tole the coapted leaflets move slowly posteriorly (j). The atrial 
"kick" (a) is clearly identified. At onset of ventricular ejection 
(b) the valve opens abruptly. During systole the valve flutters. 
At the end of systole (d) the valve closes (e). A small anterior 
motion present on occasion after closure of the valve is indicated 

bye'. It is rare to record an idealized parallelogram of pulmonary 
valve motion in adults, because the valve is imaged through the 
right ventricular outflow tract. Therefore both leaflets move away 
from the transducer during systole. The right ventricular preejec
tion period (RPEP) is 50 msec and the right ventricular ejection 
time (RVEn is 320 msec. (Same patient as in Fig. 2-7A) 

Fig. 2-9, A and B. Systolic time intervals in a 2-day-old cyanotic ~ 
male. (The time lines are 10 msec apart.) A Posterior semilunar 
valve (the operator has noted that this valve is to the left). The 
preejection period (LPEP) is 55 msec, and the ventricular ejection 
time (LVEn is 180 msec. B Anterior semilunar valve (the opera-
tor has indicated that this valve is on the right). The preejection 
period (RPEP) is 70 msec, and the ventricular ejection time 
(R YEn is 150 msec. The RPEP is longer than the LPEP, and 
the RVET is shorter than the LVET. Thus it is likely that the 
anterior (right-sided) semilunar valve is the aortic valve. These 
findings represent strong evidence for D-transposition of the great 
vessels. 
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.... Fig. 2-10. Systolic time intervals in a 6-year-old child with L
transposition and complete heart block (note pacemaker impulse). 
The anterior (left-sided) semilunar valve (frame A) has a preejec
tion period (PEP) of 175 msec and a ventricular ejection time 
(VE1) of 190 msec. The posterior, right-sided valve (frame B) 
has a PEP of 70 msec and a VET of 260 msec. The PEP of 
the anterior valve is longest, and the VET is shortest. The anterior 
valve is considered to be the aortic valve. The operator has indi
cated that the anterior valve is on the left side. The diagnosis, 
therefore, is L-transposition of the great vessels. Time lines are 
10 msec apart. 

Fig. 2-11, A and B. A Normal mitral valve in a 2-year-old child. 
The lower case letters are those conventionally applied to motion 
of the anterior mitral leaflet. Thus a represents atrial "kick"; b 
represents onset of ventricular contraction; c represents mitral 
closure; c-d represent ventricular systole; e represents the peak 
of the opening motion during early diastole; f is the point at 
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which the mitral valve falls posteriorly at the end of rapid filling. 
The posterior mitral leaflet (PML) moves in an opposite direction. 
The amplitude of PML motion is much less than that of the 
anterior mitral leaflet. VS = ventricular septum, R V = right 
ventricular cavity. (Continued on next page.) 

A 
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Fig. 2-11 (Cont.). B Magnified view of mitral valve to show poste
rior mitral valve motion. During the long diastolic period in the 

last beat the leaflets undulate (open arrows). AML = anterior 
mitral leaflet, PML = posterior mitral leaflet. 
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Fig. 2-12. Normal tricuspid valve. M-mode echocardiogram as 
observed in an infant or young child. This image is obtained by 
directing the transducer from the left third or fourth intercostal 
space far medially under the sternum. In adults and older children 
it is difficult or impossible to image this valve even though the 

the M-mode trace from which quantitative LV images are 
obtained. The diameter is measured from the inner surface 
of the anterior wall of the R V to the front of the ventricular 
septum in mid diastole (Fig 2-6). If the RV free wall cannot 
be measured then the RV cavity size (RVD) is estimated 
by measuring from the back of the chest wall to the front 
of the ventricular septum. It is important to be consistent 
in positioning the patient for measurements of R V size. 
The right ventricular cavity appears larger when the subject 
is lying on the left side because the heart moves more to 
the left and the R V falls more into the path of the ultra
sound beam. 

patient rotates into the left lateral decubitus position. The pattern 
of motion of the tricuspid valve is similar to that of the mitral 
valve. The leaflets imaged are probably the anterior tricuspid 
leaflet (ATL) and the posterior tricuspid leaflet (PTL). 

Composite M-Mode Views (Arc Scans) 

Evaluation of congenital heart defects by M-mode echocar
diography requires careful notation indicating the position 
and angle of the transducer required to visualize each valve 
or chamber. The spatial relationships between the struc
tures are determined by recording continuously while the 
transducer is swept through an arc (arc scan). Typical re
cordings include arc scans from the aortic valve through 
the mitral valve to the LV (Fig. 2-13), from the pulmonary 
valve through the R V outflow tract to the tricuspid valve 
(Fig. 2-14), and from mitral to tricuspid valves (Fig. 2-
15). By using arc scans the presence or absence of aortic 
to mitral fibrous continuity or overriding of the aorta can 
be recognized (Fig. 2-16). The location as well as the type 
of aortic stenosis can also be identified. 
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Fig. 2-13. Arc scan from aortic root (Ao) to left ventricle (L V). 
Fibrous continuity (FC) is demonstrated between the posterior 
wall of the aortic root and the anterior mitral leaflet (AML). 
The normal continuity between the anterior wall of the aortic 
root and the ventricular septum (VS) is also noted. The left ven
tricular outflow tract (L VOT) is measured during ventricular 

systole from the back of the septum to the front of the aorticomi
tral ring echo just below the aortic valve. Ch T = chordae tendi
neae, open arrow = endocardium, closed arrow = epicardium 
plus pericardium, R V = right ventricle, R VOT = right ventricular 
outflow tract, LA = left atrium. 



Fig. 2-14. Arc scan from pulmonary valve (PV) to tricuspid valve 
(TV). The operator has noted that the transducer has been swept 
from a leftward and superior direction in a rightward and inferior 
course, constituting the normal orientation ofthe right ventricular 

Fig. 2-15. M-mode arc scan from the tricuspid valve to the mitral 
valve in a 4-year-old-boy. The transducer was angled through 
an arc from a rightward direction to a leftward direction. The 
tricuspid valve is anterior to the mitral valve. The ventricular 
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outflow tract (R VOn as it wraps around the front of the aortic 
root (Ao). In back of the heart the scan traverses the left atrium 
(LA), the atrial septum (AS) and the right atrium (RA). (see 
Fig. 2-4). 

septum (VS) separates the two valves. ATL = anterior tricuspid 
leaflet; AML = anterior mitral leaflet; R V = right ventricle; LV 
= left ventricle. 
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Fig. 2-16. Arc scan from the aortic root (Ao) across the left ven
tricular outflow tract (L VOT) in a I-month-old infant with tetral
ogy of Fallot. The aorta overrides the ventricular septum. Overrid
ing of the aorta is also present in instances of truncus arteriosus. 
If the pulmonary valve is visualized tetralogy of Fallot is likely; 
however, inability to image the pulmonary valve does not exclude 

Real-Time Two-Dimensional Imaging of the Heart 

Real-time cardiac images consist of rapid arc scans of the 
heart, built up in rapid succession (30 frames/sec) so as 
to produce a real-time cross section of the heart in motion. 
Two techniques are used commercially: mechanical sector 
scanning and phased array. Mechanical scanners use rotat
ing or oscillating transducers to scan the heart. Phased 
array units use high-speed switching to guide a wave front 
that originates from an array of miniature transducers. 
Using either technique the transducer assembly is rotated 
and angled within four "echo windows": (1) parasternal 
(left fourth to fifth intercostal space), (2) apical, (3) supra
sternal notch, and (4) subxiphoid. Figures 2-17 through 
2-30 are representative diagrams and cross sections of the 
normal heart as shown by 2-DE. 

Indications for 2-DE are similar to those for M-mode. 
In many instances, both methods are necessary. The advan
tages of 2-DE over M-mode are that interrelationships be
tween structures are better delineated and that shapes of 
structures are recognized in 2-DE. In adults, 2-DE has 
been superior to M-mode in recognizing intracardiac 
masses that are not pedunculated, including sessile tumors, 
sessile vegetations, and apical thrombi (Fig. 2-31). In is
chemic heart disease, 2-DE is useful in recognizing asyn-

tetralogy of Fallot. It is therefore difficult to arrive at a definite 
diagnosis of truncus arteriosus by M-mode scans. AA W = anterior 
aortic wall; PAW = posterior aortic wall; closed arrows and VS 
= ventricular septum; Fe = mitral-aortic fibrous continuity, LA 
= left atrium. 

ergy, although it is not as accurate as nuclear techniques 
in quantitating abnormalities of wall motion or ejection 
fraction. 

In congenital defects the relationships between the 
valves and chambers are better demonstrated by 2-DE than 
by M-mode, e.g., if the sector is directed toward the great 
vessels in cross section (Fig. 2-32) it is easy to ascertain 
whether the anterior great vessel is left- or right-sided. 
In the long axis the ascending aorta and the pulmonary 
artery are differentiated by their shapes, so that great vessel 
orientation can be confirmed in complex cases. Also in 
congenital cardiac defects, the relationships of the atrioven
tricular (A-V) valves to the ventricular and atrial septum 
can be determined. Ostium primum atrial septal defect 
can be differentiated from A-V communis, and straddling 
A-V valve can be recognized. Coarctation of the aorta is 
not diagnosed by M-mode but can be detected by 2-DE 
from the suprasternal notch. Total anomalous pulmonary 
venous return may be suspected on M-mode, but specific 
patterns may be recognized on 2-DE. The origins of coro
nary arteries can also be imaged by 2-DE in normal individ
uals, in instances of anomalous left coronary artery and 
in coronary artery aneurysm secondary to Kawasaki dis
ease. 



A 

Fig. 2-17. Diagrams of the heart with tomographic sections fre
quently used in two-dimensional echocardiography. A is a diagram 
of a transducer for two dimensional scanning. Either a mechanical 
sector scanner or an electronic phased array may be used. The 
device scans repeatedly through an arc to produce repetitive pic
tures of a section of the heart. The plane of the section is deter
mined by the position of the transducer with respect to the heart. 
H shows two planes commonly used for echocardiographic exami
nation, a long axis view and a short axis view. C shows the 
long axis of the left ventricle (Fig. 2-18). With slight angulation, 
cuts through the right ventricle are also possible (Figs. 2-21, 
2-22). (Continued on next page.) 
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Fig. 2-17 (Cont.). D indicates short axis views at the level of 
the aortic valve and left ventricular cavity (Fig. 2-20). By angling 
the transducer, cuts across any level of the left ventricle can be 
obtained (see also Fig. 2-19). E indicates a four-chamber view, 
which can be approximated from the apex (Fig. 2-25) or from 
the subxiphoid position (Fig. 2-28). By rotating the transducer 
90° in the apical position, an apical two-chamber or "RAO-equiv-

alent" view is obtained (Fig. 2-26). In the subxiphoid position 
the transducer can be angled anteriorly from the four-chamber 
view to image the right ventricle and outflow tract in either a 
coronal or sagittal plane. Other angulations in the subxiphoid 
position will bring into view the left ventricular outflow tract 
and the aortic arch, or alternatively, the right atrium and superior 
vena cava (see also Figs. 2-36B, 2-39D). 
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Fig. 2-18, A-C. Long axis view. left ventricle. A end systole; B 
early diastole; C late diastole. In A the left ventricle (L V), right 
ventricle (R V), aortic root (Ao), left atrium (LA) and pericardium 
(peric) are identified. The small arrowhead points to the aortic 
valve and the large arrowhead identifies the mitral valve. In B 
the mitral valve is widely open during the rapid filling phase 
(the E point on M-mode). The large arrowhead points to the 
tip of the anterior mitral leaflet. The ventricular septum (VS) 
and the left ventricular posterior wall (L VPW) are labeled. In 
C the left ventricle is increased in size. The mitral valve is partially 
open. The large arrowhead indicates the tip of the anterior mitral 
leaflet. The posterior mitral leaflet is shorter than the anterior 
leaflet and is attached by way of chordae tendineae to the posterior 
papillary muscle (PM). 

Fig. 2-19, A-C. Short axis view of the left ventricle at the level 
of the mitral valve. A late systole; B early diastole; C late diastole. 
In this section the left ventricle is outlined as a circular structure. 
The dense inner ring represents the endocardium, and the rela
tively lucent ring around it is the myocardium. In A the closed 
mitral valve (arrowheads) is visualized as a double horizontal 
line within the left ventricle. The right ventricle (R V) is anteriorly 
situated. In B the mitral valve is widely open (rapid filling phase). 
The arrowheads point to the tip of the anterior mitral leaflet 
(the posterior mitral leaflet is not identified). In C the left ventricle 
is larger (end diastole), and the mitral valve is partially open. 
These images were obtained during phases of the cardiac cycle 
similar to those in Fig. 2-18. 

B 
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Fig. 2-20. Parasternal short axis view at the level of the aortic 
valve. The aortic valve is represented by a circular structure. 
The three commissures are demonstrated in A (the "Mercedes 
Benz sign"). The tricuspid valve (TV, frame A) is to the right 
of the aortic valve, while the pulmonary valve (PV, frame B) is 
anterior and to the left of the aortic valve. The right ventricular 
outflow tract (R VOT) wraps around the front of the aortic root. 
The right atrium (RA) and left atrium (LA) are defined posteriorly 

Fig. 2-21, A-D. Parasternal long axis view of R V inflow tract. 
A and B systole; C and D diastole. This image is obtained by 
angling the transducer steeply to the right from the long axis 
view of the left ventricle (see Fig. 2-18). The tricuspid valve 

and are separated by a few echoes representing atrial septum. 
(Note: In this patient the left atrium is enlarged.) The atrial 
septum is poorly identified in this view because it is nearly parallel 
to the echo beam and echoes are not reflected back. See Figs. 
2-4 and 2-17D, which also demonstrate the normal relationship 
of the aortic root, right ventricular outflow tract and pulmonary 
valve. 

(TV) is well delineated as is the right ventricular body (R V). 
The right ventricular outflow tract (R VOT) extends toward the 
patient's left (cephalad). Ch. T = chordae tendineae. RA = right 
atrium. 

B 

D 
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Fig. 2-22, A and B. Parasternal long axis view of the right ven
tricular outflow tract (R VOn. A with labels; B without labels. 
This image is obtained by rotating the transducer clockwise from 
the long axis view of the left ventricle illustrated in Fig. 2-18. 
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Fig. 2-23, A and B. Parasternal view of the main pulmonary 
artery (MPA). A with labels; B without labels. The origins of 
the right pulmonary artery (rpa) and left pulmonary artery (lpa) 

The conus septum (CS) is identified here with a comer of the 
left ventricular cavity (L V) and the anterior mitral leaflet (AML). 
PV = pulmonary valve; MPA = main pulmonary artery. 

are defined. This view is obtained by rotating the transducer clock
wise and angling it toward the left from the short axis view of 
the aortic root (see Fig. 2-20). Ao = aorta . 

B 
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Fig. 2-24, A and B. Parasternal oblique four-chamber view. A 
with labels; B without labels. This view is obtained by rotating 
the transducer about 90° in a clockwise direction from the long 
axis view of left ventricle without changing the angle. The mitral 
valve (mv) and left ventricular cavity (L V) remain in view. Rota
tion of the transducer brings the tricuspid valve (tv) and the 
right ventricular cavity (R V) into view. The tricuspid valve inserts 

Fig. 2-25, A and B. Apex four-chamber view. A with labels; B 
without labels. The image is shown as suggested by the American 
Society of Echocardiography Committee on Nomenclature and 
Standards. The apex of the heart is at the bottom of the image. 
The right ventricle (R V) is on the right as if the examinee were 
facing the examiner. (This image may also be presented with 
the apex at the top of the screen.) The subject is reclining steeply 
on the left side with the transducer placed on the apical impulse 
and directed toward the individual's right shoulder. The trans
ducer is then rotated so that the sector is perpendicular to the 

on the ventricular septum slightly distal to the point at which 
the mitral valve attaches. The atrial septum is clearly identified 
between the right atrium (RA) and left atrium (LA). Note dropout 
in the ventricular septum near the A-V valves-a normal phenom
enon that does not necessarily indicate ventricular septal defect. 

ventricular septum, which will then appear as a nearly vertical 
density in the middle of the screen. The R V is identified by the 
moderator band (MB). The motion of the A-V valves is similar 
to the motion of the wings of a bird in flight. This view is especially 
useful for examining the A-V valves in individuals suspected 
of having Ebstein anomaly or endocardial cushion defects. It is 
also useful for echo cardiographic contrast studies because all 
four chambers are in view simultaneously. RA = right atrium; 
LA = left atrium; LV = left ventricle. 

B 
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Fig. 2-26, A-D. Apex two-chamber view. A and B diastole; C 
and D systole. The transducer is rotated 90° from the position 
used to obtain Fig. 2-25. This image may also be presented with 
the apex at the top of the screen. In A and B the mitral valve 
is open. ami = anterior mitral leaflet. In C and D the mitral 
valve is closed. The endocardium can be identified, although 
faintly. With some interpolation a LV volume determination can 

Fig. 2-27, A and B. Subxiphoid view of inferior vena cava. A 
with labels; B without labels. The liver parenchyma is closest 
to the transducer. The hepatic veins (HV) join the inferior vena 

be obtained from this view using geometrical analysis similar 
to that used for LV volume by angiography. This view may also 
be used to assess wall motion as the segments of the septum 
and the wall correspond to those defined by the RAO view of 
a left ventriculogram. Ao = ascending aorta; LA = left atrium. 
Note: In order for this image to correspond with an RAO view 
(RAO equivalent view) it should be reversed right to left. 

cava (IVC) as it enters the right atrium (RA). This image helps 
to identify the right atrium in the subxiphoid four-chamber view 
(Fig. 2-28). 

B 
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Fig. 2-28, A and B. Subxiphoid four-chamber view. A with labels; 
B without labels. The subject is supine. The image is obtained 
by directing the transducer from the subxiphoid window toward 
the subject's left shoulder. The transducer is rotated so that the 
sector is perpendicular to the ventricular septum. This image is 
presented so that the origin of the sector is at the top of the 
screen. The chamber closest to the transducer is the right ventricle 
(R V), while the left ventricle (L V) is farther from the transducer 
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Fig. 2-29, A and B. Suprasternal notch view of aortic arch. A 
with labels; B without labels. The aortic arch (Ao) is visualized 
together with its branches-the right innominate artery (i), left 
common carotid artery (c), left subclavian artery (s). The right 
pulmonary artery (r) is beneath the aortic arch. The size of the 
right pulmonary artery is maximized as the transducer is angled 

and therefore appears lower on the screen. The transducer is 
angled posteriorly so that the atria and pulmonary veins are dem
onstrated. The ventricular septum and the atrial septum are per
pendicular to the echo beam and reflect well. This view is therefore 
especially useful in evaluating the atrial septum in atrial septal 
defects and endocardial cushion defects, among other congenital 
anomalies. RA = right atrium; LA = left atrium; PV = pulmonary 
vein; m = mitral valve; t = tricuspid valve. 

B 

toward the left. Three to four centimeters of descending aorta 
(Desc) are visualized. This view of the aorta identifies coarctation 
of the aorta, dilatation of the ascending aorta and dissection of 
the aorta. A right aortic arch is recognized if the transducer is 
angled toward the right and posteriorly instead of toward the 
left and posteriorly. 
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Fig. 2-30, A and B. Suprasternal notch view of the aorta and 
right pulmonary artery. A with labels; B without labels. The trans
ducer is directed caudally from the suprasternal notch with the 
sector rotated so that it cuts a transverse section. In this examinee 
the innominate vein (Inn. V) is the structure closest to the trans
ducer, while the aortic arch (Ao) presents as a circle. The right 

Fig. 2-31, A and B. Apical thrombus. A parasternal long axis 
view of left ventricle (L V); B apex four-chamber view (inverted 
as compared to Fig. 2-25). Akinesis of the anteroapical wall is 
present, associated with an apical thrombus, which is probably 

pulmonary artery (RPA) passes from left to right under the arch. 
This view together with that obtained in Fig. 2-29, aids in estimat
ing the size of the right pulmonary artery in cyanotic patients. 
Angulation toward the right in this location brings into view 
the superior vena cava. 

semiliquid. The luminal wall of the thrombus undulates as the 
heart moves. This thrombus was poorly visualized on M-mode 
scanning. R V = right ventricle; RA = right atrium; Ao = aorta; 
LA = left atrium. (Courtesy of Maxine Rosoff, M.D.). 
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Fig. 2-32, A and B. Parasternal short axis view at the level of 
the great vessels. A with labels; B without labels. The anterior 
semilunar valve is on the right instead of on the left (compare 
with Figs. 2-4 and 2-20). The great-vessel orientation represented 

Left Ventricular Performance 

M-mode echocardiography allows measurement of a single 
left ventricular (LV) diameter (Fig. 2-5), which is similar 
to the lateral minor diameter used in LV angiograms to 
calculate LV volume and ejection parameters. Calculation 
of LV volume from M-mode echo substitutes this minor 
diameter into formulas derived from those used in angiog
raphy. The calculations assume (1) homogeneous LV con
traction and (2) constant relationship between the changes 
in major and minor diameters. Hearts of adults with LV 
dysfunction cannot be expected to contract in a homoge
neous manner. In addition, the change in major diameter 
relative to the change in minor diameter varies with age 
and also with the size of the heart. Thus it is not surprising 
that LV volume, mass, and function derived from M-mode 
echocardiographic LV diameters has not equaled angiocar
diographic volumes in levels of accuracy. Nevertheless, se
rial changes in individuals and comparisons within well
defined groups have been reported and are clinically useful. 
Shortening fraction, rather than ejection fraction or cardiac 
volume derived from M-mode tracings, may be most useful 
as it relies on the fewest assumptions. The calculation of 
shortening fraction follows: 

where 

LVIDd - L VIDs 00 
SF - XI 

LVIDd 

SF = shortening fraction; 
L VIDd = Left ventricular internal 

diameter (diastole); 
L VIDs = Left ventricular internal 

diameter (systole). 

here is consistent with dextrotransposition of the great vessels. 
A = aortic valve; P = pulmonary valve; RA = right atrium; 
LA = left atrium. 

Shortening fraction is often expressed as a percentage. Nor
mal values for all ages are presented in Table 2-1. Another 
value derived from echocardiographic measurements, mean 
velocity of circumferential fiber shortening (mean VCF), 
relates to rate of ejection and is calculated from the change 
in LV dimensions (shortening fraction) divided by the left 
ventricular ejection time (L VET). Thus, 

L VIDd - L VIDs 
mean VCF = L VIDd X LVET 

Because it is difficult to determine the exact onset of ejec
tion from an LV echogram, left ventricular ejection time 
(L VET) may be better measured from an aortic valve echo
gram (Fig. 2-7 A). LVET should be obtained while the 
heart is beating at the same rate and as nearly as possible 
to the same time (same inotropic state) during which the 
L V trace is recorded. 

Two-dimensional echocardiography has a major poten
tial advantage over M-mode with regard to evaluating LV 
function. The images are in two dimensions similar to those 
obtained from angiography and nuclear cardiology. The 
RAO equivalent view (Fig. 2-26) from the apex and the 
parasternal LV short axis view (Fig. 2-19) are orthogonal. 
A number of investigators have subjected such 2-DE im
ages to the same geometrical analysis that has been applied 
to nuclear scans and to angiograms. The major limitation 
is that single-frame images fail to show clear endocardial 
outlines. The outlines therefore have to be drawn in by 
hand rather than by computer, and many interpolations 
are necessary. Nevertheless, the results appear promising 
for estimations of LV ejection fraction and abnormalities 
of wall motion. 



Two-dimensional echocardiography may also prove 
helpful in studying right ventricular volume and function 
in individuals with both congenital and acquired heart dis
ease. The apical four-chamber view and the parasternal 
long axis view of the right ventricular outflow tract are 
orthogonal. The subxiphoid coronal and sagittal views form 
another orthogonal pair, which may prove useful in this 
regard. More work is necessary along this line. 

Echocardiography Using Contrast Material 

Gramiak et al. described the use of green dye as a contrast 
medium for echocardiography in 1969. Other liquids such 
as glucose water and saline can be identified as they mix 
with the blood in the cardiac chambers. Valdez-Cruz et 
al. described the use of venous blood that has been with
drawn into a syringe and immediately reinjected into a 
peripheral vein. After venous injection the "contrast effect" 
can be followed as the blood flows through the heart. If 
a right-to-Ieft shunt exists, echo-reflective blood will be 
noted transiently within a left-sided chamber. If the right
to-left shunt is at the atrial level, echo-reflective blood will 
be present in the left atrium, left ventricle, and aorta. A 
left-to-right shunt at the atrial level can be identified on 
2-DE as unopacified blood pours into the right atrium, 
displacing the echo-reflective blood (negative contrast ef
fect) (Fig. 7-7). Contrast echocardiography has been used 
by some as an adjunct along with 2-DE and M-mode sys
tolic time intervals in differentiating cyanotic heart defects 
in neonates from severe persistent fetal circulation. Di
agnosis of tricuspid atresia may also be facilitated by 
contrast echocardiography because the characteristic se
quence of filling of the chambers can be demonstrated 
(i.e., RA->LA->LV). 

Increased Pulmonary Artery Pressure 

Hirschfeld et al. found that elevation of pulmonary artery 
pressure correlated with lengthening of the right ventricular 
preejection period (RPEP) and shortening of the right ven
tricular ejection time (RVET) or an increase in the ratio 
RPEP/RVET. A RPEP/RVET ofOJO or greater suggests 
PA pressure elevation (normal RPEP/RVET = 0.16 -
0.30; mean = 0.24). The same authors report that this 
relationship between systolic time intervals and pulmonary 
pressure also exists in D-transposition of the great vessels 
(where the left ventricle pumps blood to the lungs). Their 
experience suggests that one might be able to predict pul
monary resistance in cases of left-to-right shunt and follow 
its progress by means of serial measurements of pulmonary 
systolic time intervals. If pressure seems high the study 
may be repeated while the subject breathes a high concen
tration of oxygen. (See section on ventricular septal defect 
in Chapter 7.) 

Doppler Echocardiography 55 

Doppler Echocardiography 

The Doppler effect on reflected ultrasound has been used 
for medical diagnosis for about as long as has imaging 
ultrasound. This effect was first described by Christian 
Johann Doppler in 1842 to explain the change in the color 
of light from a star depending upon the motion of the 
star relative to an observer on earth. For any given trans
mitted frequency, an observer will sense a higher frequency 
if the object is moving toward the observer and a lower 
frequency if the object is moving away from the observer. 
The spectrum of light from a star moving away from earth 
is shifted toward the lower frequency (more red), whereas 
the spectrum from a star moving toward earth is shifted 
toward a higher frequency (more violet) compared to the 
spectrum of light emitted by the star. A Doppler shift 
can also be demonstrated for radio waves (radar) and is 
used to measure the speed of automobiles. A common expe
rience with the Doppler effect on sound waves is that of 
listening to a train whistle. As the train approaches, the 
whistle has a higher pitch and as the train passes and 
moves away from the observer the pitch of the whistle 
rapidly falls. 

Two ultrasound techniques employing the Doppler ef
fect are in general use today. These are continuous wave 
Doppler and pulsed Doppler. 

Continuous Wave Doppler Ultrasound 
Continuous wave Doppler requires two transducers, one 
transmitting continuously, the other receiving the returning 
scattered signals. It is thought that red blood cells or minor 
irregularities in the concentration of red blood cells serve 
as the reflectors. Continuous wave Doppler was first used 
to detect presence or absence of blood flow. Together with 
an inflatable cuff a Doppler instrument was then used to 
determine blood pressure. Later, the frequency shift was 
quantitated and plotted against time in order to determine 
velocity of flow. Throughout this book, velocity toward 
the transducer is plotted above the zero line and velocity 
away from the transducer plotted below the line. 

The frequency shift relates to the velocity of flow by a 
formula called the Doppler equation: 

M= 
2 fo V cos 0 

c 
(1) 

or 

V= 
c X M 

2 fo cos 0 
(2) 

where V = velocity of flow (m/sec); c = the speed of 
sound in blood (approximately 1540 m/sec); af = fre
quency shift (Hz); fo = transmitted frequency (Hz). 0 = 
the angle between the ultrasound beam and the direction 
of flow. The angle is estimated from the simultaneous 2-
dimensional echocardiographic (2-DE) image (Fig. 2-33A) 
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Fig. 2-33. Range gating in pulsed Doppler echocardiography. A 
two-dimensional image of the ascending aorta with the Doppler 
cursor superimposed. B Print-out of the Doppler frequency shift 
versus time in this location. The horizontal bar in A indicates 
the depth along the cursor which is sensed by the machine after 
each burst of energy. This spot, called the sample volume, was 
placed in the ascending aorta. The shorter oblique line was applied 
by the operator to indicate the angle of incidence. The transmitted 

even though the angle is defined in three dimensions. The 
angle in the third dimension (the azimuthal angle) is mini
mized by angling the transducer to optimize the visual 
and auditory signal. 

Recently analog and digital methods have been used 
to analyze the spectrum of returning frequencies in order 
to better estimate maximum and mean velocities and to 
analyze complex signals returning from areas where distur
bance of flow occurs. The most successful ofthese methods 
are the Fast Fourier Transform (FFT, digital) and the 
CHIRP-Z transform (analog). 

The advantage of continuous wave Doppler is that it 
imposes no limitation in the frequency shift and therefore 
there is no limit on the velocity which can be sensed. Very 
high velocities are encountered in valvar regurgitation and 
in valvar stenosis. The disadvantage of continuous Doppler 
is that it does not differentiate depth, so that Dopp
ler shifts from the entire volume of tissue encountered 
by the beam are returned to the receiving transducer. If 
one is looking for only the highest velocity signals, and 
if only one possible source of high velocity signals is within 
the beam (e.g., one area of stenosis), then continuous 
Doppler is preferable. 

Pulsed Doppler Ultrasound 
The technique of pulsed Doppler ultrasound allows the 
machine to define a specific distance from the transducer 
from which the Doppler shift will be sampled. This is called 
range gating (Fig. 2-33). Range gating is useful in localizing 
a flow disturbance or high velocity jet, or to determine 
the direction of flow in a small area within the heart called 
the "sample volume." Pulsed Doppler devices generate 
bursts (or pulses) of sound and sample backscattered energy 

B 

frequency is indicated (XDCR). The peak Doppler frequency shift 
(DOP FREQ) was obtained by the operator from the print-out 
in B. The computer then calculated the velocity (FLOW). In B 
the Doppler frequency shift versus time corresponds to velocity 
of blood in the aorta. This curve is familiar because it approxi
mately parallels a pressure curve, and a flow curve, in the same 
location. 

during a discrete interval between the bursts. The timing 
of the receiving cycle determines the depth of the sample. 
Only one transducer is necessary, and therefore an imaging 
transducer can also be used for pulsed Doppler examina
tion. In addition, pulsed Doppler allows an M-mode image 
to be made simultaneous with the Doppler signal. This 
aids in verifying the location being sampled. A disadvantage 
of pulsed Doppler ultrasound is that the pulse repetition 
frequency (PRF) limits the range that can be sampled as 
well as the frequency shift (and the velocity) that can be 
sensed. Once each burst of energy leaves the transducer, 
the machine must wait until the backscattered signal re
turns from the sampled depth before it can send out a 
new burst of energy. 

The relationship of range to PRF is described by the 
following formula: 

c 
R=--

2PRF 
(3) 

where c = velocity of sound in blood (1.54 X lOS cm/ 
sec); PRF = the pulse repetition frequency (Hz); and R 
= the range (cm). The factor of 2 allows the sound to 
travel to the target and to return from the target. The 
maximum frequency shift is related to the PRF by this 
formula: 

M=PRF 
2 

(4) 

because accurate processing requires a sampling frequency 
at least twice the highest frequency measured. The maxi
mum detectable Doppler shift is sometimes called the Ny
quist limit. Thus, as the PRF is reduced in order to interro-



gate at a greater depth, the maximum detectable frequency 
is reduced. Table 2-2 shows maximum depth and maxi
mum detectable velocity relative to PRF for transducers 
commonly used for Doppler examinations. Table 2-3 shows 
maximum velocities detected by Doppler ultrasound at 
each orifice in the heart in adults and children. As can 

Table 2-2. Maximum Range and Velocity for Pulsed 
Doppler Systems 

Maximum 
velocity 

Transducer PRF Maximum at specified depth 
frequency (mHz) (kHz) range (cm) (m/sec) 

5 IS 5.1 2.0 at 3cm 
10 7.7 1.2 at Scm 

3.5 10.5 7.3 1.7 at 5 cm 
7 11.0 1.2 at 7cm 

2.5 10 7.7 2.4 at Scm 
5 15.4 1.7 at 7cm 

Table 2-3. Maximum Velocities in Normal Children 
and Adults 

Children Adults 

Mitral 0.78 (0.44-1.28) 0.90 (0.6-1.3) 

Superior vena cava 0.51 (0.28-0.80) 

Tricuspid 0.60 (0.5-0.8) 0.50 (0.3-0.7) 

Right ventricular outflow 0.76 (0.5-1.05) 0.75 (0.6-0.9) 

Pulmonary artery 0.90 (0.7-1.1) 0.75 (0.6-0.9) 

Left ventricular outflow 1.00 (0.7-1.2) 0.90 (0.7-1.1) 
tract 

Aorta 0.97 (0.60--1.54) 1.3 5 (1. 0--1.7) 

From Hatle L, Angelsen B (\985) Doppler Ultrasound in Cardiology Phila
delphia, Lea and Febiger, p 93; and Goldberg SJ, Allen HD, Marx GR, 
Flinn CJ (\985) Doppler Echocardiography. Philadelphia, Lea and Fe
biger, pp 33-54. 

Fig. 2-34. Wrapping (or "aliasing") occurs when the frequency 
shift exceeds the Nyquist limit. A Doppler frequency shift versus 
time of a sample volume directed into the ascending aorta from 
the subxyphoid location. The combination of a 5 mHz transmitted 
frequency and a low-pulse repetition frequency (PRF) results in 
a limit offrequency shift (Nyquist limit), which fails to accommo
date a normal velocity. The envelope is therefore truncated at 
the edge of the paper, and its peak wraps around to appear at 
the top of the page above the zero line. One method of avoiding 
this artifact is by moving the zero line to the edge of the paper 
as in B, thus effectively "cutting and pasting" the tops onto the 
velocity envelopes. This effectively doubles the frequency shift 
that can be sensed. (Horizontal calibration lines are 0.5 kHz. 
Time lines are 0.04 sec apart.) 

A 
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be appreciated from this table, the Nyquist limit for even 
the lowest frequency transducer can be exceeded if veloci
ties are increased because of high flow or because of steno
sis. If frequencies above the Nyquist limit are encountered, 
wrapping occurs, with the peak of the envolope appearing 
below the baseline. (see Fig. 2-34A). Three methods are 
used to circumvent the limitations of pulsed doppler. The 
first is to use a transducer with a lower frequency. The 
2-D images will be degraded but will still allow verification 
of position. Second, for any given transducer, frequency 
up to twice the Nyquist limit can be accommodated by 
shifting the zero line to the edge of the page, effectively 
"cutting and pasting" the peak back on top of the curve 
(Fig. 2-34B). The third method involves increasing the 
PRF without regard for range resolution (high PRF). The 
machine continues to transmit bursts of energy without 
waiting for the previous signal to return and processes 
signals when not transmitting. Thus, range resolution is 
lost; however, maximum detectable velocity is increased 
(Fig. 2-35). 

Doppler Ultrasound with 2-Dimensional Imaging 
Both continuous and pulsed Doppler ultrasound are often 
used in combination with 2-D imaging ultrasound in order 
to identify the region within the heart which is being sam
pled (Fig. 2-33). Systems using separate transducers for 
Doppler and for imaging provide a continuous view of 
the Doppler signal simultaneous with the 2-D image. Those 
using a single transducer for both functions allow intermit
tent updating of the 2-D image during the Doppler exami
nation in order to verify the location of the Doppler sample 
volume. All the examples of Doppler tracings in this book 
are produced by a pulsed Doppler device having the same 
transducer for 2-D imaging and for Doppler interrogation. 
High PRF is used to accommodate high velocity of flow. 
The signals are analyzed by FFT. 

A new approach called multigate Doppler allows a color 
overlay representing Doppler shifts across either the 
M-mode or the 2-D image. 
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Fig. 2-35. A Doppler tracing from the ascending aorta (subxi
phoid view) in a 4-day-old infant with aortic stenosis. Each hori
zontal calibration line indicates a 2 kHz frequency shift. Each 
heavy vertical line indicates one second. B The two-dimensional 
echocardiogram verifies the position of the Doppler sample vol
ume just above the aortic valve. After the area of high velocity 
(the jet) has been localized by range-gated pulsed Doppler, the 
pulse repetition frequency (PRF) is increased in order to ascertain 

Normal Patterns of Velocity vs Time 
The patterns of Doppler flow signals from the orifices and 
chambers of the heart are readily recognizable (Figs. 2-
36 to 2-45). Once the location for Doppler sampling is 
identified by imaging, the signal is optimized by watching 
the Doppler signal rather than the 2-D image. In addition, 
the Doppler shift is within the audible range, so that the 
Doppler signal may be optimized by listening for the clear
est audible signal. Laminar flow will yield a narrow spec
trum (relatively few frequencies) and will have a clear tonal 
quality and a pitch that is proportional to the velocity of 
flow (a higher velocity produces a higher frequency shift 
and a higher pitched auditory signal) (Fig. 2-35). A sample 
from an area of flow disturbance will yield a broad spectrum 
and a harsh sound (Fig. 2-46). The walls of vessels and 
chambers move more slowly, yielding groaning or crunch
ing sounds, while the motions of valves produce high
pitched clicks and squeaks (Fig. 2-42). 

Technique 
In performing the Doppler examination one attempts to 
obtain the smallest possible angle of intercept between the 
ultrasound beam and the direction of blood flow. All car
diac windows are used. The parasternal view is used to 
image the RVOT (Fig. 2-39 A-B), the main pulmonary 
artery as it sweeps superiorly and posteriorly, and the tri
cuspid inflow which is directed anteriorly. Left-to-right 
shunt through a ventricular septal defect is also directed 
anteriorly and may be detected in the RVOT from the 
parasternal view (Fig. 2-46). The apex view is used to 
interrogate the mitral and tricuspid valves (Figs. 2-38, 2-
41,2-47), the LVOT (Fig. 2-42) and the root of the aorta. 

B 

the maximum Doppler shift (velocity). From the peak velocity 
the pressure difference across the valve can be calculated. In 
this patient the Doppler shift is 12 kHz using a 3 mHz transducer. 
The angle of incidence is approximately 30°. Substituting in For
mula (2) the corresponding peak velocity is 3.60 m/sec. Using 
Formula (5) the corresponding pressure difference is 50 mmHg. 
This agreed closely with the finding at cardiac catheterization. 

The subxiphoid position allows interrogation of the infe
rior vena cava, superior vena cava (Fig. 2-36), and the 
pulmonary veins. The apex and subxiphoid positions pro
vide the best windows for identifying left-to-right shunts 
through an ASD (Fig. 2-48). The subxiphoid position also 
allows the beam to be directed parallel to the RVOT and 
main pulmonary artery (Figs. 2-39C-D, 2-40). Reversal 
of flow or continuous flow in the main pulmonary artery 
due to a patent ductus arteriosus may be recognized either 
in this view or in the parasternal view. Similarly, the high 
velocities secondary to valvar or infundibular pulmonic 
stenosis are often best identified in the subxiphoid view. 
The sub xiphoid view is also used to examine flow in the 
ascending aorta, the descending aorta and the abdominal 
aorta (Figs. 2-35, 2-43C and 2-45). Decreased pulsatility 
and/or continuous flow (diastolic augmentation) in the ab
dominal aorta are signs of coarctation of the aorta (Fig. 
2-49), while reversed flow in the abdominal aorta during 
diastole indicates a left-to-right shunt through a patent 
ductus arteriosus or a systemic to pulmonary shunt (Fig. 
2-50). The suprasternal notch is used to examine flow in 
the ascending aorta and in the aortic arch (Figs. 2-43, 
2-44). The SVC and right pulmonary artery are also acces
sible from this location. 

Interpretation of Doppler Signals 
The returning signals are analyzed qualitatively for laminar 
flow or disturbed flow. A clean, narrow, smooth curve 
(envelope) represents a narrow frequency spectrum associ
ated with laminar flow. A wide spectrum, which often com
pletely fills the area under the curve of maximum velocity 
is characteristic of disturbed flow, usually associated with 
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Fig. 2-36. Normal Doppler tracing in the superior vena cava. A 
Tracing of the Doppler frequency shift versus time for a sample 
volume directed into the superior vena cava from the subxiphoid 
position. B Two-dimensional image to verify the position of the 
sample volume (cross). The flow is toward the transducer and 

A 
j 

Fig.2-37. Normal Doppler tracing in the right atrium. A Doppler 
frequency shift versus time from the right atrium near the foramen 
ovale. B Two-dimensional image to verify the position of the 
sample volume (transverse image from the subxiphoid window). 
The transducer is angled slightly posteriorly from Fig. 2-36. The 
sample volume was at the center of the asterisk. Flow is bidirec-
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B 
therefore above the baseline. The pattern is reminiscent of the 
venous pressure waves with two peaks of velocity for each cardiac 
cycle. Calibration marks indicate 1 kHz. ra = right atrium; rv 
= right ventricle; LV = left ventricle; Ao = ascending aorta; 
pa = main pulmonary artery. 

B 

tional changing direction with respiration. This nondescript pat
tern is normal for this location because flow in this area is nor
mally perpendicular to the Doppler beam. Compare with Fig. 
2-48 which shows the pattern of velocity in a patient with atrial 
septal defect. ra = right atrium; la = left atrium; LV = left 
ventricle; pv = right and left pulmonary veins. 
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Fig. 2-38. Normal Doppler tracing in the tricuspid valve. A Pat
tern of Doppler frequency shift versus time for a sample volume 
directed from the apex window (4-chamber view) into the right 
ventricle just below the tricuspid valve. B The two-dimensional 
image to verify the position. The flow is toward the transducer 
during diastole and. has two peaks, the first peak during early 

an abnormal or stenotic opening (Fig. 2-40C). In addition 
the signals are evaluated quantitatively for maximum or 
peak velocity, which is the highest velocity attained during 
the cardiac cycle, and for mean velocity, which is the area 
under the curve of velocity divided by the time to trace 
the curve. Mean velocity is calculated by use of a planimeter 
or a computer and digitizing device. 
Velocity Related to Pressure Gradient Velocity has been 
found to correspond reliably with pressure differences 
across any orifice by the formula: 

(5) 

Where P1 - P2 = the pressure difference across the orifice; 
V = velocity calculated from the Doppler equation. In 
order to accurately determine pressure differences from 
Doppler frequency shift care must be taken to find the 
jet through the stenotic orifice and to record the maximal 
frequency shift just above the valve. This will produce a 
clean envelope and a high pitched audible signal (Fig. 2-
35). A position slightly off center will produce only spectral 
dispersion indicating parajet flow disturbance. 

The relationships between Doppler velocity and pressure 
difference has been extensively documented for aortic sten
osis and pulmonic stenosis. It has also been found useful 
in evaluating the difference between R V and LV pressure 
in patients with VSD. If tricuspid regurgitation is present 
the pressure in the R V can be estimated from the peak 
velocity of the regurgitant flow. The pressure difference 
across the mitral valve in mitral stenosis is also accurately 
estimated by this method, and severity can be predicted 
from a calculation of velocity half-time, which corresponds 

B 

filling and the second peak during atrial contraction. The maxi
mum frequency shift is 1.4 kHz, corresponding to a maximum 
velocity of 0.4 m/sec. The degraded M-mode tracing at the top 
of the frame shows the tricuspid valve (tv) and the Doppler sample 
volume (SV) just inside the right ventricle. 

to pressure half-time. The maximum velocity is divided 
by 1.4 (which approximates the square root of 2). The 
time from peak velocity to the time this calculated velocity 
occurs is called the velocity half-time. Hatle reports the 
following formula which relates velocity half-time to mitral 
valve area (MV A): 

220 
MV A (cm2) = . (6) 

velocity half-time (msec) 

Hade's graphs show agreement in 20 patients with mitral 
stenosis. 
Velocity Related to Volume of Flow Mean velocity along 
with a measurement of the area of an orifice by 2-D imaging 
allows an estimation of blood flow through an orifice. The 
formula for this relationship follows: 

V (cm/sec) X A (cm2) X 60 sec/min = Q (cm3/min). (7) 

Where V = mean velocity (after correction for angle of 
incidence); A = area of the orifice measured by 2-DE; 
Q = flow across the orifice. The calculation assumes a flat 
velocity profile such that all the blood within the orifice 
moves with the same velocity. For instance, assuming no 
aortic stenosis is present, the mean velocity in the ascending 
aorta along with the area of the aortic root from a short 
axis view will allow an estimation of cardiac output. Sys
temic venous return can be estimated from mean velocity 
across the tricuspid valve along with a measurement of 
the area of the tricuspid valve. 

In patients with left-to-right shunts pulmonary blood 
flow can be estimated from the velocity and the area of 
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the pulmonic valve or from velocity and area of the mitral 
valve. (Note: estimated flow across the mitral valve has 
been less reliable than estimated flow for other orifices.) 
Regurgitant fractions are estimated by comparing the an
tegrade mean velocity with the retrograde velocity across 
the orifice. For instance, in a patient with aortic insuffi
ciency, the ratio of the mean reverse velocity during diastole 

Fig. 2-39. Normal Doppler tracing in the right ventricular outflow 
tract. A Doppler shift versus time from a sample volume in the 
right ventricular outflow tract (R VOT) from the parasternal win
dow. B The two-dimensional echocardiogram confirms this posi
tion. C Doppler shift versus time from a sample volume in the 
RVOT from the subxiphoid position. D The two-dimensional 
echocardiogram confirming the position of C. E Doppler shift 
versus time in the R VOT from the parasternal view in a patient 
with pulmonary regurgitation. 

In A the angle of incidence is large and therefore the frequency 
shift is less than in C, in which the sampling line is parallel to 
the direction of flow. Nevertheless, both correspond to the same 
velocity (1.2 m/sec) because the angle of incidence is considered 
in the formula to convert the Doppler shift to velocity. Compare 
A and C with E, in which regurgitation of the pulmonic valve 
is evident. In E the flow during systole has a normal direction 
and normal velocity. During diastole reversal of flow is indicated 
by a positive frequency shift which is plotted above the zero 
line. 

(regurgitant velocity) to the mean forward velocity (ejec
tion velocity) during systole should correspond to regurgi
tant fraction. Another possibility might be to subtract dia
stolic mitral flow (forward flow) from systolic aortic flow 
(fqrward flow plus regurgitant volume) to calculate regurgi
tant flow. These last techniques have not had wide use, 
and further studies are needed. 

D 
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Fig. 2-40. Normal Doppler tracing in the main pulmonary artery. A Doppler shift in the 
main pUlmonary artery. B The two-dimensional image from the subxiphoid window confirming 
the position of the sample volume. C Doppler shift in the main pulmonary artery in a 3-
year-old girl with minimal valvar pulmonic stenosis. In A the tracing is below the zero line 
because flow is away from the transducer. The envelope is narrow with a clear center because 
no flow disturbance is present. Note deceleration instability during the second half of systole. 
This term refers to instability in flow at the end of the acceleration phase described by 
Macdonald and Helps in a visual model, and referred to in Berman (p 45). Deceleration 
instability may cause widening of the Doppler envelope in the aortic arch, the right and 
left ventricular inflow tracts and in the main pulmonary artery. This pattern of widening 
does not signify stenosis. Compare with C in which spectral dispersion due to mild valvar 
pulmonic stenosis causes the envelope to be completely filled. The maximal velocity in C is 
normal, indicating minimal if any pressure difference across the valve. If pulmonic stenosis 
were significant then the velocity would be greater than normal. 

--------------------
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Fig. 2-41. Normal Doppler tracing in the mitral valve. A Doppler 
shift just below the mitral valve with simultaneous M-mode trac
ing in a child with no cardiac defect. B Two-dimensional image 
confirming the position of the sample volume. The transducer 
is at the apex of the heart (apex 4-chamber view). In this normal 
individual the tracing has two peaks similar to that of the tricuspid 
valve, with a maximum Doppler shift of 2 kHz corresponding 
to a peak velocity of 1.3 m/sec using a transmitted frequency 
of 3 mHz. The sample volume line (arrow) superimposed on 
the degraded M-mode tracing indicates that the Doppler tracing 
comes from a location just below the mitral valve. In the presence 
of mitral stenosis the flow disturbance and an increased velocity 

will occur in this location. Reversed flow during systole just above 
the mitral valve may indicate mitral insufficiency or may be caused 
by normal systolic flow in the aortic root, which is immediately 
adjacent to the left atrium. The sample volume may stray into 
the left ventricular outflow tract during systole in spite of careful 
positioning of the transducer. In order to differentiate mitral insuf
ficiency from normal flow in the left ventricular outflow tract 
it is helpful to rotate the transducer into a 2-chamber view of 
the left ventricular outflow tract (next figure) and place the sample 
volume again in the left atrium. Compare this tracing with Fig. 
2-47 which depicts mitral insufficiency recognized by scanning 
across the mitral anulus behind the mitral valve. 

B 
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Fig. 2-42. Normal Doppler tracing in the left ventricular outflow 
tract. A Doppler shift in the left ventricular outflow tract from 
the apex two chamber view (B). Note that flow here is away 
from the transducer. It is sometimes difficult to distinguish flow 
in the left ventricular outflow from flow in the left ventricular 
inflow. Mitral flow appears as flow toward the transducer during 
diastole and may be mistakingly interpreted as aortic insufficiency. 
If the sample volume is directed close to the ventricular septum, 
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the flow from the mitral valve is usually avoided. Compare with 
C, a Doppler tracing below the aortic valve in an infant with 
single ventricle and aortic insufficiency. During diastole a large 
positive Doppler shift is identified corresponding to a large pres
sure difference between the aortic root and the ventricular cavity 
during diastole. D is the 2-D image used to direct the Doppler 
sample volume. The aortic valve (arrow) is thickened. V = ventri
cle; Ao = aortic root. 
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c 
Fig. 2-43. Normal Doppler tracing in the ascending aorta. A 
Doppler shift in the ascending aorta from the suprasternal notch 
view of the aortic arch (B). C Doppler shift in the ascending 
aorta from the subxiphoid view (D). The information obtained 
from each view is equivalent. Note wrapping (aliasing) in C. The 

B 

D 

low-pulse, repetition frequency required to reach the ascending 
aorta from the subxiphoid view without range ambiguity reduces 
the maximum frequency that can be sensed. Therefore, the enve
lope is truncated at the bottom of the page and the peak wraps 
around to appear at the top of the image (arrows). 



Fig. 2-44. Normal Doppler shift in the aortic arch. A Doppler 
shift in the aortic arch just beyond the left subclavian artery 
from the suprasternal notch view (B). Flow is away from the 
transducer during systole. A very short period of reversal of flow 
in early diastole is normal in the ascending aorta and arch and 

Fig. 2-45. Normal Doppler tracing in the abdominal aorta. A 
Doppler shift in the abdominal aorta. B the corresponding 2-D 
image from the subxiphoid view, pointing cephalad. The angle 
of incidence is large, and therefore the frequency shift is less 
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does not indicate aortic insufficiency. Note widening of the enve
lope during mid-systole. This is a frequent finding in this location 
and is considered to be caused by deceleration instability (Mc
Donald and Helps), and not by a pathologic disturbance of flow. 

B 

than those in the ascending aorta or in the arch where the beam 
was nearly parallel to the flow. In this location, as in the ascending 
aorta and in the aortic arch, a momentary reversal of flow is 
often noted in early diastole (arrow). 
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A 

c 
Fig. 2-46. Doppler tracings and two-dimensional echocardiograms 
in a two week old girl with ventricular septal defect and left ven
tricular to right atrial communication. A Doppler shift in the 
right ventricular outflow tract next to the tricuspid valve. B The 
corresponding two-dimensional image of a short-axis view of the 
right ventricular outflow tract. C The Doppler tracing in the 
right atrium. D The subxiphoid two-dimensional view to verify 
the position of C. In A the flow pattern of the tricuspid valve 
is normal during diastole (longer arrow). During systole, flow 
is again directed toward the transducer (shorter arrow) indicating 

B 

D 

presence of a left-to-right shunt across a ventricular septal defect. 
In B the Doppler sample volume is immediately adjacent to an 
aneurysm of the membranous ventricular septum. In C a high 
velocity jet toward the transducer is detected in the right atrium. 
D verifies the position of C next to a defect in the atrioventricular 
portion of the membranous ventricular septum (arrow). (See the 
section on left ventricular to right atrial communication for a 
description of the anatomy of the two parts of the membranous 
septum.) Iv = left ventricle; la = left atrium; ra = .right atrium; 
rv = right ventricle. 



C 
Fig. 2-47. Doppler tracings in patients with insufficiency of the 
tricuspid and mitral valves. A, Band C are from a 12-year-old 
girl who had infective endocarditis previously. A is from the 
right atrium just above the tricuspid valve and B is from the 
left atrium just above the mitral valve. The apex 4-chamber-view 
(C) shows the position of the sample volume used to demonstrate 
mitral insufficiency. The sample is moved to location just above 
the tricuspid valve (asterisk) in order to demonstrate tricuspid 
insufficiency. In tracings A and B the regurgitant flow moves 
away from the transducer during systole. The auditory signal is 
harsh with high pitched overtones even though the recorded fre
quency shift is not high. It is likely that only part of the spectrum 
has been printed here because the energy level of the higher fre
quency signals was too low to be sensed by the machine. (The 
continuous wave technique may have picked up the rest of the 
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D 
signal). This regurgitation is probably mild as reversed flow could 
not be sensed when the sample volume was moved farther into 
the left atrium than is depicted in the two-dimensional image. 
D is a tracing from a sample volume above the mitral valve 
from the apical window in a 6-year-old child who has mitral 
insufficiency but no congestive heart failure after repair of atrio
ventricularis communis (A-V communis). A broad spectrum with 
a high peak frequency shift is recorded immediately above the 
mitral valve, and can also be sensed far superior near the top 
of the left atrium. Note: In order to accomodate the high velocity 
of the regurgitant flow the zero line was shifted to the edges of 
the paper. Thus, diastolic flow toward the transducer is plotted 
from the bottom of the page pointing upward, and the regurgitant 
jet away from the transducer is plotted at the top of the page 
pointing downward. 



A 
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Fig. 2-48. A Doppler tracing in a 14-year-old boy with an atrial 
septal defect. The sample volume is in the right atrium near 
the atrial septum from a parasternal oblique view (B). Continuous 
flow into the right atrium is present with an increase in velocity 
during ventricular systole. In association with this finding the 

c 

B 

velocity and calculated flow may be increased in the tricuspid 
valve and in the pulmonic valve. Compare this with the normal 
Doppler tracing near the atrial septum (Fig. 2-37). rv = right 
ventricle; Iv = left ventricle; ra = right atrium; la = left atrium. 

- --------t--- ---------j 

Fig. ~9. Two-dimensional echocardiogram findings and 
Doppler tracings in a 5-year-old boy with coarctation of the aorta. 
A The two-dimensional echocardiogram from the suprasternal 
notch shows a dilated left subclavian artery (LSA) and a narrow 
aortic isthmus. The posterior shelf comprising the coarctation 
is represented as a highly reflective surface (arrow). The Doppler 
tracing in the isthmus (B) shows a marked flow disturbance, 
and continuous flow. The Doppler tracing from the abdominal 
aorta (C) shows decreased pulsatility during systole and forward 
flow into the abdominal aorta during diastole (diastolic augmenta
tion) (i.e., the tracing remains above the baseline throughout dias
tole). This flow may represent the contribution from collateral 
vessels which bypass the coarctation. Abnormally diminished pul
satility and antegrade flow during diastole (diastolic augmenta
tion) are present in the abdominal aorta in patients with coarcta
tion of the aorta, while reversal of flow during diastole indicates 
presence of a patent ductus arteriosus, systemic to pulmonary 
communication or arteriovenous fistula (see also Fig. 2-50). 



Fig. 2-50. Doppler tracing from the abdominal aorta in a 7-day
old premature infant showing reversal of flow during diastole (ar
rows). This phenomenon occurs in the abdominal aorta and also 
in the cerebral arteries in patients with large patent ductus arterio
sus or with large systemic to pulmonary shunts placed surgically 
as palliation for cyanotic congenital heart defects. The reversal 
of flow is due to emptying of the blood into the pulmonary artery 
through the patent ductus arteriosus or surgical shunt during 
diastole. Continuous flow was present in the main pulmonary 
artery (not shown). 
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3 Cardiovascular Nuclear 
Medicine 

Richard M. Steingart and John P. Wexler 

Principles of Cardiovascular Nuclear Medicine 

The development of radionuclide imaging systems, low en
ergy and easily available isotopes, and small dedicated mini
computers for the acquisition and processing of nuclear 
medicine data were necessary conditions for the new field 
of cardiovascular nuclear medicine. This new field com
bines the imaging of radiology with the quantitative capaci
ties of nuclear medicine to provide a noninvasive means 
for serial evaluation of the anatomy and physiology of the 
cardiovascular system. This chapter will describe the field 
of cardiovascular nuclear medicine, detailing both the 
methodology and applications. 

Acquisition and Analysis of Data 
Detection Devices. In theory, data obtained by cardiovas
cular nuclear medicine may be acquired by any device cap
able of detecting gamma rays. In practice, three devices 
are used: the Anger camera, the multicrystal camera and 
probes. Both the Anger camera and the multicrystal camera 
are imaging devices capable of producing numerical and 
visual information, while the probe is a nonimaging device 
used only for determining quantitative information. 

All three devices detect photons in the same way. A 
photon (or gamma ray) strikes a sodium iodide crystal 
that is optically coupled to a photomultiplier tube (Fig. 
3-1). This excites the crystal and causes a small burst of 
light to be emitted by the crystal. The intensity of that 
emitted light is proportional to the energy of the photon 
striking the crystal. The photomultiplier tube, excited by 
the light from the crystal, generates a voltage that is propor
tional to the energy of the gamma ray that struck the 
crystal. A counter then integrates the rate at which the 
photomultiplier tube is being excited. This integral corre
sponds to the number of photons per second striking the 
detector. 

The Anger camera (Fig. 3-2) is composed of a single 
crystal ~-~ in. thick and 7-15 in. in diameter. Either 

37 or 61 photomultiplier tubes in hexagonal array are inter
faced to the back of the crystal. When a photon strikes 
the face of the Anger camera, light is detected only by 
those photomultiplier tubes in the proximity of the excited 
crystal segment. Thus, not only is the photon detected, 
but its site of origin is localized. The major advantages 
of the Anger camera are its imaging qualities. Because 
only a single continuous crystal is used, images may be 
obtained from the camera with extremely high resolution. 

The multicrystal camera (Fig. 3-3) is a rectangular array 
of multiple 1 cm X 1 cm sodium iodide crystals. The light 
output of each crystal is detected by a group of photomulti
plier tubes in a manner that enables localization of events 
to a single crystal. The major advantage of the multicrystal 
camera is its ability to accept significantly higher count 

Number of electrons proportional to 
140 keV of gomma energy cbsorbed 

Voltage pulse proportional 
,n amplitude to 140 keV V 

time 

Fig. 3-1. The conversion of gamma photon emission into an electri
cal impulse. A gamma photon (in this schematic, 140 keY in 
energy) strikes the crystal. Light from the crystal is detected 
by the photomultiplier tube. The photomultiplier tube produces 
electrons whose numbers are proportional to the energy of the 
gamma photon. The voltage of the pulse produced by the anode 
of the photomultiplier tube is proportional to the energy of the 
photon that struck the crystal. Reproduced with permission of 
the Editors, and Nuclear Associates, Inc. 
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rates than the Anger camera without loss of data. The 
major disadvantage of the multicrystal camera lies in its 
spatial resolution being less than that obtained with the 
Anger camera. 

The nonimaging scintillation'l'robe (Fig. 3-4) has a sin
gle crystal about 2 in. in diameter with a single photomulti
plier tube. Because the probe has only a single photomulti
plier tube, no spatial information is available; however, 
probe systems are more sensitive than either the Anger 
camera or the multicrystal camera and are thus able to 
be used for cardiovascular nuclear medicine with amounts 

Fig. 3-2. A Portable Anger camera. LAO position preparatory 
to supine gated radionuclide ventriculography. B Anger camera 
crystal. The collimator is removed; the crystal is circular, 15 
in. in diameter. 

of isotope smaller (20%) than the other imaging devices 
use. 

The Anger camera can be utilized for both thallium 
and technetium imaging. The multicrystal camera is used 
only for first-pass determinations of left ventricular func
tion, while probe systems can be used either for first-pass 
or gated determination of left ventricular function. 

Photons originating from within the patient are subject 
to interaction with tissue on their path out of the body. 
This interaction can change the energy level of the photon 
and deflect its path. Thus photons may appear to originate 



Fig. 3-3. Scintillation detector of a multicrystal camera. Note 
the 294 individual, square crystals that make up the rectangular 
detector array. Each square is an individual crystal. Courtesy 
of Baird Atomic, Inc., Valley Stream, New York. 

from a source removed from their site of origin. To ensure 
accurate localization of photon sources, all detection de
vices described in the foregoing use both collimation and 
pulse height analysis. A collimator is a lead shield with 
multiple holes, placed in front of the detection device. These 
holes and the lead between them effectively allow only 
photons arising perpendicular to the face of the detecting 
device to strike the sodium iodide crystal, thus eliminating 
the detection of photons that are scattered within the body. 
The smaller the diameter of the holes in the collimator, 
the greater the spatial resolution of the imaging system. 
Simultaneously, the smaller the diameter of the collimator 
hole, the less sensitive is the imaging device. Probe systems 
are equipped with conical wide-bore collimators to enable 
high sensitivity at the cost of spatial resolution. 

The pulse height analyzer examines the magnitude of 
the voltage arising from the photomultiplier tubes. The 
voltage is directly proportional to the frequency of light 
emanating from the crystal, which in tum is proportional 
to the energy of the interacting photon. Since photons lose 
energy as they interact within the body, by accepting pho
tons whose energy levels are within 15%-20% of the nor
mal energy of the emitted photons, the pulse height ana
lyzer reduces the probability that an accepted photon 
represents scatter. 
Radiopharmaceuticals A radiopharmaceutical used for 
cardiovascular nuclear medicine ideally should satisfy the 
following criteria: (I) It should produce only gamma rays 
or x-rays that are energetic enough to penetrate overlying 
tissue with minimal scatter and attenuation but whose en
ergy is limited so as to be easily detected with available 
devices; (2) its effective (physical and biological) half-life 
is long enough to allow reasonable time for measurements 
but not so long as to create an undue radiation burden 
to the patient; and (3) either by itself or combined with 
another radiopharmaceutical it is able to localize predomi
nantly in the structures to be studied with little or no 
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localization in adjacent structures. Such localization may 
be functional or anatomical. Of the available radiopharma
ceuticals, technetium-99m and thallium-20l best meet these 
criteria for cardiovascular imaging. 
Technetium 99m. Technetium 99m is the daughter of mo
lybdenum 99, with a half-life of 6 hours and with the posi
tive attribute of emitting a single 140 keY photon that is 
highly abundant. These two properties-a short half-life 
and easy availability-are desirable for cardiovascular nu
clear medicine as well as for general nuclear medicine imag
ing. Technetium 99m is eluted from the molybdenum 99 
generator as the monovalent anion TcO, (pertechnetate), 
which does not satisfy criterion 3 above because it does 
not selectively localize to structures being studied. Techne
tium 99m must therefore be combined with a suitable car
rier for use in cardiovascular nuclear medicine imaging. 
Technetium 99m (99mTc) is used for equilibrium blood pool 
imaging when bound to red blood cells or human serum 
albumin. 99mTc is also utilized for first-pass imaging, either 
as pertechnetate or bound to substrates such as DPT A 
(diethyltriamine-pentaacetic acid) or sulfur colloid. For the 
avid imaging of myocardial infarctions it is administered 
as technetium Tc 99m pyrophosphate. When bound to py
rophosphate the complex is cleared rapidly through the 
kidneys, and a small fraction of the dose localizes in the 
infarcted tissue earlier than in the skeleton. Therefore, such 
imaging is performed 1-3 hours after injection, allowing 
time for blood clearance and localization in an infarct be
fore marked skeletal uptake occurs. Although the mecha
nism of uptake is controversial, adequate blood flow to 
deliver the agent is a necessary condition. 
Thallium 201. Thallium 201 is the daughter of lead 201, 
which is produced by cyclotron bombardment of thallium 
203. Thallium 201 has a half-life of 73 hours and decays 
to mercury, producing mercury x-rays from 69-80 keY, 
with less abundant gamma peaks at 137 and 165 keY. 
These 69-80 keY x-rays are of low energy, and therefore 
the probability of scatter or attenuation within the body 
is great. 

The hydrated radius of the thallous cation closely ap
proximates that of potassium, and it appears that accumula
tion of thallium by myocardium is related to potassium 
active transport into the myocardium. In addition, thallium 
is known to be a potent competitive inhibitor of myocardial 
membrane sodium-potassium adenosine triphosphatase 
(ATPase). Although differences exist between the transport 
of potassium and thallium, myocardial accumulation of 
thallium 20 I is directly proportional to myocardial blood 
flow, with a high extraction fraction. 

The linear relationship between myocardial blood flow 
and myocardial accumulation of thallium forms the basis 
of the ability for thallium to distinguish among normally 
perfused myocardium, hypoperfused myocardium (resting 
or exercise induced) and infarcted myocardium. Normally 
perfused myocardium accumulates thallium uniformly. Ac
cumulation of thallium in hypoperfused or infarcted myo
cardium is markedly less than in surrounding normal tissue. 
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Fig. 3-4. A non imaging, gated, scintigraphic probe. Note that 
this device is mobile. The single crystal probe detector is sus
pended from a free-moving arm that allows the probe detector 
to be positioned in space. The console contains a small video 
screen for the display of data as well as controls for acquisition 
and processing of information by the self-contained microcompu
ter. A video copier is seen on the bottom of the cart, permitting 
copies of the studies to be made. The system depicted is the 
Nuclear Stethescope™ Cardiac Probe, a trademark of Bios Inc., 
Valhalla, New York. 

The disadvantages of thallium are: (1) its low energy, 
which results in significant distortion due to scatter; (2) 
the low ratio of target (myocardium) to background (e.g., 
lung, diaphragm, skeletal muscle); and (3) its high cost. 

Usual doses and radiation burden for patients given thal
lium and technetium are presented in Table 3-1. 
Acquisition of Data and Data-Processing Methods. 
Radionuclide Angiography-Gated and First-pass Meth
ods. The essential principle of this technique is that the 
counts detected within the various chambers of the heart 
at any time are proportional to the volume of that chamber. 
The various quantitative parameters describing ventricular 
function are based on this assumption. 

The most commonly determined parameter is the left 
ventricular ejection fraction, which represents the percent
age of the left ventricular volume ejected during systole 
and thus acts as an index of the efficiency of contraction 
of the ventricle. Left ventricular ejection fraction is defined 
by the formula LVEF = (EDV - ESV)/EDV where LVEF 
= left ventricular ejection fraction and EDV and ESV = 
end-diastolic and end-systolic volumes respectively. 

Two distinct methods have evolved for determining ven
tricular function parameters by the use of cardiovascular 
nuclear medicine techniques: The first-pass technique and 
the equilibrium technique. In the first-pass technique a bo
lus of isotope is injected intravenously. Images of the pre
cordium are obtained at a frame rate (usually 50 msecl 
frarpe), which is rapid enough to detect the changes in 
ventricular volume over a series of systoles. As the isotope 
traverses the chambers of the heart it is diluted by nonla
beled blood. Isotope does not appear in the left ventricle 
until after it has cleared the right ventricle. This temporal 
separation is used to isolate events within the left ventricle 
from the remainder of the heart (see Fig. 3-5). Correspond
ing information from several sequential cardiac cycles dur
ing the peak concentration of isotope within the ventricle 
is added and a representative cycle developed. This repre
sentative cycle permits calculation of the ejection fraction 
after appropriate correction for extraventricular counts. 

In contrast, the gated technique uses isotope that has 
achieved equilibrium within the blood pool, accounting 
for the designation of equilibrium or gated blood pool scan
ning (GBPS). For determination of ejection fraction by 
this method, precordial images are obtained in the left ante
rior oblique projection, which best segregates right from 
left ventricular activity. Because the counts within the ven
tricle at any time are small with this method, it is necessary 
to add corresponding segments of as many as several hun
dred sequential heart beats to acquire enough counting 
data for achievement of statistical accuracy. This study 
is accomplished in the following manner: It is assumed 
that at equilibrium mechanical events within the heart are 
reproducible and that these mechanical events can be cou
pled with the ECG. Acquisition of the precordial image 
is therefore synchronized to the QRS complex. Each car
diac cycle is divided into segments (usually 16-32), and 
the data from each segment are held discretely within com-
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Table 3-1. Usual Doses and Radiation Burden with Thallium and Technetium 

Usual administered 
Agent dose (mCi) 

201Tl 1.5 

99mTc Pyrophosphate 15 

99mTc Red blood cells 20 

puter memory. When the next QRS complex is detected, 
corresponding segments are added to the relevant existing 
data within the memory. This part of the study permits 
a sequence of images to be acquired that have adequate 
counting data to provide statistically valid visual and nu
merical information. When gated studies are acquired in 
the LAO projection, separation of counts from the two 
ventricles occurs. Such data, however, may be acquired 
in any projection. Because gated studies may be presented 
in cine format it is possible by using multiple views to 
visualize and evaluate regional wall motion. 

Advantages and disadvantages exist in each of the meth
ods. First-pass angiography permits visualization of the 
right and left ventricle with little or no overlapping of 
adjacent structures. Gated angiography requires positioned 
segregation of the ventricles, which may be difficult or 
impossible to achieve by the first-pass technique. A single 
first-pass study may be performed with as little as 10 mCi 
of isotope, whereas gated studies are often performed with 
20-30 mCi of isotope; however, the gated study permits 
repetitive determinations with no additional isotope needed 
for each acquisition. This difference between the two meth
ods is particularly important when interventional studies 
are performed that require multiple acquisitions. 

In patients with reduced cardiac output (e.g., congestive 
heart failure), dilution of the bolus may impede first-pass 
scanning, while the gated study is usually free from this 
constraint. On the other hand, the gated study is dependent 
on a stable ventricular rhythm; first-pass techniques are 
less dependent. Finally, whereas the gated study can be 
performed using a standard Anger camera, the first-pass 
study is best performed on a multicrystal camera. As indi
cated in the foregoing, the multicrystal camera is not opti
mal for imaging, usually being dedicated to first-pass ra
dionuclide angiography. Since this chapter emphasizes 
radionuclide cardiovascular anatomy, the discussion will 
center on gated methods, which provide better spatial reso
lution. 
201 Tl Scintigraphy. 201Tl scintigraphy is usually performed 
with stress testing. After 201TI injection at peak stress, con
tinued maximal exercise is important to ensure myocardial 
distribution of 201TI when flow disparity is most marked 
in patients with obstructive coronary artery disease. Soon 
after injection, distribution is proportionate to regional 
blood flow; 201Tl then "redistributes" proportionately to 
myocardial mass. Therefore, imaging should begin as soon 
as possible after exercise (5 minutes or less). Storage of 

Radiation dose (rads) 

Target organ(s) Whole body 

2.2 (kidney) 0.36 

0.68 (bone) 0.65 

1.5, 0.66 (heart, marrow) 0.38 

data should include both photographic film and digital 
computer memory for image enhancement. Counts of 
300,000-600,000 per image are obtained, effecting a com
promise between completion of multiple views prior to sig
nificant redistribution and statistical validity. Studies are 
then repeated several hours later to assess redistribution. 

Computer enhancement of 201TI images probably in
creases the accuracy of the technique. Since 201Tl is a physi
ological flow marker, computer processing of images should 
be geared to reflect myocardial 201TI kinetics. However, 
the myocardial images obtained in vivo reflect background 
as well as myocardial kinetics. Several conflicting methods 
for background analysis have been proposed, ranging from 
no correction to 20% count subtraction or weighted inter
polated background correction. It is safe to say that the 
ideal method has yet to be developed. Currently empiric 
validation of these methods versus catheterization stan
dards for coronary artery disease should be used. 
Technetium Tc 99m Pyrophosphate Imaging of Infarcts. 
Imaging is started 1-3 hours after injection, with data being 
acquired on photographic film with images in the anterior, 
left anterior oblique and left lateral projections. Although 
computer algorithms are available for rib and blood pool 
subtraction, most centers rely on interpretation of photo
graphic images (see section, Myocardial Infarction: Tech
netium 99m Pyrophosphate). 

Normal Anatomy 
Radionuclide angiocardiography is a noninvasive method 
of viewing the blood pool, providing structural insight into 
the central circulation. As outlined in the foregoing, stan
dard techniques include first-pass and equilibrium blood 
pool scanning. Although offering less optimal spatial reso
lution, first-pass imaging can clearly delineate individual 
cardiac chambers and great vessels through temporal sepa
ration. 
Radionuclide Angiography First-Pass Scanning. Figure 
3-5 traces the transit of a compact 99Tc bolus « 0.5 cc) 
in the anterior projection from a peripheral injection. The 
bolus is first detected in the right innominate vein and 
superior vena cava, and next entering the right atrium and 
right ventricle, which is pyramid shaped. The pulmonary 
phase follows. The final phase is entry into the left atrium 
via the pulmonary veins, left ventricle and aorta. 

The quality of first-pass studies is critically dependent 
on the rapid transit of a finite volume of tracer through 
the circulation. Factors that prolong transit time or disrupt 
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Fig. 3-5, A-D. First-pass 99m Tc radionuclide angiogram. Normal 
heart-anterior projection. A After injection of a O.5-cc bolus 
into the right median antecubital vein, tracer quickly appears 
in the right innominate vein and superior vena cava (svc). B 
The right ventricle (rv) is next seen. C Tracer-labeled blood is 

the bolus impair the temporal separation of cardiac struc
tures and reduce the value of this technique.5 Tricuspid 
regurgitation is a prime offender as the tracer washes in 
and out of the right atrium, mixing with a large volume 
of nonlabeled blood while fragments of the now diluted 
bolus are transported to the pulmonary arteries and left
sided circulation. Therefore no single chamber is outlined 
in temporal isolation (Fig. 3-6). Mitral regurgitation will 
produce similar overlap of image during the levophase, 
with isotope simultaneously in the left atrium, left ventricle 

ejected into the pulmonary artery (pa) and right and left lungs 
(rl and II). D Tracer clears from the right side of the heart 
and the lungs as the left ventricle (Iv) and aorta (ao) are observed 
in isolation. 

and aorta for much of the study. Overt low-output states 
will simulate these effects, as the bolus may trail out into 
a larger volume of blood while the isotope slowly traverses 
the central circulation. If visualization of left-sided cham
bers alone is desired, injection of the isotope directly into 
the pulmonary artery via the distal port of a Swan-Ganz 
catheter may enhance results. Figure 3-7 shows such an 
injection into the right pulmonary artery in the LAO pro
jection. 

Raw data from first-pass studies (collected in list mode) 



Fig. ~,A-H. Tricuspid regurgitation. First-pass 99mTC radio
nuclide angiogram from a patient whose tricuspid valve was surgi
cally removed-anterior projection. A After injection of a bolus 
into the left median antecubital vein, tracer is noted in the left 
subclavian vein (sv), left innominate vein and superior vena cava. 
White arrow indicates systolic reflux into contralateral innominate 

can be reformatted into gated studies allowing visualization 
of selected chambers over the course of the cardiac cycle. 
Such studies provide morphological information similar 
to that obtained from equilibrium blood pool scanning but 

Fig. 3-7, A-D. First-pass angiogram-right pulmonary artery in
jection. A Isotope is injected into the right pulmonary artery 
(rpa) port of a Swan-Ganz catheter-LAO projection. BRight 
lung (r/) C Left atrium (la) and left ventricle (Iv) are noted in 
isolation. D Tracer enters aorta (ao). 
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vein, a consistent finding in severe tricuspid regurgitation. BRight 
atrium (ra) and right ventricle (rv) are identified. C-E Tracer 
in pulmonary artery (pa) and lung. F-H Tracer enters left heart 
and aorta, but persistence of tracer is obvious in right atrium, 
right ventricle and lung. 

with less count density and therefore less statistical reliabil
ity. Nonetheless this method is valuable because it can 
generate images limited to the right or left side of the 
heart (Fig. 3-8). 
Gated Blood Pool Scanning. With gated blood pool scan
ning a composite picture of all thoracic blood pool struc
tures is obtained. The resolution depends on the collimator 
camera-computer system used.6•7 Figure 3-9 shows ante
rior, right anterior oblique and left anterior oblique pro
jections commonly used. In general, the anterior projection 
allows for better left and right ventricular separation than 
does the RAO view. Separation, however, is enhanced in 
a left anterior oblique projection with the camera face ori
ented perpendicular to the plane of the interventricular 
septum. This view is preferred for quantitative analysis 
of right and left ventricular function. A caudal tilt in the 
left anterior oblique projection helps separate left atrium 
from left ventricle7 (Fig. 3-10). 

Multiple projections are important in gated blood pool 
scanning to permit identification of regional function, par
ticularly when coronary artery disease is suspected (Fig. 
3-11). The normal left ventricle can be likened to a prolate 
ellipse (the long axis assumed to be twice the short axis). 
Sequences of normal contraction in biplane projections are 
depicted in Fig. 3-12. In the anterior projection the anterior 
and inferior walls approximate one another, while the apex 
and base move slightly toward one another. Apical motion 
is often less pronounced than that of the adjacent walls 
in the normal ventricle. With ventricular dilatation (e.g., 
aortic regurgitation) this disparity becomes more pro
nounced, giving the erroneous impression of an isolated, 
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Fig. 3-8, A-D. Gated radionuclide images, computer generated, 
from a peripheral first-pass injection. A and B End-diastolic and 
end-systolic frames of the right ventricle (rv) and atrium (ra). 
Note the right atrium filling normally in systole. C and D End
diastolic and end-systolic frames formatted as the bolus traversed 

localized, regional abnormality at the apex.8 Therefore the 
size of the ventricle must be noted to maximize the accuracy 
of interpretation of regional wall motion. 

A major advantage of gated blood pool scanning over 
contrast angiographic techniques is the opportunity to im
age in three dimensions. Motion (or lack thereof) that is 
non-border-forming (perpendicular to the plane of the im
age) can be detected in any projection by observing gray 
scale or color scale changes over the course of the cardiac 
cycle9 (Fig. 3-13). This information is particularly impor-

the left side of the heart. Resolution is reduced as the bolus 
has trailed out through the pulmonary circulation, decreasing 
the left ventricular (Iv) count rate and creating background activ
ity. 

tant during interventional studies when time constraints 
limit the number of views available for analysis. 
Imaging of Myocardial Perfusion with Thallium 201 
Thallium 201, a K+ analogue, is actively transported into 
muscle via a Na+-K+ ATPase. The uptake is so avid that 
immediately following injection, distribution in the myo
cardium is limited by flow. 10 Thus, immediately following 
injection, distribution within the myocardium will reflect 
blood flow. Figure 3-14 depicts thallium scintigrams in 
four standard projections, with the ventricular segments 



Fig. 3-9, A-F. Gated blood pool scan (GBPS)-normal 
heart. Right anterior oblique (RAO) magnified, anterior 
(ANT) full field and left anterior oblique (LAO) GBPS. 
a, c and e end diastole; b, d and f end systole. "Zooming" 
(magnification) is useful for augmenting information con
tained within the right and left ventricles, while the full 
field view allows definition of more thoracic blood pool 
structures. rv and Iv = right and left ventricles; ao = 
aorta; pa = pulmonary artery; upper and lower arrows 
in frame c designate locations of superior vena cava and 
right atrium. 

Fig. 3-10. LAO GBPS with caudal tilt. End-diastolic 
(ED) and end-systolic (ES) frames illustrating the right 
and left ventricles (rv and Iv). Caudal tilt affords visualiza
tion of the "cap" the left atrium (/a) creates. 
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indicated. The normal left ventricle appears as a horseshoe
shaped object, while the right ventricle is visualized readily 
after exercise in the normal individual but should not be 
delineated clearly at rest except in the presence of diseasell 
(Fig. 3-15). The apex of the left ventricle, thinner than 
the adjacent walls, appears as a small cleft, which may 
become accentuated when concentric left ventricular hyper
trophy is present (Fig. 3-16). Thus the presence of an apical 
cleft alone does not constitute proof of coronary artery 
disease (CAD). Further, toward the base of the heart, valve 
plane merges with myocardium, reducing the normal 
amount of thallium-containing tissue in the image. Qualita
tive criteria for pathological defects must therefore consider 
the size and location of the defect as well as the number 
of views that confirms its presence. The temporal relation
ship of imaging and thallium injection also be considered 
in interpretation of scans. This issue will be discussed subse
quently in the section dealing with physiological consider
ations. 

Normal Physiology 
Radionuclide Angiocardiography Resting Function De
fined The heart as a pump must deliver sufficient blood 
to the tissue to meet their metabolic needs. The determining 
factors for cardiac performance are preload (end-diastolic 
volume or pressure), heart rate, afterload (the tension in 
the wall at the onset of ejection) and contractility. Contrac
tility can be viewed as the force, velocity and capability 
of shortening of the heart muscle, independent of loading 
conditions. 12.13 Qualitative radionuclide angiography can 
provide an indication of the end-diastolic size of the ventri
cle as a measure of preload. Normally the areas of right 
and left ventricle are equal. The left anterior oblique pro
jection should be used to assess relative ventricular size. 

Fig. 3-11, A-D. Abnormalities of regional wall motion. Anterior 
full field (A and B) and LAO "zoomed" (C and D) end-diastolic 
(A and C) and end-systolic (B and D) frames from a rest-gated 
blood pool scan. Arrows in LAO systolic frame (D) mark subtle 
wall motion abnormalities in the basal septum and inferoapex. 
Anterior systolic frame (B) reveals extensive akinesia of the infe
rior wall in this patient with an acute inferior wall myocardial 
infarct. Multiple projections are useful for detecting and localizing 
these abnormalities. 

The rate and extent of wall motion can be used as a rough 
measure of contractility (Fig. 3-12). 
Quantitative Analysis. Recently, gated blood pool scanning 
has been used to quantitate left ventricular volume. 14-16 
By measuring the count rate of 99mTc per unit blood in 
a sample drawn during the study and normalizing the back
ground corrected end-diastolic image to the number of 
beats scanned and the frame duration, Slutsky et al. 16 have 
developed a regression equation between gated blood pool 
scan and angiographic left ventricular volume. Such mea
surements, although not fully accounting for the influence 
of attenuation on ventricular count rates, have proved use
ful for comparisons of ventricular volume at rest and during 
intervention in different patients. 

At equilibrium in the normal heart, the output of the 
two ventricles must be equal. Deviation from unity of the 
stroke ratio of the two ventricles signifies valve regurgita
tion or shunting. The stroke count ratio of the left and 
right ventricle circumvents many of the problems associ
ated with absolute volume determination. But, to date this 
technique has met with mixed success in detecting and 
quantitating regurgitant lesions and shunts.11-19 As con
trasted with ejection fraction calculations, the regurgitant 
index is calculated from non-background-corrected fixed 
regions of interest placed around the end-diastolic images 
of the left and right ventricles (Fig. 3-17). Unfortunately, 
a good deal of variability exists in this ratio in normal 
individuals, and abnormal ratios correlate only moderately 
well with catheterization methods. Although promising, 
these techniques will require further validation before their 
precise role in clinical practice can be defined. 

The ideal measure of contractility is an elusive goal. 
At the center of the problem is the intimate interrelation 
of preload, afterload and contractility.20 The ejection frac-
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ANT 

LAO 

Fig. 3-12, A and B. Normal contraction sequences. A "zoomed" 
anterior and B LAO GBPS. After end diastole (ED, frame 1), 
opposing walls approximate one another, as apex moves toward 

base (frames 2-4) with maximal contraction at frame 5, end 
systole (ES). In frames 6-8, ventricle fills toward end-diastolic 
proportions. The spleen (s) is well seen in the anterior view. 

A 

B 
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Fig. 3-13. "Three-dimensional" imaging. End-diastolic (ED) and 
end-systolic (ES) frames of a GBPS. Although the edge of the 
left ventricle does not appear to have moved dramatically, a pro-

nounced decrease in count intensity over the entire left ventricle 
is present, indicating ejection of tracer. Such changes in gray 
scale or color scale provide a three-dimensional view of the heart. 
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Fig. 3-14. 201 Tl scintigraphy. Representa
tion of the heart in four standard projections 
used in 20lTI scintigraphy. Leppo J et al 
(1979) Thallium-20l myocardial scintigra
phy in patients with triple-vessel disease and 
ischemic exercise stress tests. Circulation 
59:715. By permission of the American Heart 
Association, Inc. 

tion, although an imperfect ejection-phase measure of con
tractility, has proved to be a valuable prognostic tool in 
patients with valvular and coronary heart disease.21•22 Ra
dionuclide angiographic ejection fraction (both first-pass 
and gated) correlates well with contrast angiographic 
methods23•24 (Fig. 3-18). 

N = 36, r = 0.92, P < .001. Figure 3-19 depicts the 
end-diastolic, end-systolic and background regions of inter
est employed. From time-activity curves generated within 
these regions, ejection fraction is calculated from the for
mula EDC-ESC/EDC (corrected for background) = EF, 
where EDe = end diastolic counts, and ESC = end systolic 
counts. A normal range for supine resting ejection fraction In the authors' laboratory, EFGBPs = .96 EFcine + 2.10. 



Fig. 3-15. Resting 201 Tl scintigram in right ventricular hypertro
phy. Dilated, thickened right ventricle is apparent. ECG is com
patible with RVH. Reprinted with permission from Cohen HA 
et al (1976) Thallium-201 myocardial imaging in patients with 
pulmonary hypertension. Circulation 54:792. By permission of 
the American Heart Association, Inc. 

in the authors' laboratory is 57%-80%. Despite count
based, computer-generated EF determinations, in a given 
subject at supine rest, repeated measurements reveal con
siderable variability in the ejection fraction,25 which can 
be attributed to both physiological and technical factors. 26 
Of importance, before conclusions are drawn regarding the 
effects of disease states or interventions on the ejection 
fraction, the inherent variability of the patient-measure
ment system should be assessed (Table 3-2). 

Experimental work has indicated that ejection phase 
measures of contractility are independent of preload (at 
supine rest) but are influenced by the afterload. 27 Thus 
more accurate measures of the contractile state should in
corporate some determination of afterload. One such mea
sure, the end-systole pressure volume index (end-systolic 
pressure/end-systolic volume), may be superior to the ejec
tion fraction in separating normal from abnormal. 28 

Thus far only global left ventricular function has been 
considered. The hallmark of coronary artery disease-ab
normal wall motion (asynergy)-may or may not affect 
global measures of left ventricular function. 29 Regional 
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Fig. 3-16. Normal stress and redistribution 201 Tl scintigram. The 
patient is a 34-year-old trained athlete with nonanginal chest 
pain and normal coronary arteries. Arrows indicate normal apical 
cleft, accentuated in this patient by physiological hypertrophy 
of the adjacent walls. The posterolateral wall, region 7 in the 
left lateral view, farthest from the camera, is barely visible as 
the low-energy emissions are attenuated. 
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A B 

Fig.3-17. Stroke count ratio. End-diastolic (ED) and end-systolic 
(ES) frames of an LAO GBPS. A fixed end diastolic region of 
interest is used to determine LV and RV stroke counts and their 
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Fig. 3-18. Correlation of ejection fraction by angiographic and 
GBPS methods. 

ratio. This ratio is a semiquantitative measure ofleft-sided regurgi
tant lesions and left-to-right shunts. 

Fig. 3-19. Ejection fraction. End-diastolic (ED), end-systolic 
(ES) and background (BK) regions superimposed on the end
diastolic frame of a GBPS. These "variable" regions are used 
in the calculation of the ejection fraction. 
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Table ~2. Effect of Multiple Ejection Fraction Studies on the Significance of Ejection Fraction Changes 

Number of studies Confidence levels for ejection fraction change· 

Initial Final 
(no) (nt) 60% 80% 90% 95% 99% 

1 4.2 6.5 8.4 10.1 13.2 

2 3.9 5.6 7.2 8.7 11.4 

5 3.3 5.0 6.4 7.8 10.2 

10 3.1 4.8 6.2 7.4 9.8 

2 2 3.0 4.6 5.9 7.1 9.3 

3 3 2.4 3.8 4.8 5.8 7.6 

5 5 1.9 2.9 3.7 4.5 5.9 

10 10 1.3 2.1 2.6 3.2 4.2 

• Given a standard deviation of 3.6 EF units for multiple EF determinations at rest in the steady state. 

function can be interpreted qualitatively using a rating 
scale (hypokinesis = decreased but preserved motion; aki
nesis = absent motion; dyskinesis = paradoxical motion), 
but objective quantitative computer techniques offer the 
potential for less interobserver and intraobserver variabil
ity. One such quantitative method (Fig. 3-20) divides the 
ventricle into three zones and utilizes fixed regions of inter
est and locally weighted backgrounds to calculate regional 
ejection fraction.30 

Nongeometrical methods are best suited for study of 
the right ventricle.31 Radionuclide techniques have there
fore provided new insights into the function of this cham
ber. First-pass scanning delineates the right ventricle 
through temporal separation, allowing for definition of con
tractile function (Fig. 3-5).32 The key problem in determi-

Fig. ~20. Regional ejection fraction. Fixed regions of interest 
(Rl-R3) and corresponding backgrounds (Bl-B3) employed for 
calculation of regional ejection fraction, a quantitative measure 
of regional wall motion. Rl = septal region; R2 = apical region; 
R3 = posterolateral region. 

nation of right ventricular ejection fraction by the equilib
rium method is definition of valve plane. Functional 
imaging is most useful in this regard. Since the right atrium 
and pulmonary artery fill in systole while the ventricle 
empties, subtraction of the end-diastolic frame from the 
end-systolic frame (i.e., ESC - EDC) of the right ventricle 
provides a clearer picture of these structures. Subtraction 
of the end-systolic image from the end-diastolic frame (e.g., 
EDC - ESC) produces a stroke volume image. In this 
manner, functional imaging allows for edge definition of 
the right ventricle (Fig. 3-21). In this laboratory, RVejec
tion fraction obtained by GBPS = .86 RVEFcath + 7.8, 
N = 18, r = 0.95, P < 0.001. The normal values for right 
ventricular ejection fraction are slightly lower than those 
for left ventricular ejection fraction. 

Fig. ~21. GBPS functional imaging. Upper panels are from a 
shallow LAO view with end-diastolic (ED) and end-systolic 
frames (ES). ED-ES (lower left) demonstrates stroke volume 
of the left and right ventricles (Iv and rv) and right ventricular 
outflow (0). ES-ED permits clear visualization of right atrial 
(ra) activity. 
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Fig. 3-22. Normal response to exercise while supine. Normal su
pine rest and peak exercise end-diastolic (ED) and end-systolic 
(ES) GBPS frames. With stress, ED volume is constant, while 
ES volume decreases, resulting in an increase in stroke volume 
and ejection fraction. 

Effects of Perturbation. The study of the ventricle at rest 
touches only a small fraction of cardiac potential. By stress
ing the ventricle with physiological or pharmacological in
tervention, cardiac reserve can be tapped and disease states 
limiting this reserve identified. In the diseased ventricle, 
therapeutic interventions can also be evaluated at rest and 
under stress. Of all interventions, dynamic (isotonic) mus
cular exercise demands maximal cardiac performance and 
therefore is an excellent means of assessing cardiac 
reserve.33 Figure 3-22 depicts the normal response to su
pine isotonic muscular exercise as assessed by gated blood 
pool scanning. With supine exercise, cardiac output in
creases via tachycardia and increased stroke volume. Stroke 
volume increases through a decrease in end-systolic volume 
while end-diastolic volume increases slightly or remains 
constant, ejection fraction therefore rises. At rest, when 
the individual assumes the upright posture, end-diastolic 
and end-systolic volumes fall; stroke volume and ejection 
fraction fall or remain constant (Fig. 3-23). With upright 
isotonic exercise, cardiac output again increases through 
tachycardia and increasing stroke volume. However, in this 
position, end-diastolic volume increases dramatically with 
exercise, end-systolic volume remains constant or falls 
slightly, resulting in an increase in the ejection fraction 
(Fig. 3-24). Segmental wall motion is normally enhanced 
in both postures during exercise.26 

Isometric exercise provides a predominant afterload 
stress on the ventricle34.35 with little change in heart rate. 
Since maintenance of a prolonged steady state of sufficient 
stress is difficult, first-pass techniques are better suited to 
the study of this intervention. Segmental wall motion and 

ejection fraction increase in young subjects but may not 
increase in normal older individuals. 

The influence of drugs can also be evaluated, using ra
dionuclide ventriculography. Nitroglycerin and proprano
lol, two widely used drugs, have significant influence on 
left ventricular function and size. Nitroglycerin dilates both 
resistance and capacitance vessels (predominantly the lat
ter), thus decreasing venous return, which results in a fall 
in end-diastolic volume and stroke volume. The compensa
tory response to this drop in stroke volume is tachycardia 
and increased contractility, resulting in either no change 
in ejection fraction or an increase (Fig. 3-25). Beta block
ers, on the other hand, slow the heart rate and may decrease 
the ejection fraction in normal individuals.36 The therapeu
tic effects of these agents in coronary artery disease will 
be discussed subsequently. 
Quantitative 201Tl As already pointed out, distribution of 
thallium 201 immediately after injection parallels regional 
blood flow. With time, however, through a process known 
as redistribution, activity of thallium 201 in the myocar
dium comes to parallel myocardial mass.37 Thus if blood 
flow to a significant mass of viable myocardium is reduced, 
a transient defect will result (Fig. 3-26). In other words, 
if these images are then repeated over time, the defect 
will become less apparent through a loss of thallium from 
normal tissue and a gain or less rapid loss of thallium 
from the "ischemic" tissue (Fig. 3-26). On the other hand, 
infarcted tissue will appear as a persistent defect. The exact 
mechanism of redistribution of thallium in ischemic tissue 
remains somewhat controversial. 

Since disparity of flow is crucial in thallium 201 imaging, 
intervention designed to augment differential flow over the 
heart will enhance the value of the technique. In coronary 
artery disease, despite stenoses that compromise the coro
nary artery lumina, segmental flow may be normal at rest 
through autoregulation.38 During exercise, when coronary 
flow may be called upon to increase fivefold, autoregulation 
of the diseased vessel will be exhausted and a disparity 
of flow produced.39 Recently coronary arterial vasodilators 
such as dipyridamole have also been employed to provoke 
this disparity. 40 

A limitation of thallium 201 perfusion imaging is the 
interobserver and intraobserver variability inherent in sub
jective interpretation. Further, defects are designated by 
their appearance relative to normal areas, which may lead 
to false negative readings if ischemia is widespread.41 Quan
titative methods can reduce variability of interpretation 
while increasing the sensitivity of the method through es
tablished criteria for regional activity of thallium. By plot
ting the relative distribution of thallium 201 activity in a 
given image, segments falling outside established normal 
limits can be identified (Fig. 3-27).42 Further, by plotting 
activity in segments over time, the patterns of redistribution 
of thallium 201 may separate normal from abnormal (Fig. 
3-26).43 
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SUPINE 

UPRIGHT 

Fig. 3-23, A-D. Effects of posture on ventricular volume. LAO 
projection. A and C supine and upright resting end-diastolic 

Ischemic Heart Disease 

Ischemia 
Ischemic heart disease results from the failure of the coro
nary circulation to deliver adequate oxygen to the metabo
lizing tissue. The diagnostic methods employed in cardio
vascular nuclear medicine each provide information on a 
unique aspect of this supply-demand imbalance. 
Thallium Scintigraphy Analysis of Myocardial Thallium 
Activity. In patients in whom exercise is not feasible or 

frames; Band D end-systolic frames. Volumes decrease on as
sumption of upright posture. 

is contraindicated, myocardial imaging at rest is somewhat 
useful in detecting coronary artery disease; however, scinti
grams recorded after exercise have proved much more sen
sitive (r = 0.76) and specific (r = 0.89).44-46 Figure 3-
28A-C demonstrate stress-induced regional perfusion ab
normalities. The delayed images (3-4 hours after thallium 
injection) in fig. 3-28A no longer demonstrate a defect, 
implying exercise-induced disparity of regional flow but 
preservation of myocardium, that is, ischemia without in
farct. In Fig. 3-28B, a defect in the posterolateral wall is 
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Fig. 3-24, A-D. Normal end-diastolic volume response to upright 
exercise. End-diastolic frame at rest (A) and during progressively 
severe exercise B-D in a normal individual. End-diastolic volume 
increases with upright exercise to levels observed at rest (supine). 
As with exercise while supine, end-systolic volume deCl{eases. 

present after stress and only partially "redistributes" with 
rest. Figure 3-28C illustrates a dilated, thin-walled ventri
cle with fixed rest and stress defects signifying infarction. 

Several factors have been identified as causes for false 
negative thallium scans. Although the level of stress 
achieved is not as critical as in ECG stress testing, the 
predictive value of a negative, markedly submaximal thal
lium test can be expected to be reduced.47 The "ischemic" 
zone must be of sufficient size to allow visualization, given 
the limited resolving capacity of the isotope-camera-com
puter system.48 The limitations of the system are com
pounded by blurring of the image through segmental wall 
motion, and movement of the whole heart over the cardiac 
and respiratory cycles. Further a disparity in flow between 
two regions of myocardium must be on the order of 50% 
to allow visualization of a defect. 48 Perhaps most impor
tantly, reduction of flow is perceived only relative to areas 
of normal flow. Therefore, although the sensitivity of thal
lium scanning for the detection of coronary artery disease 
increases with the number of vessels involved,49 it is con
ceivable that relatively uniform reduction of flow over the 
heart will result in a normal image. In this regard, quantita
tive techniques hold promise for the future. Theoretically 
the behavior of normal and ischemic regions can be charac
terized by the change in activity over time within these 
regions50.51 (Fig. 3-26). It should be emphasized that al
though quantitative methods are based on sound physiolog
ical principles, they are presently undergoing evolutionary 
changes and their exact roles in clinical scintigraphy require 
further study. 

Fig. 3-25, A-D. GBPS during angina and response to nitroglyc
erin. End-diastolic (A) and end-systolic (B) LAO frames during 
a spontaneous anginal episode. Arrows indicate regional asynergy 
in the apical and posterolateral walls. After administration of 
nitroglycerin the end-diastolic volume is reduced (C), and im
provement is noted in the asynergic regions at end systole (D). 

The most likely causes for false positive thallium scans 
involve misinterpretation of defects at the base of the heart, 
which represent plane of the valve, and at the apex, repre
senting normal thinning. 52 Dilatation of the heart with 
stress in the myopathic ventricle can also give the appear
ance of an exercise-induced defect. In women, attenuation 
of counts by overlying breast tissue may give the appear
ance of a defect. Coronary stenoses graded from 30%-
70% by angiography have been associated with thallium 
defects. The issue of exercise-induced coronary spasm in 
normal vessels must be evaluated. 53 
Background Analysis. Recently, background activity due 
to uptake in the lung in poststress images has been shown 
to correlate reasonably well with elevations of left ventricu
lar end-diastolic pressure during exercise. The finding of 
an increased lunglheart thallium ratio (Fig. 3-29) may 
enhance the diagnostic utility of exercise thallium scan
ning.54 This may occur because patients with multives
sel coronary artery disease tend to have more exercise
induced ventricular dysfunction and therefore higher lung/ 
myocardial ratios. 
Rest and Stress Radionuclide Angiography Resting ra
dionuclide ventriculography is quite sensitive for the detec
tion of regional asynergy, a finding characteristic of CAD. 55 
Figure 3-30 illustrates an anterior and LAO GBPS from 
a patient with CAD and resting abnormalities. It is clear, 
however, that milder degrees of asynergy and some in
stances of akinesis at rest represent viable but malfunction
ing myocardium. Therapeutic intervention aimed at revers
ing abnormalities of regional wall motion at rest may help 
to distinguish infarct from ischemia. Figure 3-25 illustrates 



Fig. 3-26, A and B. Quantitative 201 Tl analysis. I Control experi
ment. 201TI was injected intravenously in a dog, exercising maxi
mally on a treadmill. Scintigram at right was obtained during 
minutes 10-14 after injection of 201Tl. Regions A and B demarcate 
the distributions of the left anterior descending and circumflex 
coronary arteries respectively. With the camera-animal relation
ship held constant, scanning was continued for 36 5-minute 
frames. Graph at left depicts 201TI activity over time in regions 
A and B. Initial activity is identical in both regions, and the 
rate of loss is similar. II At right is the immediate postexercise 
scintigram from the same animal after constriction of the circum-
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flex artery. A qualitative defect is present in region B. Quantitative 
analysis reveals a 35% reduction of counts in region B, relative 
to A, in this initial frame. During the 3 hours of scanning, region 
B loses counts more slowly than region A, resulting in equalization 
of activity in both zones. This process of "redistribution" would 
result in the visual impression of disappearance of the defect in 
region B, i.e., exercise-induced ischemia with redistribution. Were 
region B infarcted, initial counts would be similar to those noted 
in this example, but the rate of loss over time would parallel 
that in region A, resulting in a persistent defect. 

A 

B 



A 

92 Cardiovascular Nuclear Medicine 

Fig. 3-27, A and B. Circumferential profiles. A Regions of interest 
employed for generation of circumferential profiles in a dog ex
periment. Background rectangle (bkg) is used for interpolated 
background correction. Variable region outlines left ventricle. 
Black pixel represents centroid of left ventricle. Radii are com
puter drawn from the centroid to each pixel in the ventricular 
circumference, starting at point I and proceeding in a clockwise 
direction. m = the circumferential poles of the major axis. B 
Profile maps, control and postligation. Y axis represents percent
age of maximal radius, while x axis depicts sequential radii, start
ing at point 1 in A and proceeding around the ventricle in a 
clockwise direction. Also noted along the x axis is the percentage 

---- -

of the maximum radial counts that each radius contains. The 
radii constituting the major axis are labeled. + = 30° increment 
around the ventricle; dashed vertical line = 90° increment. In 
the control experiment, during minutes 10-14 after 201Tl injection, 
activity is lowest at the base of the heart (radii 1-13) and at 
the apex (radii 27-35). After circumflex ligation in the same ani
mal, scanning was again performed during minutes 10-14 after 
201Tl injection. Profile maps for control and ligation studies are 
aligned along the major axis for comparison. Compared with 
control, an extensive quantitative defect is present in the postliga
tion profile, extending from radius 1 through radii 31-33, i.e., 
the circumflex distribution. 
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nitroglycerin-induced reversal of abnormalities of regional 
wall motion through the postulated mechanism of de
creased end-diastolic volume and decreased myocardial ox
ygen demand. 

Of great importance to the clinician is the fact that 
many patients with significant coronary artery disease have 
normal regional and global left ventricular function at rest. 
Again, exercise, by increasing myocardial oxygen demand, 
will result in a supply-demand mismatch if significant coro
nary artery stenoses are present. The lack of oxygen to 
the stressed myocardium will result in a decline in regional 
function and, if sufficiently profound or widespread, will 
impair global measures of left ventricular function as re
flected in the ejection fraction. 56 Figure 3-31 illustrates 
the abnormal ventricular response to supine exercise in a 
patient with coronary artery disease who had normal func
tion at rest. With exercise, end-diastolic volume increased 
and pronounced septal and apical asynergy resulted in a 
fall in ejection fraction. Exercise-induced abnormalities of 
regional wall motion are the most specific findings for coro
nary artery disease, although the rapid time required to 
acquire data in exercise studies limit resolution. As a result, 
greater emphasis has been placed on the change in global 
ejection fraction in response to exercise as a diagnostic 
criterion. As discussed in the foregoing, however, changes 
in ejection fraction during intervention must exceed the 
inherent variability of this parameter at rest if a causal 
relationship between intervention and ejection fraction 
change is to be accepted. In their laboratory the authors 
record three baseline studies and two studies at peak stress. 
As noted in Table 3-2, a less than 5-unit increase in ejection 
fraction with stress, accompanied by new or persistent re
gional wall motion abnormalities are considered indicative 
of coronary artery disease. With these criteria, the test's 
sensitivity and specificity both exceed 90%. It is clear, 
however, that the lack of elevation or a decrease in ejection 
fraction with exercise is not diagnostic for coronary artery 
disease. Such a response has been reported in patients with 
valvular heart disease and cardiomyopathy as well57 (Fig. 
3-32). 

Myocardial Infarction 
Technetium Tc 99m Pyrophosphate The ideal infarct avid 
agent should be specific and sensitive in the detection of 
acute myocardial necrosis such that it can diagnose or 
exclude acute infarction in patients with chest pain. Unfor
tunately, positive technetium pyrophosphate scans have 
been noted in several groups of patients other than those 
with acute infarcts. Among these are individuals with un
stable angina pectoris58 and a substantial group ofindividu
als without positive cardiac history who, in the process 
of undergoing undergoing skeletal scans with 99mTc, show 
positive myocardial uptake. 59 In the unstable angina popu
lation a recent study has shown that so-called false positive 
pyrophosphate scans may indeed be true positives when 
serial, highly sensitive and specific CPK-MB (creatine 
phosphokinase-myocardial band) assays are employed as 
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Fig. 3-28, A-C. Stress and redistribution 201 Tl images in coronary 
artery disease. A A defect is noted at stress in the anterior septum, 
posterior septum and apex. Through redistribution, images ob
tained some 3 hours later at rest reveal nearly complete "filling 
in" of the defect, implying exercise-induced ischemia. B After 
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stress, a defect is present in the lateral and posterolateral walls 
in the 45° and 60° LAO images respectively. Only partial filling 
in of the defect is observed in the delayed images at rest implying 
infarct and associated ischemia. C After stress, a dilated, thin
walled left ventricle is noted with defects in the anterior wall, 

B 
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anterolateral wall, anterior septum and inferoapical walls. Four 
hours later, although left ventricular activity is reduced, reduction 
is uniform, implying that the defects present after exercise repre
sent infarction. 
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EXTENT OF CORONARY ARTERY DISEASE 
Fig. 3-29. Effect of the extent of coronary artery disease on the 
initial to final 201 TI lung uptake ratio. After stress in patients 
with CAD; lung to heart 201TI ratios are higher than in normal 
persons, presumably because of exercise-induced elevations in 
end-diastolic pressure. With time, lung 201TI "washes out," 
quickly resulting in higher initial to final 201TI lung ratios. This 
phenomenon may contribute to the apparent filling in of defects 
when background subtraction is employed in quantitative analysis 
of 201TI scintigrams. Reprinted with permission from Bingham 
JB et al. (1980) Influence of coronary artery disease on pulmonary 
uptake of thallium-20l. Amer J Cardiol 46:821. By permission 
of the American Journal of Cardiology. 

Fig. 3-30. Ventricular asynergy at rest. GBPS (resting) anterior 
and LAO, end-diastolic and end-systolic frames (ED and ES). 
Arrows demarcate an extensive region of akinesis. 
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Fig. 3-31. Exercise GBPS in CAD. Rest and stress GBPS (su
pine). End-diastolic and end-systolic (ED and ES) frames from 
a patient with coronary artery disease. At rest the ventricle is 
of normal size and exhibits a normal contraction pattern (EF-
64%). With peak exercise (supine) the ventricle dilates, and an 
extensive region of asynergy is noted in the septum and apex 
(EF = 42%). 

the standard method for comparison.60 Although its speci
ficity has been questioned, it is clear that technetium 99m 
scans are highly sensitive in the diagnosis of acute trans
mural myocardial infarction (MI). Scans will begin to sug
gest a positive result approximately 6 hours after the onset 
of symptoms, but maximal sensitivity is attained 2 to 5 
days after the event.61 Interpretation ofthe scans is qualita
tive with a 0 to 4+ rating scale commonly used (Table 
3-3). A 2+ rating (or greater) signifies a positive test.61 
Various levels of positive results using 99mTc are illustrated 
in Fig. 3-33 to 3-35. It should be stressed that scans may 
be focally or diffusely positive. A 2+ diffuse rating creates 
difficult problems in interpretation, being a frequent cause 
of false positive scans. Yet the exclusion of such scans 
can significantly degrade the sensitivity of the test.62.63 

Causes for 2+ diffuse readings (other than acute transmural 
MI) include nontransmural MI, persistent blood pool activ
ity, old infarction and, of course, normal variations.64.65 

Although pyrophosphate uptake is not solely dictated 
by the size of the infarct, the size of the "hot spot" correla
tes reasonably well with the size of the infarct as measured 
by CPK enzyme curve analysis.66 A large area of 3+ to 
4+ uptake or a doughnut pattern indicates extensive infarc
tion and a poor prognosis, as do persistently positive 
scans.67.68 On the other hand, false negative scans indicate 
smaller acute infarcts and a better prognosis.69 

Thallium 201 Scintigrams at rest (using thallium) are 
highly sensitive but not specific for the diagnosis of acute 
MI. The sensitivity is particularly good if scanning is per
formed within 6 hours of the onset of symptoms.70 The 

Fig. 3-32. Abnormal response to exercise in aortic regurgitation. 
Format and abbreviations as in Fig. 3-31. In this patient with 
aortic regurgitation the ventricle is dilated at rest, but the contrac
tion pattern is normal. At peak exercise while the patient is supine 
the ventricle dilates further. Moderate diffuse hypokinesis is ap
parent. Patients with cardiomyopathy may have a similar re
sponse. 

lack of specificity is due to scarring from old infarcts and 
in some instances to severe reductions in flow during rest 
in the absence ofinfarcts71 (Fig. 3-36). Even with infarction 
the size of the defect decreases with time, perhaps second
ary to regression of periinfarction ischemia. Therefore the 
thallium image obtained late correlates well with other 
measures of the size of an infarct. 72 Accurate localization 
of infarcts by thallium 20 I has been confirmed by electro
cardiography, ventriculography and postmortem stud
ies. 73.74 Since thallium defects in the acute phase of a myo
cardial infarction reflect old and new infarcts as well as 
ischemia, they define the total quantity of nonfunctioning 
myocardium. They may therefore serve as an excellent 
prognostic indicator for short-term mortality. 75 
Radionuclide Ventriculography The location of segmental 
abnormalities on radionuclide ventriculography in the set
ting of acute MI correlates strongly with other means of 
infarct location. Further, these methods are quite sensitive 
and specific for the detection ofleft ventricular aneurysms76 

Table 3-3. Rating Scale for Technetium Tc 99m 
Pyrophosphate Infarct Scans 

o = No activity 

1 + = Faint activity 

2+ = Definite activity but less than that of bone 

3+ = Activity equal to bone 

4+ = Activity greater than bone 



Fig.3-33. Pyrophosphate infarct scintigraphy. A 2+ diffuse 99mTc 
pyrophosphate infarct scan in four standard projections. Arrows 
outline what appears to be the entire cardiac silhouette. Imaging 
of the femoral triangle showed that blood pool activity was not 
the cause for this finding. (See text for causes for 2+ diffuse 
readings.) 

Fig. 3-34. 99m Tc infarct scan. Abnormalities are best defined 
in the 60° LAO projection. Large arrowhead indicates 3+ activity 
in the posterolateral wall; small arrowhead indicates 2+ activity 
in the septum. r = increased activity in a rib. 

(Fig. 3-37). Ejection fraction is depressed in the majority 
of patients with acute MI, and early improvement in ejec
tion fraction is associated with a relatively good progno
sis. 77 In addition, the influence of drugs and mechan
ical intervention on left ventricular function in acute MI 
can be assessed (Fig. 3-25). Radionuclide ventriculography 
has been of particular importance in the differentiation 
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Fig. 3-35. 99m Tc infarct scan. Arrows denote 4+ activity in the 
anterolateral, posterolateral and lateral walls. 

of right ventricular infarction from cardiac tamponade in 
the setting of inferior wall MI (Fig. 3-38).78 When first 
examined, patients with right ventricular infarction may 
have paradoxical pulse, elevation of jugular venous pres
sures and equalization of diastolic pressure in all chambers 
of the heart as manifestations of severe right ventricular 
failure. In other patients, the dip and plateau pressure pulse 
in the right ventricle closely mimic that observed in patients 
with constrictive pericarditis. Findings of right ventricular 
infarction by gated radionuclide angiography are quite 
characteristic demonstrating isolated asynergy of the LV 
inferior wall and basal septum and a dilated, hypokinetic 
RV. In tamponade or constriction, both the right and left 
ventricles are small and hypercontractile (Fig. 3-39).79 

First-pass techniques can detect and quantify acute ven
tricular septal defects80 in the setting of myocardial infarc
tion (Fig. 3-40, A and B). A discussion on the quantitation 
of left-to-right shunts by radionuclide techniques is con
tained in the section on pediatric applications. 

Valvular Heart Disease 

A great dilemma in clinical cardiology is the timing of 
operations in patients with regurgitant valvular lesions.81 

As with coronary artery disease, the extremes of ejection 
fractions at rest can be used to separate patients with poor 
and good prognoses. However, the distinction is often im
perfect, especially in the middle range of ejection fraction. 
It would seem reasonable that the response of the left ven
tricle to stress may help separate those patients with favora
ble and unfavorable prognoses. However, the measurement 
of left ventricular performance in the setting of regurgitant 
valvar lesions is complicated by many factors. The most 
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commonly employed measure of left ventricular function 
is the ejection fraction. It is clear, however, that the ejection 
fraction reflects not only myocardial contractility but also 
other factors influencing global ventricular performance. 
These include heart rate, afterload and preload.82 In the 
setting of coronary artery disease, a fall in ejection fraction 
with supine exercise can be viewed as a mismatch between 
the contractile state of the left ventricle and the afterload. 
Preload remains relatively constant. In regurgitant valvular 
heart disease, preload changes primarily during exercise, 

Fig. 3-36, A and B. 201 Tl scintigram (rest
ing) during an asymptomatic interlude in an 
elderly man with unstable angina. A In this 
45° LAO scintigram obtained early after 
201Tl injection, a qualitative defect is seen 
in the septum (A). Horizontal slice (white 
line) through the septum and posterolateral 
wall (B) is used to generate the count profile 
seen below. Peak counts in region A are 135, 
while in B they are 274. B. Three hours later 
the defect is no longer observed through an 
increase in counts in the septum and a de
crease in the posterolateral wall. These find
ings are consistent with reduction of flow 
at rest in the LAD distribution. 

and therefore must be considered in the analysis of left 
ventricular function during stress. For instance, during ex
ercise in patients with aortic insufficiency left ventricular 
end-diastolic volume may decrease with tachycardia and 
a shortened diastolic filling period (Fig. 3-41). This factor 
may lower the ejection fraction. The simultaneous increase 
in afterload will also tend to decrease the ejection fraction. 
Under these circumstances the intrinsic contractility ofthe 
heart mayor may not be the primary determinant of change 
in ejection fraction. Similar considerations exist in mitral 



ED 

Fig. 3-38. Right ventricular infarction. End-diastolic (ED) and 
end-systolic (ES) anterior GBPS frames from a patient with an 
acute inferior wall myocardial infarction and associated right ven
tricular infarct. Clinical features simulated tamponade. Resting 

regurgitation. Under these circumstances, for a given level 
of contractility, the ejection fraction would be expected 
to be higher because of a decrease in afterload that the 
mitral leak provides.82 Therefore in the setting of mitral 
regurgitation, determination of the ejection fraction may 
lead to overestimation of the contractile function of the 
left ventricle. Although reports are emerging regarding left 
ventricular function during exercise in valvular heart dis
ease, the clinical significance of the observations on ejection 
fraction requires further study.83 

Valvular Heart Disease 99 

Fig. 3-37, A-D. Ventricular aneurysm on GBPS (resting) . A and 
C Anterior and LAO end-diastolic frames and Band D end
systolic frames with dyskinetic segments indicated (arrowheads). 

study (A) reveals dilated, akinetic right ventricle (rv), large right 
atrium (ra) and akinesis of the inferior wall of the left ventricle 
(Iv) . Therapy with inotropic agents (B) and intraaortic balloon 
pumping (C) proved to be of no avail. 

Radionuclide studies at rest can nevertheless provide 
valuable diagnostic information in patients with both valvu
lar and pulmonary heart disease. As indicated, the regurgi
tant index can provide an estimate of the degree of mitral 
or aortic regurgitation.l7-19 In aortic stenosis the radionu
clide blood pool study will offer a measure ofleft ventricular 
function in the presence of significant afterload stress. 
Thickening of the walls can be visualized and relative ven
tricular size estimated (Figs. 3-42, 3-43). In mitral regurgi
tation left ventricular size and motion as well as left and 
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A .. •• ........ Em~ ...... ~~ 
Fig. 3--40, A and B. Calculations of shunt-first-pass 99mTc time 
(x axis) vs activity (y axis) curve from a region of interest in 
the right lung. A In a patient without an intracardiac shunt. 

right atrial size can be estimated. The authors have learned 
that right ventricular size and function can be a useful 
clinical guide in mitral stenosis and regurgitation. In gen
eral, the systolic function of the right ventricle is inversely 
related to the afterload. Therefore in states causing pulmo
nary hypertension the right ventricle is often hypokinetic 
with a decreased ejection fraction. Figure 3-44 illustrates 
a dilated hyperkinetic left ventricle and a hypokinetic right 
ventricle in a patient with mitral regurgitation and pulmo
nary hypertension. 

Left-sided congestive heart failure is often difficult to 
evaluate in patients with obstructive pulmonary disease. 

Fig. 3-39, A-D. Cardiac tamponade. A and B LAO GBPS end
diastolic and end-systolic frames. Both ventricles are small and 
hyperdynamic. Note large clear space around the heart represent
ing pericardial fluid (peri), which is free of activity. C and D: 
End-diastolic and end-systolic frames after drainage of fluid. The 
vent~cles have dilated to normal size, and the clear space around 
the heart has partially filled in. 

B 

Arrow indicates late recirculation of the tracer as it begins its 
second pass. B In a patient with a ventricular septal defect. Early 
recirculation of tracer is noted. 

Gated blood pool scanning or first-pass techniques can be 
of use in this regard. In the setting of pulmonary disease, 
the finding of a normal-sized, normally contracting left 
ventricle in the absence of valvular heart disease militates 
against a left ventricular component to the patient's symp
tom complex.84 An exercise study would be of greater value 
in excluding a left ventricular contribution to activity-re
lated symptoms. 



Fig. 3-41. Normal response to exercise in aortic regurgitation. 
Rest and exercise (supine) LAO GBPS in a patient with compen
sated aortic regurgitation. With exercise, both end-diastolic and 
end-systolic volumes decrease, resulting in no change or a fall 
in ejection fraction. In this setting, given the changing load, failure 
ofthe ejection fraction to rise may not signify impaired contractil
ity. 

Fig. 3-42, A-D. Aortic stenosis. Full field anterior (A and B) 
and zoomed LAO (C and D) GBPS (resting) in a patient with 
valvular aortic stenosis. At end diastole (C), thick septal (sep) 
and posterolateral (PI) walls are seen. End-systolic frames (B 
and D) reveal a hypercontractile left ventricle. 

Pediatric Applications 101 

Fig. 3-43, A-D. Idiopathic hypertrophic subaortic stenosis. Ante
rior full field (A and B) and LAO zoomed (C and D) GBPS 
(resting) from a patient with idiopathic hypertrophic subaortic 
stenosis. At end diastole in the LAO view (C) disproportionate 
upper septal (sep) thickening is seen. At end systole (B and D) 
activity is barely visible in this hypercontractile ventricle. 

Pediatric Applications 

In children with congenital heart disease, isotope tech
niques are most useful in the evaluation of left-to-right 
and right-to-Ieft shunts.85- 87 

In left-to-right intracardiac shunts, pulmonary venous 
return is shunted to the pulmonary circulation. This shunt
ing may occur singly or in combination at either the great 
vessel level (e.g., patent ductus arteriosus, aorta-pulmonary 
window), atrial level (atrial septal defect) or ventricular 
level (ventricular septal defect). Using first-pass radionu
clide angiography, contamination of pulmonary blood flow 
by pulmonary venous return can be detected and quantified. 

Normally after intravenous injection of a bolus of iso
tope, pulmonary washout is exponential, with rapid clear
ance of isotope from the lung. In the presence of a left
to-right shunt, recirculation of isotope from the left side 
of the heart into the pulmonary circulation interrupts this 
washout, causing either a rise in pulmonary counts or a 
blunting of the exponential washout. Quantification of the 
degree of left-to-right shunting can be accomplished by 
comparing the observed pulmonary washout curve to that 
which would be expected in the absence of left-to-right 
shunting (Fig. 3-40A and B). 

Unfortunately when a peripheral injection is used the 
site of left-to-right shunting cannot be detected. The 
method of peripheral injection is generally used as a screen
ing technique to identify or rule out the presence of left
to-right shunts. However, if selective catheterization is per
formed it is possible to identify the level of left-to-right 
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Fig. 3-44. Mitral regurgitation. Contraction sequence from an 
anterior, zoomed GBPS (resting) in a patient with mitral regurgi
tation. The left ventricle is dilated at end diastole (ED). With 
contraction (2-4), the left ventricle is noted to be hyperkinetic 

shunting by performing multiple first-pass studies. If this 
method is used during cardiac catheterization the number 
of contrast cineangiograms necessary to delineate abnormal 
anatomy can be reduced. 

The detection of right-to-Ieft shunts is also possible using 
first-pass angiography.87 Right-to-Ieft shunts are character
ized by the shunting of systemic venous return into the 
systemic arteries. Right-to-Ieft shunts frequently occur at 
the ventricular level (ventricular septal defect plus pulmo
nary stenosis) but in complex lesions can occur at either 
the atrial level (e.g., tricuspid atresia) or at the level of 
the great vessels (e.g., truncus arteriosus). A right-to-Ieft 
shunt is detected by identifying the early appearance of a 
peripherally injected bolus of isotope in the systemic circu
lation. Quantification of right-to-Ieft shunting is not easily 
accomplished. 
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4 Ischemic Heart Disease 

Atherosclerosis of the coronary arteries is the most com
mon cause of clinical ischemic heart disease. The Framing
ham heart study shows a marked increase in coronary ar
tery disease and myocardial infarction after the age of 40 
years. 

Coronary atherosclerosis remains asymptomatic for 
many years in most individuals and permanently so in 
many. Clinical manifestations occur because of luminal 
narrowing of a major coronary branch due to (1) progres
sion of the atheromatous process, (2) coronary artery 
thrombosis, (3) intramural hemorrhage, (4) vasoconstric
tion (Prinzmetal angina), (5) coronary aneurysms (ac
quired; congenital); and (6) a combination thereof. 

Atherosclerosis is a multifactorial process. Diet high 
in saturated fat and cholesterol, emotional stress, physical 
inactivity, hypertension, diabetes, gout, smoking and inher
ited factors, including hyperlipidemia, play a role in the 
development of atherosclerosis. The clinical manifestations 
can be divided into three groups: (1) stable angina pectoris, 
(2) unstable angina pectoris (preinfarction angina) and (3) 
acute myocardial infarction. 

Other causes of ischemic heart disease and myocardial 
infarction include aortic stenosis, subaortic stenosis and 
coronary embolism. Less common causes are anemia and 
metabolic abnormalities at the cellular or molecular level, 
which produce chronic hypoxia and damage to the myocar
dium. Furthermore, the small coronary vessels may be dis
eased with no involvement of the large coronary arteries. 

The major complications of acute myocardial infarction 
are (1) cardiac arrhythmia, (2) pump failure presenting 
as cardiogenic shock or congestive heart failure, (3) sys
temic embolization, (4) ventricular aneurysm, (5) cardiac 
and interventricular septal rupture, and (6) papillary mus
cle dysfunction or rupture. 

Radiological Examination 

The size of the heart in patients with chronic ischemic 
heart disease, even in cases with advanced coronary artery 
disease, may be normal on plain films. The presence of 
cardiomegaly with left ventricular prominence suggests left 
ventricular dysfunction (asynergy). Left atrial and left ven
tricular enlargement, particularly with evidence of con
gestive heart failure, suggests papillary muscle dysfunc
tion. An abnormal bulge of the left heart border may in
dicate a ventricular (true) aneurysm (Fig. 4-1), whereas a 
paracardiac mass (Fig. 4-2), particularly in the postero
lateral region of the left ventricle, suggests a pseudoaneu
rysm. 

Acute myocardial infarction may result in congestive 
heart failure with pulmonary vascular redistribution to the 
upper lobes, perihilar haziness, Kerley B lines, basal inter
stitial infiltrates and interstitial or alveolar pulmonary 
edema or both. Development of pulmonary edema after 
myocardial infarction is usually a poor prognostic sign. 
The presence of pulmonary edema with a relatively normal 
heart size suggests papillary muscle rupture (the differential 
diagnosis includes uremia, mitral stenosis, toxic-gas inhala
tion, postictal pulmonary edema, drug allergy, pulmonary 
hemorrhage, heroin intoxication, near-drowning and excess 
administration of intravenous fluids). 

The postmyocardial infarction syndrome (Dressler syn
drome) is characterized by an enlarged cardiac silhouette 
due to pericardial effusion (Fig. 4-3). In addition the devel
opment of pleural effusion and pulmonary infiltrates is 
characteristic. Evidence of congestive heart failure is gener
ally not present. However, in a few patients signs of left 
ventricular failure, including widening of the superior me
diastinum, may be observed. The prime elements of the 
Dressler syndrome, therefore, are pericarditis, pleuritis and 
pneumonitis. The syndrome probably represents an autoim
mune reaction, initiated by necrotic myocardial tissue, and 
is reminiscent of the group of postcardiotomy syndromes, 
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A B 
Fig. 4-1. True aneurysm. PA (A) and lateral (B) views show a 
bulge along the anterolateral wall of the left ventricle characteris
tic of true aneurysms. More often true aneurysms are not identi
fied on plain films or are observed as cardiomegaly (left ventricular 

Fig. 4-2. False aneurysm. PA (A) 
and lateral (B) views show a paracar
diac mass posterior, inferior and lat
eral to the left ventricle. A character
istic notch on the frontal view 
(arrows) separates the contour of the 
pseudoaneurysm from the border of 
the heart. Spindola-Franco H, Kro
nacher N (1978) Pseudoaneurysm of 
the left ventricle. Radiographic and 
angiographic diagnosis. Radiology 
127:29-34 

A 

enlargement). Dachman A, Spindola-Franco H, Solomon N 
(1981) Left ventricular pseudoaneurysm: Its recognition and sig
nificance JAMA 246:1951-1953 



the traumatic pericarditis syndrome and the acute pericar
ditis (idiopathic or viral) syndrome. 

Other sequelae (or complications) of myocardial infarc
tion include left ventricular aneurysm, pseudoaneurysm 
and cardiac rupture. Plain film findings associated with 
these sequelae are described subsequently in this work. 
See Figs. 4-41 to 4-45. 

Coronary Arteriography 

The terms arteriography and angiography are often used 
interchangeably, although technically angiography refers 
to veins as well as arteries. 

Coronary arteriography deals with the study of the anat
omy of the coronary arteries, visualized radiologically by 
means of contrast medium that has been injected. Coronary 
arteriography is performed in conjunction with left ven
triculography. Here the presence of contrast material 
within the left ventricle permits determination of the sys
tolic and diastolic volumes of the left ventricle, the ejection 
fraction, the characteristics of the contractions of the left 
ventricle, mitral prolapse and some of the other complica
tions of myocardial infarction. 
Indications (Table 4-1) The most important indications 
for coronary arteriography are (1) intractable angina pec
toris refractory to medical therapy; (2) preinfarction angina 
(unstable angina) not amenable to medical therapy; (3) 

t t 
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Table 4-1. Indications for Coronary Arteriography 

Ischemic Heart Disease 
Symptomatic patients 

Clinical suspicion of angina but not conclusive 
Stable angina 

Inability to tolerate medication 
Reluctance to change life style 
For identification of patients with high-risk lesions 
To assess patency of bypass grafts 

Unstable angina 
Myocardial infarction 

Mechanical dysfunction 
Recurrent pain 
Elective for prognosis and therapy 

Asymptomatic patients 
Abnormal ECG or stress test 
High-risk occupation 

Heart Disease Other Than Ischemic 
Cardiomyopathy, arrhythmia 
Suspected congenital anomaly of the coronary arteries 
Preoperatively in valve surgery 
Preoperatively in congenital heart disease 

atypical chest pain; (4) a history of recent multiple myocar
dial infarctions in a relatively young individual; (5) left 
ventricular failure due to suspected ventricular aneurysm, 
postinfarction ventricular septal defect, papillary muscle 
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dysfunction or cardiomyopathy; (6) recurrent, life-threat
ening arrhythmia not responding to medical therapy; (7) 
cardiogenic shock; (8) postoperative assessment of coronary 
artery bypass surgery, particularly in a patient with recur
rent or persistent angina; (9) preoperative assessment of 
a patient with valvular heart disease, with or without angina 
and (l0) congenital anomalies of the coronary arteries, 
which include those with physiological abnormalities such 
as anomalous origin of a coronary artery or coronary arte
riovenous fistula and those without physiologic significance 
but of anatomic importance relative to surgical repair of 
congenital heart disease (e.g., transposition, tetralogy). 

Less common indications for coronary arteriography 
include mild angina with a distinctly positive exercise test, 
myocardial infarction in an individual under 40 years (even 
without residual symptoms) or an abnormal ECG in per
sons in high risk occupations (e.g., airline pilots). 
Contraindications Coronary angiography is a relatively 
safe procedure in the hands of an experienced coronary 
angiographic team. The efficacy of this examination is con
siderable, as observed in the long list of indications. At 
present no absolute contraindication to coronary arterio-

Fig. 4-3. Dressler syndrome. Apparent car
diomegaly is caused by pericardial effusion. 
Pneumonitis and pleural effusion are also 
present. 

graphy exists. However, relative contraindications must be 
kept in mind. These include all intercurrent disorders that 
could be treated and whose correction would improve the 
safety of the procedure (e.g., electrolyte disturbance, con
gestive heart failure, coagulation problems, digitalis toxi
city). 
Complications The major complications of coronary arte
riography are myocardial infarction, stroke, peripheral vas
cular embolization, thrombosis, and death. The incidence 
of such complications is less than 1 % (0.33%-0.63%) 
(Adams et al.) and is closely related to the experience of 
the angiographer, stability of the disease (clinical status 
of the patient) and the extent of the disease as determined 
by coronary angiography and ventriculography. 

Other complications of coronary angiography are ven
tricular fibrillation, complete heart block or asystole, vaso
vagal attack, pyrogen reaction, postnitroglycerin hypoten
sion, allergic reaction to contrast media and arterial 
complications at the puncture site (e.g., thrombosis, vessel 
wall damage, hematoma, pseudoaneurysm formation). 
Technique Selective opacification of the coronary arteries 
is mandatory for optimal visualization and for accurate 
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Fig. 4-4. Catheters used in selective coronary arteriography and 
left ventriculography. A, Judkins right coronary; B, Judkins left 
coronary; C, pigtail catheter for left ventriculography; D and 
D' Amplatz (distal curves of right and left coronary catheters 

interpretation. Nonselective studies (sinus of Valsalva in
jections) are important in those cases in which a diagnosis 
of coronary ostial stenosis is in question. 

At present, two basic approaches exist for selective can
nulation of the coronary arteries (selective coronary arteri
ography)-the retrograde brachial technique and the per
cutaneous (transfemoral or transaxillary) technique. 

The retrograde brachial technique of Sones requires a 
cutdown and uses a flexible tapered-tipped catheter. Left 
ventriculography and hemodynamic recordings are ob
tained with the same catheter. At the Montefiore Medical 
Center a percutaneous transbrachial approach with an in
troducer sheath is used, on occasion, thus avoiding a cut
down. The introducer facilitates catheter changes. 

Several techniques (e.g., Amplatz, Judkins) use the per
cutaneous (Seldinger) approach for selective coronary arte
riography. The technique of Judkins is the most widely 
used, requiring preformed separate catheters for the right 
and left coronary arteries and a pigtail catheter for ventricu
lography (Fig. 4-4). This technique has the advantage of 
the ease and speed of the transfemoral approach, permiting 
consistent selective coronary cannulation with minimal ma-

Coronary Arteriography 111 

D' E E' F 

are similar); E and E', Sones A and B catheter (same catheter 
is used for right and left coronary arteriography and for left 
ventriculography); F, Schoonmaker used for both coronary ar
teries. 

nipulation. Both cineangiography and rapid serial filming, 
using large-cut film or IOO-mm (or IOS-mm) "spot" films 
can be utilized. Radiological installations (Fig. 4-S) that 
allow rotation and angulation of the tube and image intensi
fier are useful to avoid vascular superimposition and to 
optimally define proximal coronary artery lesions. Physio
logical monitors for continuous display of the ECG and 
pressure tracings are required. 

Normal Coronary Anatomy 
(Also see Appendix to this chapter, Figs 4-58 to 4-64, 
for angulated views) 
Thorough knowledge of the anatomical relationships of 
the coronary ostia to the root of the aorta and the sinuses 
of Val salva is essential for successful coronary artery opaci
fication. The sinuses of Valsalva are named to coincide 
with the origin of the coronary arteries: right, left, and 
noncoronary. The right sinus is anterior in location, the 
left sinus is posterior on the left and the noncoronary sinus 
is posterior on the right. 
Right Coronary Artery (Figs. 4-6, 4-7; also see 4-63, 4-
64) The ostium of the right coronary artery (RCA) is 10-
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Fig. 4-5. Modern cardiac catheterization laboratory at Montefiore Medical Center. The Philips 
Poly diagnost C-arm is in position for a frontal view. The parallelogram construction of the 
Poly C-arm allows the x-ray beam to be oriented between 120° right oblique and 120° left 
oblique as well as between 45° cranial and 45° caudal axial angulations without moving the 
patient. See also appendix to this chapter (Fig. 4-58 to 4-64) for illustration of angulated 
views. 

RIGHT DOMINANT SYSTEM 

Dominant RCA 
(LAO view) 

A 

Fig. 4-6. Normal coronary arteries and coronary artery domi
nance. Coronary dominance refers to the artery that supplies the 
diaphragmatic surface of the left ventricle (L V) and the posterior 
interventricular septum. The RCA is dominant in 80% of cases, 
the LCA in 9%. In about 11 % of cases the circulation is balanced. 
A Right coronary artery dominance. The RCA supplies the poste-

LCA 
(RAO view) 

rior interventricular septum by way of the posterior descending 
artery (PD) and the diaphragmatic surface of the left ventricle 
by way of the crux artery and its posterolateral or posterior left 
ventricular branches (PL V). The crux artery also gives off a small 
branch to the left atrium. The atrioventricular node artery 
(A VNA) is usually the first branch of the crux artery and serves 
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LEFT DOMINANT SYSTEM 

RCA 
(LAO view) 

Dominant LCA 
(RAO view) 

BALANCED CIRCULATION 

AVNA 

RCA 
(LAO view) 

as a useful landmark to identify the PD in the LAO view. The 
PD is the branch just before the A VNA. B Left coronary artery 
dominance. The LCA supplies the diaphragmatic wall of the 
left ventricle by way of marginal branches (M) of the left circum
flex artery (LCX). It also supplies the posterior interventricular 
septum by way of the PD, which is now a branch of the LCX. 
With LCA dominance a crux artery is absent, and the RCA is 
small. The AVNA is a branch of the LCX, and the PD is distal 
to it. C Balanced coronary arterial system. The diaphragmatic 
wall of the left ventricle is supplied by marginal branches of 
the LCX. The posterior interventricular septum is supplied by 
the RCA by way of the PD. The A VNA may be a branch of 
the RCA or a branch of the LCX. On occasion, two A VNAs 
exist, one from the distal RCA and one from the distal LCX. 

LCA 
(RAO view) 

Note again that no crux artery is present in a balanced system 
and that the area normally perfused by it is supplied by marginal 
branches of the LCX. A = atrial branch; AM = acute marginal 
branch; CB = conus branch or conus artery; CR UX = crux 
artery; D = diagonal branch; LA CX = left atrial circumflex 
branch; LAD = left anterior descending artery; LCA = left coro
nary artery; LMCA = left main coronary artery; RCA = right 
coronary artery; R V = right ventricular, preventricular or muscu
lar branch; S = septal perforator branch (septal artery); SN = 
sinus node artery. (Although the sinus node artery is depicted 
here as a separate branch from the LCX, it usually occurs as a 
branch of the LACX.) 8pindola-Franco H (1982) Coronary arteri
ography and left ventriculography. In: Goldberger E (ed) Text
book of clinical cardiology. Mosby, 8t. Louis, pp 305-325 
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Fig. 4-7. Dominant right coronary artery 
(RCA ).A RAO view. B LAO view. The first 
branch is the conus branch (CB), which 
courses anteriorly and superiorly. The sec
ond branch is the sinus node artery (SN), 
which courses posteriorly and gives off two 
small branches, one to the sinus node and 
one to the posterior wall of the left atrium. 
In this case the SN also gives off a third 
branch, which descends around the atrial ap
pendage (open arrow). The acute marginal 
branch (AM) is small in this patient. It origi
nates at the acute margin of the right ventri
cle (compare AM here with Fig. 4-13). The 
RCA bifurcates distally into two branches, 
the posterior descending (PD) and the crux 
artery. The PD supplies the posterior inter
ventricular septum (basal septum) via the 
septal arteries (S). The septal arteries from 
the PD are usually small compared to those 
from the left anterior descending artery. The 
crux artery supplies the diaphragmatic wall 
of the left ventricle by way of posterior left 
ventricular branches (PL V). It also gives off 
the atrioventricular node artery (A VNA), 
which has a straight vertical course. In this 
case two parallel AVNAs are noted (see also 
Fig. 4-9). The PD is recognized by its 
straight horizontal course along the posterior 
interventricular sulcus, whereas the crux ar-

A tery, also known as the "U-turn" artery, 

B 

loops superiorly. The looping course of the 
crux artery in the RAO view is very helpful 
in distinguishing it from the PD during inter
pretation of cine studies. In the LAO view 
the PD is identified because it usually pre
cedes the A VNA. 



cated in the right sinus of Valsalva at or about the level 
of the aortic ring; occasionally it may have a higher or 
lower position. The ostium is in front, either exactly in 
the center or slightly to the right of the center of the aortic 
root. Therefore ostial lesions are best studied in the lateral 
and steep LAO projections. 

The RCA, which takes origin from its ostium, passes 
for a short distance forward between the pulmonary artery 
and the right atrial appendage and then curves to the right, 
following the right atrioventricular groove toward the crux 
cordis (the intersection of the atrioventricular and interven
tricular sulci posteriorly). There the RCA terminates in 
various ways. If the RCA is dominant (Figs. 4-6, 4-7) it 
will supply the diaphragmatic and free walls of the right 
ventricle (right ventricular branches) and almost half of 
the diaphragmatic surface of the left ventricle via the crux 
artery through its posterior left ventricular branches. The 
basal (posterior) interventricular septum is supplied by the 
posterior descending artery. The RCA also gives branches 
to the right atrium and to the root of the pulmonary artery 
and aorta. 

The conus branch (CB), the first branch of the RCA, 
runs anteriorly and superiorly, encircling the outflow tract 
of the right ventricle at the level of the pulmonic valve. 
There the CB may anastomose with branches of the left 
coronary artery (LCA), to form the anastomotic circle of 
Vieussens. This collateral pathway is of considerable signifi
cance in occlusions of either the RCA or the left anterior 
descending artery (LAD), as a source of blood distal to 
the occlusion. The CB originates from an ostium separate 
from that of the RCA in almost 50% of the cases (in 
some series). It is then known as the third coronary artery 
(preinfundibular artery of Crainicianu or arteria accessoria 
of Banchi). 

The second branch of the RCA, the sinus node (SN, 
SA node) artery, originates from the proximal RCA about 
60% of the time and from the left circumflex artery 40% 
of the time. The SA node artery passes superiorly, dorsally 
and to the right, between the atrial appendage and aorta 
to encircle the ostium of the superior vena cava. The SA 
node artery usually bifurcates into a branch to the sinus 
node (SA node artery proper) and a branch to the posterior 
wall of the left atrium. Either branch can provide a collat
eral pathway in an instance of occlusion of the left circum
flex or right coronary artery. 

The right superior septal artery (RSSA) (Fig. 4-8) is 
an uncommon (1-3%) but important branch of the RCA. 
It may arise directly from the proximal RCA, or it may be a 
branch of the conus artery. The RSSA penetrates the myo
cardium to run in the parietal branch of the crista supraven
tricularis, supplying the area of the septum normally per
fused by the first septal perforator from the LAD. The 
RSSA is an important collateral pathway in instances of oc
clusion of the LAD or posterior descending artery or both. 

Right ventricular (muscular or preventricular ) branches 
arise from the RCA, course anteriorly, and supply the 
right ventricular myocardium. The acute marginal (AM) 
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branch is usually a large preventricular vessel (muscular 
branch) arising from the RCA at the level of the acute 
margin of the heart. These muscular or preventricular ves
sels provide intercoronary and intracoronary collateral flow 
when coronary occlusion occurs. 

At or near the crux of the heart the RCA divides into 
the posterior descending artery (PD) and crux artery. The 
PD courses in the posterior interventricular sulcus to anas
tomose with branches of the anterior descending artery 
near the apex of the heart. The PD supplies primarily 
the basal septum (posterior septum) and to a small degree 
the inferior surface of both ventricles. Important variations 
of the PD exist in 25% of individuals with RCA domi
nance; these variations include multiple posterior descend
ing arteries, early origin of the PD and partial supply of 
the distribution of the PD by the acute marginal or poste
rior right ventricular branches of the RCA. 

The crux artery (on occasion called the U-turn artery) 
continues past the interventricular sulcus. It supplies po
sterolateral branches to the diaphragmatic wall of the left 
ventricle (called posterior left ventricular branches, PL V) 
and to the atrioventricular node (Fig. 4-9). The bundle 
of His artery, a branch of the atrioventricular node artery, 
is frequently visualized on arteriography. 

In contrast to a dominant RCA, the nondominant RCA 
(Fig. 4-10) is small and terminates before the crux of the 
heart. In such instances the crux artery does not exist. 
The area ordinarily supplied by the crux artery is perfused 
by marginal branches of the left circumflex artery (LCX). 
The PD is also a branch of the LCX. 
Left Coronary Artery (Figs. 4-6, 4-11, 4-12, also see 4-
58 to 4-62) The left main coronary artery (LMCA) passes 
forward for a short distance between the base of the pulmo
nary artery and the left atrial appendage and then divides 
into two major branches, the left anterior descending 
(LAD) and the left circumflex artery (LCX). Often the 
ramus medianus exists as a third branch (Fig. 4-13 C and 
D, also see Fig. 4-16). 

The LAD artery runs in the anterior interventricular 
sulcus to the apex of the heart, often encircling the apex 
and terminating in the anterior third of the posterior inter
ventricular sulcus. The LAD supplies branches to the inter
ventricular septum (septal perforators), muscular branches 
to the anterolateral left ventricular wall (diagonal vessels) 
and small branches to the anterior surface of the right 
ventricle. The septal arteries vary in number and size; the 
first septal perforator usually is the largest and most impor
tant vessel. Severe lesions of the LAD before the origin 
of the first septal artery are more life threatening than 
lesions located distal to the origin of the first septal vessel. 
Angiographically, septal arteries usually are observed to 
arise from the LAD at a 90° angle and to run a straight 
course, usually ending in a characteristic fork-like configu
ration. The vessels of the septum represent an important 
collateral pathway between the RCA and LCA (Fig. 
4-13). 

The diagonal arteries are branches from the LAD, sup-
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Fig. 4-8. Right superior septal artery. A 
RAO view and B LAO view of right coro
nary artery. The right superior septal artery 
(RSSA) arises from the proximal right coro
nary artery after the conus branch and before 
the sinus node artery (SN). The RSSA perfo
rates the myocardium in the vicinity of the 
crista supraventricularis to reach the inter
ventricular septum. SN = sinus node artery. 
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Fig. 4-9. Atrioventricular node artery 
(A VNA). LAO view. A particularly excellent 
image of the A VNA is illustrated. The bun
dle of His artery (His A) is also clearly noted 
to branch off from the AVNA at an acute 
angle. Note that the posterior descending 
precedes the A VNA. This right coronary ar
tery is dominant because it supplies the pos
terior interventricular septum via the poste
rior descending artery and the diaphragmatic 
wall of the left ventricle via the crux artery 
and its posterior left ventricular branch 
(PL V). The crux artery and its single PL V 
are small in this patient. Note also that the 
sinus node artery (SN) bifurcates into a 
branch to the sinus node (open arrow) and 
a branch to the left atrium (closed arrow). 

Fig. 4-10. Nondominant right coronary artery. A RAO view; B 
LAO view. In contrast to the dominant right coronary artery 
(Fig. 4-7) the nondominant one is small and terminates before 
the crux of the heart. Therefore it does not give off a posterior 
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descending or crux artery. The posterior descending artery is a 
branch of the left circumflex artery. The area supplied by the 
crux artery is supplied instead by marginal branches of the left 
circumflex. See also Fig. 4-6. 

B 
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Fig. 4-11. Normal nondominant left coro
nary artery. A RAO view; B LAO view; C 
Lateral view. The left main coronary artery 
(LMCA) usually bifurcates into two 
branches, the left anterior descending artery 
(LAD) and the left circumflex artery (LCX). 
Not infrequently the LMCA divides into 
three branches, the third branch being desig
nated the ramus medianus (see Fig. 4-13C 
and D). The LAD courses in the anterior 
interventricular sulcus and supplies branches 
to the anterior interventricular septum (sep
tal perforators or septal arteries (S), and di
agonal branches (D) to the anterolateral left 
ventricular wall. Note the rather straight 
courses and forked tips of the septal arteries. 
The LCX runs posteriorly along the atrio
ventricular groove toward the crux of the 
heart and gives off marginal branches (M) 
to the posterolateral wall of the left ventricle. 
The LCX also supplies the left atrium via 
the left atrial circumflex branch (LACX). 

plying the left ventricular wall, with an oblique course 
toward the apex. The caliber of these diagonal arteries 
and their number are variable, on occasion being even 
longer and larger than the LAD or LCX. Angiographically 
the diagonal arteries have a motion opposite from the LAD 
(crisscross or seesaw motion). 

The LCX is a branch from the LMCA, running posteri
orly along the atrioventricular groove toward the crux of 
the heart. In the majority of instances the LCX ends before 
reaching the posterior interventricular septum. When this 
vessel reaches the crux area, it usually supplies the distribu
tion of the posterior descending artery and the atrioven
tricular node. In such instances the LCA is called dominant 
(Fig. 4-12). 

The LCX gives off muscular (marginal) (Fig. 4-11) and 
atrial branches. The marginal branches supply the lateral 
and posterolateral surface of the left ventricle, varying in 
size, length and number. The left atrial circumflex artery 
(LACX) is usually a large vessel, commonly originating 
from the proximal LCX to supply the left atrium. In other 
cases the left atrium is supplied by multiple small branches 
from the LCX. In about 40% of cases, the SA node artery 
is a branch of the LCA, usually arising from the LCX, 
and on occasion from the LMCA. 

Kugel's artery (arteria anastomotica auricularis magna) 
is a branch from the proximal LCX, which runs in the 
atrioventricular plane at the base of the interatrial septum; 

it may anastomose with the SA node artery and AVNA. 
Kugel's artery is usually observed as a collateral pathway 
in occlusions of either the right or left coronary arteries. 
In practice a collateral pathway noted frequently on angio
graphy between the SA node artery (from the RCA) and 
the AVNA (from the crux artery) is also called Kugel's 
artery (Fig. 4-14). 

The ramus medianus (RM)(Fig. 4-13C and D) is a 
branch of the LMCA, running diagonally across the mid
portion of the anterior left ventricular wall. On occasion 
the RM is observed to arise from the proximal LAD (large 
diagonal branch) or from the proximal LCX (obtuse mar
ginal branch). 

Variations in Coronary Artery Anatomy 
Anatomical variants of the coronary arteries include high 
origin of the coronary arteries, single coronary artery (Fig. 
4-15), myocardial bridging (Fig. 4-16), ectopic origin of 
a coronary artery (e.g., separate ostia for the RCA and the 
conus artery; LCX arising from the RCA-Fig. 4-17), 
congenitally small vessels, anomalous origin of a coronary 
artery from the pulmonary artery (see Fig. 4-55) and anom
alous lung supply from the coronary circulation ("pulmo
nary steal" syndrome) (see Fig. 1-13). 

Spindola-Franco et al. have described 23 cases of an 
entity called dual LAD (Fig. 4-18). In this variant two 
branches supplied the usual distribution of the LAD. A 

A 
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Fig. 4-12. Dominant left coronary artery. A 
RAO view; B LAO view. The posterior left 
ventricular wall is supplied by the left cir
cumflex artery (LCX) via the marginal 
branches (M). The LCX supplies the poste
rior interventricular septum by way of the 
posterior descending artery (PD). Note that 
the atrioventricular node artery (A VNA; ar
rowheads) antecedes the PD. The first mar
ginal branch is called an obtuse marginal be
cause it courses in the plane of the ramus 
medianus (see Fig. 4--13C and D). D = diag
onal branch; LAD = left anterior descending 
artery; LMCA = left main coronary artery; 
S = septal perforator branch. (See also Fig. 
6-8.) 



Fig.4-13. Septal collateral flow. A RAO and 
B LAO views of right coronary artery; C 
lateral and D LAO views of left coronary 
artery. The right coronary artery gives off 
numerous large septal arteries (S) which pro
vide collateral flow to the left anterior de
scending artery (LAD). There is dual supply 
to the posterior interventricular septum be
cause the acute marginal branch (AM) is 
large and gives off branches to the posterior 
ventricular septum. The posterior descending 
artery (PD) is small. The LAD is severely 
stenosed in its proximal portion and opacifies 
segmentally because of dilution from un
opacified blood from septal collaterals seen 
in frames A and B. The marginal branches 
(M) of the LCX are also severely stenosed. 
Note that the LMCA trifurcates in this pa
tient. The third branch is called the ramus 
medianus (RM). If the ramus medianus 
arises from the LCX it changes its name to 
"obtuse marginal branch" (see Fig. 4-12). 
If the ramus medianus takes its origin from 
the LAD it becomes a diagonal branch. 
A VNA = atrioventricular node artery; CB 
= Conus branch or conus artery; CRUX 
= crux artery; D = diagonal branch; LMCA 
= left main coronary artery; LCX = left cir
cumflex artery; M = marginal branch; PL V 
= posterolateral or posterior left ventricular 

Coronary Arteriography 121 

branch; R V = right ventricular, preventricu- A 
lar, or muscular branch; SN = sinus node 
artery. Spindola-Franco H. In Goldberger 
E (ed.) Textbook of clinical cardiology. 
Mosby, 1982, pp. 305-325. 
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Fig. 4-13 (Cant.). 

o 



Fig. 4-14. Kugel's artery (arteria anastomotica auricularis 
magna). LAO view of right coronary angiogram. The Kugel's 
artery is a collateral pathway connecting the sinus node artery 
(SNA) to the A-V node artery (A VNA). It serves as a collateral 
pathway to the distal RCA. Note also that the RCA is occluded 

Group I 

LCX-

RI 1I 

Fig. 4-15. Single coronary artery. A single coronary artery may 
arise from the left or right sinus of Valsalva. In group I the 
right or left single coronary artery continues past the crux of 
the heart within the atrioventricular groove to supply the area 
normally perfused by the contralateral coronary artery distribu
tion. In group II-A a large branch of the single coronary artery 
crosses anterior to the pulmonary artery. In group II-B the large 
trunk passes between the aorta and pulmonary artery, while in 
group II-P the large trunk crosses posterior to the aorta. Group 
III includes subtypes with two smaller vessels that supply the 
contralateral distribution. One branch crosses between the great 
vessels, and one crosses behind the great vessels. Group II-P, 
in which the trunk passes between the great vessels, may be a 
cause of sudden death as a result of compression of the artery 
by the aorta and pulmonary artery. R = right; L = left; Ao = 
aorta; PA = main pulmonary artery; LAD = left anterior descend
ing coronary artery; LCX = left circumflex coronary artery; 
RCA = right coronary artery; S = septal arteries; A = anterior, 
B = between, and P = posterior to the great vessels. Shading 
of the transverse trunk indicates this artery courses posterior to 
the aorta. Lipton MJ et al. (1979) Isolated single coronary artery: 
Diagnosis, angiographic classifications, and clinical significance. 
Radiology 130:39-47 

RV _ 
branch 

branch 

distal to the conus artery and reconstitutes by way of multiple 
bridging collaterals. R V branch = right ventricular branch; PDA 
= posterior descending coronary artery; PL V branches = poste
rior left ventricular branches. 
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RII - B 1I1 - B 
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A 
Fig. 4-16. Myocardial bridging or "milking" of a coronary artery. 
RAO view of left coronary artery; A systole; B diastole. Note 
the long segment of marked narrowing of the left anterior descend
ing artery during systole, which completely disappears during 
diastole. This segment is embedded in the myocardium with an 
overlying myocardial bridge (long arrows). Observe also reconsti
tution of the posterior descending artery (PD) by septal (S) and 
epicardial (e) collaterals. The left atrial circumflex branch pro
vides flow to the crux artery via the atrioventricular node artery. 
The right coronary angiogram showed occlusion of that vessel. 
RM = ramus median us. 
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Fig. 4-18. Dual left anterior descending ar
tery (LAD) variants. In types I, II and III 
the LAD proper (LADp) divides into two 
branches: the short LAD (S-LAD) and the 
long LAD (L-LAD). The S-LAD runs within 
the interventricular sulcus but terminates 
well before the apex. The L-LAD runs ini
tially outside the interventricular sulcus but 
reenters the sulcus to assume the course of 
the LAD distally. In type I the L-LAD runs 
along the left ventricular surface. In type II 
the L-LAD runs along the right ventricular 
surface. In type III the L-LAD runs within 
the interventricular septum. In type IV the 
LADp and S-LAD form a single very short 
vessel situated high in the interventricular 
sulcus. The first septal perforator and proxi
mal diagonal branches are given off by this 
vessel. The L-LAD is a branch of the right 
coronary artery (RCA). The first portion of 
the L-LAD is formed by a transverse trunk 
that courses anteriorly to the infundibulum 
and makes a sharp turn to descend along 
the anterior interventricular sulcus, while 
giving off septal and left ventricular diagonal 
branches. (Cant.) 

Type I 
LAO 

Type II 
LAO 

Fig. 4-17. Left circumflex artery arlsmg 
from right coronary artery. LAO view of se
lective angiogram of the left circumflex ar
tery (LCX), a branch of the right coronary 
artery passing behind the aorta to reach the 
left atrioventricular groove and supply the 
posterolateral left ventricular wall. The RCA 
proper is not visualized because the catheter 
is selectively in the left circumflex artery. 

Type I and II 
RAO 



Type III 
LAO 

Type IV 
LCA 
RAO ---

Type IV 
RCA 
RAO 

Type III 
RAO 

Type IV 
LCA 
LAO 

Type IV 
RCA 
LAO 
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Fig. 4-18 (Cont.) LCA = left coronary ar
tery; LMCA = left main coronary artery; 
LCX = left circumflex artery; L V-Diag = 
diagonal branch to the wall of the left ventri
cle; S = septal artery; R V-Diag = diagonal 
branch to the wall of the right ventricle. Diag 
= diagonal branch; septal = septal artery; 
R V-branch = right ventricular branch. Spin
dola-Franco H et al (1983) Dual left anterior 
descending coronary artery: Angiographic 
description of important variants and surgi
cal implications. Am Heart J 105:445-455 
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A B 
Fig. 4-19. Dual left anterior descending artery (LAD) type 1. 
A RAO view; B LAO view. The LAD proper (LADp) divides 
into a short LAD (S-LAD) and a long LAD (L-LAD). The S
LAD gives off the major septal perforators, and a diagonal branch 
to the right ventricle (D). The undulating course of the S-LAD 
is evidence that it represents an epicardial vessel. The L-LAD 
courses initially on the epicardial surface of the left ventricle 
and then returns to the anterior interventricular sulcus distally 
to occupy the course of the LAD. The L-LAD gives off the 

short branch (the short LAD) terminated proximally 
within the anterior interventricular sulcus (AIVS) on the 
surface of the heart. A second branch (the long LAD) 
had a variable course outside the AIVS and returned to 
the AIVS distally. The long LAD arose from the LAD 
proper (LADp) in 21 cases (Figs. 4--19, 4--20) and from 
the RCA in 2 cases (Fig. 4--21). The initial course of the 
long LAD was along the left ventricular surface (17 cases
Fig. 4--19), or along the right ventricular surface (three 
cases), or within the ventricular septum (three cases-Fig. 
4--20). 

Recognition of a dual LAD is important so that the 
correct vessel is grafted at the time of myocardial revascu
larization. Dual LAD can also help in understanding the 
discrepancies between lesions of the coronary artery and 
cardiac abnormalities. As an example, the report by Spin
dola-Franco et al. includes a case of an acquired ventricular 
septal defect (VSD) of the apical septum with a normal 
(short) LAD. The occlusion occurred in a branch (the 
long LAD) that traveled initially along the left ventricular 
surface and assumed the course of the LAD distally. 

A parallel diagonal branch (Fig. 4--22) may give off 
branches to the ventricular septum, but nevertheless is not 
included among the varieties of dual LAD because a paral-

diagonal branches to the left ventricle. Note the apparent "avascu
lar" area between the S-LAD and L-LAD and the gap between 
the S-LAD and the L-LAD within the interventricular sulcus. 
In the RAO view the left circumflex artery is not included in 
the area filmed. Spindola-Franco H et al (1983) Dual left anterior 
descending coronary artery: Angiographic description of impor
tant variants and surgical implications. Am Heart J 105:445-
455 

lel diagonal branch does not reenter the interventricular 
sulcus to assume the distal course of the LAD. 

Coronary Occlusion Arteriography 
Selective injection of contrast medium into the coronary 
arteries significantly alters the hemodynamics within the 
coronary arterial bed. This phenomenon is most dramatic 
when the catheter occludes the coronary artery in patients 
with spasm of the coronary artery, with a small coronary 
vessel, or with luminal narrowing of a proximal coronary 
artery due to disease. Various unusual coronary vascular 
patterns may be identified during occlusion arteriography 
(Spindola-Franco et al.). Opacification of the anterior car
diac veins is not observed during injections in the right 
coronary artery unless the artery is occluded by the cath
eter. Contrast material normally fills the coronary sinus 
and middle cardiac vein after selective injections into either 
the right or the left coronary arteries. On the other hand, 
when the arterial lumen is obliterated during selective cath
eterization of the right coronary artery, an intense myocar
dial blush is followed by early and highly concentrated 
filling of the anterior cardiac veins mimicking a coronary 
arteriovenous fistula (coronary pseudoarteriovenous fistula; 
Fig. 4--23). In other patients occlusion arteriography in 



Fig. 4-20. Dual left anterior descending ar
tery (LAD) type III. A RAO view and B 
LAO view of left coronary angiogram. The 
LAD proper (LADp) gives off two branches. 
The long LAD (L-LAD) and the short LAD 
(S-LAD). The S-LAD runs along the ante
rior interventricular sulcus and gives off diag
onals (D). The L-LAD runs initially within 
the interventricular septum. The L-LAD 
makes a sharp tum (open arrow) to emerge 
beyond the termination of the S-LAD and 
takes over its course distally (closed white 
arrow). Note the long gap in the interven
tricular sulcus between the S-LAD and the 
L-LAD. Spindola-Franco H et al (1983) 
Dual left anterior descending coronary ar
tery: Angiographic description of important 
variants and surgical implications. Am Heart 
J 105:445-455 
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A B 

C D 
Fig. 4-21. Dual left anterior descending artery (LAD) type IV, 
A RAO and B LAO views of left coronary artery; C RAO and 
D LAO view of right coronary artery (RCA). The LAD proper 
(LADp) and short LAD form a single very short vessel situated 
high in the anterior interventricular sulcus. The major septal 
(S) and left ventricular diagonal (D) branches originate from 
this short vessel. The long LAD (L-LAD) is a branch of the 
RCA. The first portion of the L-LAD is formed by a transverse 
trunk that courses anteriorly to the infundibulum of the right 

ventricle and makes a sharp tum to descend on the anterior 
interventricular sulcus. The L-LAD gives off septal (S) and left 
ventricular diagonal branches (D). LMCA = left main coronary 
artery; LCX = left circumflex artery; Dl and D2 = superior 
and inferior branches of the first diagonal. Spindola-Franco H 
et al (1983) Dual left anterior descending coronary artery: Angio
graphic description of important variants and surgical implica
tions. Am Heart J 105:445-455 



Fig. 4-22. Parallel diagonal vessel. LAO 
view of left coronary angiogram. A large di
agonal vessel (Diag) runs parallel to the left 
anterior descending (LAD) but does not take 
over the course of the LAD. Both vessels 
extend to the apex. This variation should be 
differentiated from dual LAD type I. There 
is severe stenosis in the parallel diagonal 
(closed arrow). It will be important to distin
guish the two vessels at surgery so that the 
correct one is grafted. LCX = left circumflex 
artery. Spindola-Franco H et al (1983) Dual 
left anterior descending coronary artery: An
giographic description of important variants 
and surgical implications. Am Heart J 
105:445-455 

A 

Fig. 4-23. Occlusion arteriography causing pseudo coronary arte
riovenous fistula. A LAO view of right coronary artery (RCA) 
angiogram; B diagram of findings in A; C flush aortogram, same 
case. Note in A and B opacification of the right atrium (RA) 
by way of the anterior cardiac veins before the coronary sinus 
fills, simulating an arteriovenous fistula from RCA to RA. The 
flush aortogram shows that the RCA is small and that no arte
riovenous fistula is present. Spindola-Franco, H et al (1975) Coro
nary vascular patterns during occlusion arteriography. Radiology 
114:59-63 
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Fig. 4-24. Occlusion arteriography causing retrograde opacifica
tion of the left circumflex artery. A Frontal view of right coronary 
artery (RCA) angiogram; B RAO view of left coronary artery 
angiogram. In A the left circumflex artery (LCX) opacifies from 

the RCA, simulating collateral flow and suggesting stenosis or 
occlusion of the LCX. In B the LCX is shown to be normal. 
Spindola-Franco H et al (1975) Coronary vascular patterns during 
occlusion arteriography. Radiology 114:59-63 

Fig. 4-25. Coronary artery calcification. 
Lateral view of chest roentgenogram demon
strates calcification of the entire left anterior 
descending artery (LAD) and left circumflex 
artery (LCX). The right coronary artery 
(RCA) is also well delineated. The upper
most open arrow indicates the origin of the 
RCA. 

B 
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A B 
Fig. 4-26. Coronary artery ectasia or arteriomegaly. A RAO view 
and B LAO view of left coronary artery. The left circumflex 
artery displays diffuse ectasia in its proximal and middle segments. 

the right coronary artery results in retrograde opacification 
of the left coronary arterial system, simulating a stenotic 
lesion in the left coronary artery (Fig. 4-24). 

Roentgen Pathology of Coronary Artery Disease 
The coronary arteries should be individually assessed for 
(1) extent of the disease (e.g., single-, double-, triple-vessel 
involvement); (2) location (proximal or distal); (3) degree 
(less or greater than 70% of the arterial lumen); (4) length 
of the coronary occlusive lesions; (5) anatomy of the vessel 
distal to the obstruction and (6) status of the myocardium 
supplied by the affected vessel (left ventricular contraction 
is assessed by ventriculography). Calcification (Fig. 4-25), 
focal or diffuse ectasia (arteriomegaly; Fig. 4-26), ulcer
ation (Fig. 4-27) and aneurysm (Figs. 4-28, 4-29) should 
also be identified and reported. 

The dominance of either the RCA or LCA must be 
indicated (Fig. 4-6). Coronary dominance refers to the ves
sel that supplies the diaphragmatic surface of the left ventri
cle (LV) and the posterior interventricular septum by way 
of the crux artery and posterior descending artery (PD) 
respectively. Right coronary dominance as described in 
the foregoing occurs in the majority of individuals. Of 2333 
coronary angiograms performed at Montefiore Medical 
Center in 1982 and 1983, 1856 (80%) had a dominant 
RCA, 207 (9%) had a dominant LCA, and 270 (11 %) 
had a balanced coronary arterial system in which the PD 
comes from the RCA, but the diaphragmatic wall of the 
LV is supplied by marginal branches of the LCX. 

Diffuse ectasia (arteriomegaly) predisposes to coronary artery 
thrombosis. Note also diffuse atherosclerotic change in the left 
anterior descending artery and diagonal vessels. 

Fixed coronary artery stenosis is hemodynamically sig
nificant when the diameter of the vessel is diminished by 
more than 75%, when reciprocating flow is present or when 
collateral vessels are apparent. Reciprocating flow (Figs. 
4-30, 4-31) refers to the phasic alternation of the direction 
of movement of blood in a coronary artery so that in some 
phases of the cardiac cycle it is antegrade and in others 
retrograde (Spindola-Franco et a1.). Visualization of re
ciprocating flow in epicardial vessels is associated with 

Fig. 4-27. Atherosclerotic ulcer. The LAO view of the right coro
nary artery shows an atherosclerotic ulcer. 
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Fig. 4-28. Congenital coronary artery aneurysm. RAO view of 
left coronary artery. A early film; B later film. The aneurysm 
(arrow) and the left circumflex artery fill immediately. The left 
anterior descending artery opacifies after the aneurysm is visual
ized. On later films (not shown here) the aneurysm remains opaci-

greater than 85% coronary stenosis or with occlusion with 
collateral pathways and a perfusable (viable) capillary bed. 
Reciprocating flow is not detected in diffusely diseased cor
onary arteries. Thus, the presence of reciprocating flow 
should be considered a favorable sign if coronary artery 
bypass surgery is contemplated. 

When hemodynamically significant disease of one or 

Fig. 4-29. Acquired coronary artery aneurysm. RAO view of left 
coronary artery. This aneurysm (arrow) is not related to a bifurca
tion. The irregular walls and wide mouth are also typical of ath
erosclerotic aneurysm. 

fied after the coronary arteries empty. Congenital aneurysms of 
the coronary arteries characteristically occur at sites of bifurca
tions and are characterized by the presence of a narrow neck 
and smooth walls. A tendency exists for thrombosis to occur in 
the coronary artery so affected. 

more coronary arteries is observed, an average annual mor
tality of 3.3% with single-vessel disease, 6.8% with double
vessel disease, and 11.4% with triple-vessel disease may 
be anticipated. However, if the one vessel involved is the 
left main or the left anterior descending artery, the mortal
ity is considerably higher than 3.3%. The presence of asyn
ergy on the ventriculogram doubles the mortality. If an 
increase in heart volume and a reduction of the ejection 
fraction are associated, the annual mortality may increase 
as much as tenfold. 
Spasm of the Coronary Arteries (Prinzmetal Variant An
gina) Spasm of a coronary artery can be the cause of chest 
pain and ST -segment elevation in patients with Prinzmetal 
variant angina (PV A). It is important to differentiate spasm 
from fixed stenosis because spasm may be managed medi
cally whereas fixed stenosis may require surgery. Sympto
matic (spontaneous) spasm of a coronary artery must also 
be differentiated from catheter-induced spasm, which re
quires no treatment. Catheter-induced spasm (Fig. 4-32) 
is asymptomatic and is almost exclusively confined to the 
RCA. Characteristically, catheter-induced spasm has the 
appearance of a smooth, concentric, 1- to 2-mm narrowing 
at the site of the tip of the catheter. This form of spasm 
disappears after administration of nitroglycerin or after 
repositioning of the catheter. On the other hand, in patients 
with PV A, spasm (Fig. 4-33) can occur in any coronary 
artery, being frequently associated with transient ST 
changes, angina, hypotension, cardiac dysrhythmias and 
even cardiac standstill. PYA-induced spasm begins 1-4 mm 
beyond the tip of the catheter, involving a fairly long seg
ment with an irregular or eccentric appearance, which may 
simulate fixed obstruction. 



Fig. 4-30. Patterns of reciprocating flow. A The direction of re
ciprocating flow related to the events of the heart cycle. Primary 
epicardial flow is noted in the distal portion of the occluded 
vessel from collateral flow. During most of the cardiac cycle, 
blood can be observed to flow toward the lesion (positive direction 
on the bar graph). During isovolumic contraction the blood may 
cease to flow or may reverse its direction (negative direction on 
the bar graph). This flow pattern is identical to the normal pattern 
of flow in the coronary circulation. The reversal of direction prob
ably reflects both increased intramyocardial resistance to flow 
and compression of the intramyocardial capillary bed. Reciprocat
ing flow in epicardial vessels is associated with significant localized 
coronary artery obstruction with a perf usable coronary artery 
bed. Reciprocal flow is not present in diffusely diseased vessels. 
Thus its presence should be construed as a favorable sign if coro
nary bypass surgery is contemplated. B Secondary epicardial flow 
pattern (S.E.) represents the reverse of the primary epicardial 
flow pattern (P.E.), apparent after injection into the diseased 
artery. Antegrade flow occurs in the diseased vessel only during 
isovolumic contraction. At other times, retrograde motion of the 
column of opacified blood is present because of collateral flow. 
In intramyocardial vessels (/.) retrograde flow is noted during 
the ejection period and antegrade flow during the rest of the 
cardiac cycle. Spindola-Franco H et al (1973) Reciprocating flow 
in the coronary circulation. Radiology 107:497-504 
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Fig. 4-31. Reciprocating flow (primary epicardial flow pattern). 
Cine frames after left coronary artery injection in a patient with 
occlusion of the proximal right coronary artery. The timing of 
each frame relative to the cardiac cycle is indicated by small 
arrow above the ECG. The distal right coronary artery is indicated 
by the large arrow. Note the antegrade flow (toward the lesion) 

during frame A (ventricular systole), which is maximal during 
frame B (ventricular diastole). Flow ceases in frame C (atrial 
systole) and reverses during frame D (isovolumic contraction). 
Spindola-Franco H et al (1973) Reciprocating flow in the coronary 
circulation. Radiology 107:497-504 
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Fig. 4-32. Catheter-induced spasm. LAO view of right coronary 
artery. Frame A Note the spasm identified as a very short segment 
of narrowing just at the catheter tip. Symptoms and ECG changes 
were absent. Frame B shows resolution after administration of 

-' 
Fig. 4-33. Prinzmetal variant angina spasm in the right coronary 
artery. Frame A LAO view. Observe the long segment of narrow
ing (arrows) with irregular walls 2 cm distal to the catheter tip. 
Pain in the chest and elevation of the ST segments were associated. 
After sublingual administration of nitroglycerin the pain and ele-

nitroglycerin. Friedman AC et al (1979) Coronary spasm: Prinz
metal's variant angina vs catheter-induced spasm; refractory 
spasm vs fixed stenosis. Am J Roentgenol 132:897-904 

vation of the ST segment cleared as did the spasm (frame B). 
Friedman AC, et al (1979) Coronary spasm: Prinzmetal's variant 
angina vs catheter-induced spasm; refractory spasm vs fixed steno
sis. Am J Roentgenol 132:897-904 
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In patients with PV A the coronary angiogram should 
be obtained again after administration of nitroglycerin or 
calcium channel blockers (e.g., nifedipine, verapamil, dil
tiazem) to differentiate spasm from fixed obstruction. In 
some instances spasm in PV A ~s refractory to pharmacolog
ical manipulation (Fig. 4--34). If suspicion of the presence 
of spasm exists because of the clinical findings, it may be 
necessary to obtain another coronary arteriogram at a later 
date to substantiate the diagnosis. 

In patients with ischemic symptoms but with normal 
coronary arteries on angiography, medications such as er
gonovine, histamine or methoxamine can be given intrave
nously to provoke spasm to determine a cause for the symp
toms. 

Fig. 4-34. Refractory Spasm. RAO view. Frame A shows 99% 
stenosis of the left anterior descending coronary artery before 
the first septal perforator (arrow). Just beyond the first septal 
perforator the left anterior descending coronary artery is occluded 
(arrowhead). Frame B following administration of nitroglycerin 
shows resolution of the occlusion but persistence of the severe 
stenosis. In frame C during recatheterization because of suspicion 
of spasm, the left anterior descending artery is normal. D and 
E represent diastolic and systolic frames of the left ventriculogram 
in the RAO view at the time of spasm of the left anterior descend
ing coronary artery. The ventricle is slightly dilated during dias
tole. During systole the apex and the anterolateral wall are aki
netic. Apical dyskinesis was noted on the LAO view (not shown). 
F is a systolic frame from the same patient after resolution of 
the coronary artery spasm. The contractions of the ventricle have 
reverted to normal. Friedman AC et al (1979) Coronary spasm: 
Prinzmetal's variant angina vs catheter-induced spasm; refractory 
spasm vs fixed stenosis. Am J Roentgenol 132:897-904 

Accuracy of Coronary Arteriography 
Estimation of the severity of narrowing of vessels on coro
nary arteriography does not correlate well with the extent 
of disease in the coronary arteries disclosed in pathological 
studies unless the pathological studies are carried out on 
coronary arteries fixed after perfusion with barium gel at 
physiologic pressures (Plucinski). In addition, according 
to Bjork et aI., when coronary angiograms are viewed by 
several independent observers on one or more than one 
occasion, considerable intraobserver and interobserver vari
ation is identified in assigning a percentage to the degree 
of stenosis encountered. Multiple observers interpreting ra
diological studies together as a group improve their diag
nostic accuracy to a significant extent. 
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Left Ventriculography 

Left ventriculography is used to define function (ventricular 
performance) and structural anatomy (Figs. 4-35, 4-36). 
Measurements of left ventricular peak systolic and end
diastolic pressures, obtained during ventriculography, rep
resent additional important parameters of ventricular func
tion. Left ventriculography, in addition, is useful in the 
determination and quantification of the abnormal direction 
of blood flow, e.g., mitral insufficiency, left-to-right shunts 
(congenital or acquired), myocardial rupture (false aneu
rysm). 

Left ventriculography usually is performed at rest. How
ever, in special situations, atrial pacing, exercise or adminis-

tration of drugs may unmask abnormal function, not ordi
narily appreciated. Angiographic determination of left 
ventricular volumes involves the analysis of either single
plane (AP or RAO) or biplane (frontal and lateral or RAO 
and LAO) ventriculograms. 

Arvidsson assumed that the shape of the LV could be 
approximated to an ellipsoid. Thus he measured the long 
and transverse diameters of the ventricle from the angio
gram to calculate the LV volume. This method overesti
mates the LV volume by approximately 35%. Dodge et 
aI., also assuming the shape of the LV cavity to be ellipsoid, 
calculated LV volume by measuring the long diameter and 
the surface area of the ventricular image (area-length tech
nique). Other methods are available for determination of 
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Fig. 4-35. Normal left ventricle and normal mitral valve appara
tus. A RAO view early diastole; B RAO view end systole; C 
LAO view diastole; D LAO view systole; E determination of 
ejection fraction and analysis of wall motion. The size and con
traction are normal. In A and B the components of the mitral 
valve are labeled. The fulcrum is the point of attachment of 
the posterior mitral leaflet (PML) to the anulus fibrosus. This 
term is used to describe the lowermost point along the mitral 
anulus. Fornix refers to the portion of the left ventricular wall 
between the fulcrum and the papillary muscle. It is important 
to recognize the fulcrum and the fornix when attempting to diag
nose abnormalities of mitral motion (e.g., mitral prolapse). The 
posteromedial commissure (PMC) of the mitral valve is identified 



Ao 
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PM 

as a radiolucent line during systole and diastole. The papillary 
muscles (PM) (anterior and posterior) are best demonstrated dur
ing systole. The atrioventricular portion of the membranous sep
tum (A V-S) is observed in the subaortic region, being straight 
or slightly curved. This portion of the membranous septum is 
affected in patients with endocardial cushion defects and in pa
tients with left ventricular-to-right atrial communication. Com
pare with left ventricular angiograms in appropriate sections. In 
C and D the base of the anterior mitral leaflet (AML) and the 
left aortic leaflet (Ao-L) are labeled. Fibrous continuity between 
the aortic leaflet and the anterior mitral leaflet is demonstrated 
in C diastolic frame). (Cont.) 
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TWO BEAT VENTRICULOGRAM ANALYSIS 
BSA = 1.91 (M2) HR = O(BPM) 
CORRECTED RESULTS OBTAINED FROM BEAT 1 ONLY 

EDV(CC) 
ESV(CC) 
SV(CC) 
CO(L/MIN) 

EF 

AREA-LENGTH METHOD 
RESULT RESULT/BSA 

140 73 
44 23 
96 50 

.00 00 

.68 

SIMPSON'S RULE 
RESULT RESULT/BSA 

192 100 
64 33 

128 67 
.00 .00 

.66 

SYSTOLIC EJECTION RATE .00 WALL THICKNESS (MM) .0 
REGURGITANT FRACTION .00 WALL STRESS (DIAST) 0 
SPECIFIC COMPLIANCE .00 WALL STRESS (SYST) 0 
COMPLIANCE .00 LV MASS 0 
VCF .00 

SEGMENTAL WALL MOTION ANALYSIS 

AXIS 
NSC 

ANTEROBASAL 1.14 
SHORTENING (%) 

49.4 
ANTEROLATERAL 1.09 50.0 
APICAL 1.13 48.8 
DIAPHRAGMATIC .79 20.5 
POSTEROBASAL .57 21.2 

EJECTION FRACTION .68 

LONG AXIS SHORTENING(%) 28.8 
ROTATIONAL ANGLE 1.3 
ECCENTRICITY 1.77 

/~ ~ <~ r ,--
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Fig. 4-35 (Cont.) In E, a computer printout of left ventricular 
volumes, ejection fraction and analysis of wall motion from an 
RAO image of a left ventricular angiogram, the outline of the 
left ventricular cavity is drawn with a light pen. Some measure
ments that can be made are listed by the computer. RCA = 
right coronary artery; Ao = aorta; L-SV = left sinus of Valsalva; 
NSC = normalized segmental contraction. 

the LV volume but are mainly variations in the methods 
noted in the foregoing. 

Several parameters of cardiac function that can be evalu
ated by measurements of ventricular volume exist. They 
include the ventricular stroke volume (SV), ventricular 
work, end-diastolic volume (ED V), end-systolic volume 
(ESV) and left ventricular myocardial mass. In addition, 
shunts and regurgitant fractions (angiographic output mi
nus Fick cardiac output) can be quantitated. Pressure-vol
ume loops may also be constructed. 

The stroke volume can be determined as follows: 

SV =EDV-ESV 

The SV is expressed as milliliters per heart beat. The 
cardiac output (CO) is the SV times the heart rate (HR) 
in milliliters per minute: 

CO=SVXHR 

The ejection fraction (EF) is the ratio of left ventricular 
stroke volume to the end-diastolic volume: 

SV 
EF=-

EDV 

The EF expresses the stroke volume as a fraction of 
the ventricular volume at the beginning of contractions 
and may be designated as the relative stroke volume. The 
normal value for the EF is 67 ± 8%. The larger the EF, 
the stronger the myocardial contraction. An EF larger than 
normal is usually observed in hypertrophic ventricles, as 
in patients with systemic hypertension, and aortic and 
subaortic stenosis (Fig. 4-37). Mitral insufficiency may also 
result in a large EF, because the left atrium presents less 
resistance than the aorta. In patients with normal ventricles 
the EF may become larger than normal after pharmacologi
cal manipulation (e.g., use of nitroglycerin). The most com
mon cause of a reduced EF is myocardial ischemia, but 
a number of other myocardial disorders (valvular and non
valvular myopathies) may depress the ventricular perfor
mance, resulting in a reduced EF (Fig. 4-38). 

Left Ventricular Asynergy 
In patients with myocardial ischemia the left ventriculo
gram provides definitive information about the size, shape 
and function (contractility) of the LV. Determination of 
the ejection fraction and analysis of segmental wall motion 
in conjunction with pressure measurements (LV end-dia
stolic pressure) represent the most useful parameters for 
the evaluation of recent myocardial infarcts in these pa
tients and are important in predicting the prognosis (lon
gevity) and the potential success of coronary artery bypass 
surgery. 

A normal pattern (synergy) of ventricular contraction 
is noted in approximately 35% of patients studied for coro
nary heart disease (Fig. 4-35), whereas the remaining 65% 
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Fig. 4-36. Four types of normal mitral valve configurations as 
observed on RAO view. These variations are distinguished by 
the position of the mitral fulcrum in protodiastole and by the 
appearance of the left ventricular fornix during diastole. Types 
I and II have low fulcra, but type II has a notched fornix. Types 
III and IV both have high fulcra. The fornix is notched in type 
IV. Types I and IV are more common than types II and III. 

Fig. 4-37. Hyperkinetic left ventricle. RAO view. A diastole; B 
systole. During diastole the left ventricular volume is normal. 
During systole complete cavitary obliteration with apposition of 
the papillary muscles is observed. Left ventricular hypertrophy 
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show various manifestations of ventricular asynergy (ab
normal contraction) at rest. Asynergy usually occurs fol
lowing myocardial infarction, although it may be present 
without infarction. The patterns vary from the classical 
well-delineated bulging aneurysm of the left ventricle to 
several types and degrees of abnormal wall motion with 
no change of the overall size of the heart. Asynergy is 
an important cause of heart failure. 

Asynergic segments may be dyskinetic (systolic expan
sion or paradoxical motion), akinetic (absence of wall mo
tion) (Fig. 4-39) or hypokinetic (decreased wall motion), 
and the area may be composed of viable (ischemic) myocar
dium, scar or both. Asynchrony may also be observed, 
which is a disturbed temporal sequence of contraction. On 
occasion a segment of a normally contracting myocardium 
that is marginally perfused by a critically stenosed coronary 
artery may become dyskinetic following administration of 
nitroglycerin, which diverts or redistributes blood to an 
area of ischemia (coronary steal syndrome) (Fig. 4-40). 

Differentiation of asynergic, ischemic, nonfunctioning 
myocardium from infarcted muscle may be made by admin
istration of nitroglycerin or norepinephrine or by studying 
post-extrasystolic potentiation beats. The first two tech
niques require a second ventriculogram. The potentiated or 
augmented beat can be compared with a control beat in 
the same ventriculogram. A positive response to any of 
these maneuvers (contraction in a previously noted asy
nergic segment of myocardium) unmasks residual contrac
tile ability and predicts a benefit from myocardial revascu
larization. Conversely, if normal myocardial contractility 
is found in subjects at rest with severe coronary artery 
disease, stress (exercise, atrial pacing, isoproterenol) may 
precipitate myocardial ischemia and reveal areas of asyn-

is indicated by thickened left ventricular walls and by prominent 
papillary muscles and trabeculae. The thickened trabeculae pro
duce the feathery appearance. Compare with Fig. 4-35 which 
depicts a normal trabecular pattern. 
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A B 
Fig.4-38. Global hypokinesis. RAO view. A diastole; B systole. 
In a case of cardiomyopathy. The diastolic volume is increased. 

ergy. Ventriculographic demonstration of asynergic zones 
under such conditions suggests deficient focal myocardial 
perfusion and provides important information concerning 
the severity or significance of a given coronary artery steno
sis. 

Abnormal findings on left ventriculography occur not 
only in coronary artery ischemic heart disease but also 
in other conditions producing myocardial ischemia (e.g., 
anemia, metabolic abnormalities at the cellular or molecu
lar level). These disorders produce chronic hypoxemia and 
injury to the myocardium. In addition, findings similar 
to myocardial ischemia may be observed in various forms 
of cardiomyopathies. Abnormal left ventriculograms are 
also encountered with disease of the small coronary arteries 
without involvement of large vessels. 

Left Ventricular Aneurysm 
Aneurysm of the left ventricle (LV A) may be defined as 
an abnormal bulge or outpouching of the myocardial wall 
with or without calcification; paradoxical motion during 
systole may be present. The most common cause of LV A 
is coronary artery disease although on occasion it may 
result from congenital defects (e.g., annular subvalvular 
aneurysm), apical aneurysm of Chagas' disease, trauma 
(blunt or penetrating), myocardial abscess or bacterial en
docarditis. The incidence of aneurysm following myocar
dial infarction varies from 12%-15% (Abrams et al.). The 
wall of the aneurysm consists of scarred myocardial ele
ments with fibrosis and calcification. Mural thrombosis is 
common. The overlying pericardium is usually adherent. 
The usual location of the ventricular aneurysms is the apex 
and the anterior wall. A small aneurysm may have little 
or no hemodynamic effect; however, a large aneurysm 
(20%-25% of left ventricular area) closely mimics mitral 

During systole the ventricle barely contracts. The ejection fraction 
is 28%. The coronary arteries are normal (not shown). 

insufficiency. During systole, blood is transferred into the 
aneurysmal sac, impairing ventricular ejection. This, in 
conjunction with a local delay in the development of peak 
isometric tension, may result in regional dyskinesis with 
increase in LV work and ineffectual expenditure of energy. 
The LV compliance is decreased, and a fall in SV and 
CO occurs. 

The chest roentgenogram is usually normal, particularly 
if the aneurysm is small. When the aneurysm is large, a 
localized bulge of the left heart border is visible in more 
than one projection (Fig. 4-1). Frequently a large aneurysm 
of the apex and lateral wall will blend with a dilated LV, 
resulting in cardiomegaly of nonspecific configuration. Sep
tal aneurysms are not border forming in any projection 
and cannot be detected on plain films. Aneurysms of the 
diaphragmatic wall are usually not identified. Pulmonary 
vascular redistribution and other plain film findings of car
diac failure are often present. Cardiac fluoroscopy is of 
little or no value in the evaluation of ventricular aneurysms. 
Paradoxical or decreased pulsations may be present, or 
pulsation may be absent, but correlation with ventriculog
raphy is very poor. 

Calcification of the wall of a ventricular aneurysm is 
not unusual (Fig. 4-41). The calcification usually involves 
the inner wall of the aneurysm and appears as curvilinear 
streaks a few millimeters within the outer margin of the 
cardiac silhouette. Calcification of the pericardium may 
have a similar appearance. The pericardial calcification is 
more peripheral and is noted to involve the outer border 
of the cardiac shadow. 

Angiographic studies (Fig. 4-42) are most accurate in 
detecting the aneurysmal sac, which may be dyskinetic 
or akinetic or both. Mural thrombi may be observed as 
filling defects. Ventriculographic analysis shows an in-
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Fig. 4-39. Focal akinesis in a patient with history of inferior 
wall myocardial infarction. A diastole, RAO view; B systole, RAO 
view; C systole, LAO view. During systole the mid and posterior 
segments of the diaphragmatic wall do not move. In the LAO 
view the septum bulges during systole (paradoxical motion or 
dyskinesis) (arrowheads). 

creased EDV and a reduced EF. Paradoxical motion (dys
kinesis) is not a sine qua non feature of LV aneurysms. 
It may also be present in areas of acute infarction or chronic 
ischemia of the myocardium. 

The differential diagnosis on plain films of an aneurysm 
that produces a bulge along the left heart border includes 
false aneurysm (pseudoaneurysm), pericardial cyst, heart 
tumor (rhabdomyosarcoma), dermoid cyst, thymoma and 
carcinoma of the pulmonary lingular segment. Angiocardi
ographic studies may be necessary for differentiation. An 
aneurysm usually appears on ventriculography as a local
ized smooth-walled bulge of the contrast medium-filled LV, 
containing a wide mouth communicating with the LV. Both 
the aneurysm and the ventricular cavity opacify simultane
ously. Conversely, pseudoaneurysm, which is an intraperi
cardial ventricular rupture contained by adhesive pericar
dium, has a smaller communication with the LV and 
opacifies after the ventricular cavity if the injection is made 
into the LV (Figs. 4-43, 4-44). However, a true aneurysm 
of the congenital (saccular) type can give the same appear
ance as a false aneurysm. Differentiation between true and 
false aneurysms can be made by coronary arteriography 
(Spindola-Franco and Kronacher). The free wall of a false 
aneurysm is avascular, whereas the free wall of a true aneu
rysm contains coronary vessels. The complications of aneu
rysms and indications for aneurysmectomy are thromboem
bolism, intractable heart failure and cardiac arrhythmias. 

Cardiac Rupture 
Rupture of the heart is a common cause (4.7%) of sudden 
death in the first 2 weeks following myocardial infarction. 
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Causes of cardiac rupture, other than coronary artery dis
ease, include bacterial endocarditis, myocardial abscess due 
to septicemia, dissecting aneurysm of the sinus of Valsalva, 
luetic or tuberculous myocarditis, hydatid disease, malig
nant disease and trauma. 

Cardiac rupture occurs in acute transmural myocardial 
infarcts. Myocardial perforation depends on the site and 
extent of the infarct and may occur in any part of the 
heart. Perforation tends to occur in areas with no collateral 
circulation or myocardial fibrosis. The typical appearance 
of the myocardium is that of a dissecting hematoma rather 
than a tear or "blowout." Cardiac rupture is followed by 
hemopericardium, cardiac tamponade and sudden death. 
Rarely is the perforation contained by adhesive pericar
dium and nonspecific fibrous tissue, thus resulting in a 
pseudoaneurysm. Unlike a true aneurysm, which seldom 
ruptures, a pseudoaneurysm frequently does (Dachman et 
al.). The radiological diagnosis of pseudoaneurysm is of 
extreme importance since it is amenable to surgical therapy. 
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Fig. 4-40. Coronary steal phenomenon. A Each diagram repre
sents a diastolic frame from a left ventriculogram superimposed 
on a systolic frame, the outer tracing representing diastole, the 
inner systole. Before surgery, occlusion of the right coronary 
artery accounted for akinesis of the posterior diaphragmatic wall. 
The left anterior descending artery (LAD) was severely stenosed 
as well, with collateral vessels from the LAD to the right coronary 
artery. Nevertheless, the anterolateral wall was marginally per-

Post-op 

22% 

fused and moved normally at rest. After administration of nitro
glycerin (NTG) the anterolateral wall became akinetic and dyski
netic. This effect is probably caused by the redistribution of 
coronary blood flow away from the distribution of the stenotic 
vessel during NTG resulting in ischemia of the affected area. 
After myocardial revascularization the paradoxical response to 
NTG was no longer observed. 



Fig. 4-40 (Cont) B Radionuclide myocardial perfusion scan, 70° 
LAO, in same patient. At rest, focal areas of decreased activity 
are noted in the anteroseptal wall. After administration of NTG 
the scan shows a distinct worsening of these defects and appear
ance of new defects in the anteroapical area. 

The presence of a paracardiac mass on plain films (Fig. 
4-2) should suggest the diagnosis of pseudoaneurysm, espe
cially in a patient who has had a recent myocardial infarct, 
a history of trauma or a recent ventriculotomy. Demon
stration by echocardiography or by ventriculography of 
a biloculated or multiloculated paraventricular chamber, 
communicating with the LV by means of a relatively nar
row orifice, is suggestive of the presence of a pseudoaneu
rysm (Fig. 4-44A). However, congenital aneurysms may 
have a similar appearance. The distinction is made by coro
nary arteriography (Fig. 4-44B). Demonstration of coro
nary vessels over the wall of the paraventricular chamber 
is indicative of the presence of a true aneurysm. In contrast, 
the free wall of the pseudoaneurysm is avascular on coro
nary arteriography. 

Postinfarction Ventricular Septal Defect 
Rupture of the interventricular septum following a trans
mural myocardial infarction is less common than rupture 
of the wall of the myocardium (0.5%-1 % and 5% respec
tively). The former is often fatal, accounting for 2% of 
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the deaths due to myocardial infarction. The rupture usu
ally occurs during the first week after the causative insult. 
It is usually anteroapical in location (66%) and less com
monly posterior. A ventricular aneurysm is associated with 
the ventricular septal defect (VSD) in 50% of the cases. 

Clinically, two modes of presentation exist. In the first, 
shock and severe heart failure occur soon after the infarct 
develops. In the second mode, signs of heart failure and 
sudden development of a holosystolic murmur several days 
after a myocardial infarct are characteristic. Chest roent
genograms show cardiomegaly with biventricular enlarge
ment. Signs of congestive heart failure, such as pulmonary 
vascular redistribution, interstitital and alveolar edema are 
present; however, in spite of the left-to-right shunt, over
circulation may not be evident. Ventriculography (Fig. 
4-45) shows a muscular VSD with left-to-right shunting. 
Biventricular enlargement and myocardial asynergy are 
present. Mitral insufficiency may be an additional complica
tion. 

A VSD following a myocardial infarct carries a grave 
prognosis. Surgery is nearly always indicated, using a com
bined surgical approach consisting of repair of the VSD, 
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Fig. 4-41. Calcification of a left ventricular aneurysm. A P A view; 
B lateral view; C LAO view (page 150). This pattern of calcifica
tion is distinguished from pericardial calcification because (1) 
the calcification is inside the cardiac shadow; (2) it does not 

follow the outer circumference of the heart but turns inward to 
follow the outline of the left ventricle; and (3) on the LAO view 
the calcification follows the curve of the anteroseptal region of 
the left ventricle. 
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Fig. 4-41 



Fig. 4-42. Left ventricular aneurysm. A 
RAO diastole; B RAO systole. The left ven
tricular volume is large. During systole mo
tion of the anteroapical wall is lacking. Mo
tion studies show paradoxical motion 
(dyskinesis) of the anteroapical wall. A small 
apical thrombus is noted. 
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Pseudoaneurysm 

Fig. 4-43. Comparison of false aneurysm with true aneurysm of 
the left ventricle. Right True aneurysm shares a common lumen 
with the left ventricular (L. V.) chamber, having a smooth zone 
of transition between the two areas rather than a narrow orifice. 
The wall of the aneurysm is formed from fibrous elements of 
the infarcted myocardium, and hence coronary vessels are present. 
Left A pseud6aneurysm, representing a contained myocardial 

infarctectomy and myocardial revascularization. The func
tion of the left ventricle following surgery has been de
scribed as the major determinant in survival (Killen et 
al.). Grose and Spindola-Franco studied eight patients with 
acute VSD with large left-to-right shunts, shock or severe 
congestive heart failure. All eight patients had right ven
tricular (RV) dysfunction angiographically and biventricu
lar infarction at surgery. The RV dysfunction was the ma
jor cause of death in two cases, and a contributing factor 
in three. R V papillary muscle rupture was identified m 
one case. 

Papillary Muscle Dysfunction and Rupture 
Papillary muscle dysfunction is an electrocardiographic
auscultatory syndrome characterized by a loud late systolic 
murmur at the apex. The murmur has a diamond-shaped 
ejection quality. Because of this characteristic murmur, 
an amyl nitrite test may be necessary to differentiate it 
from the murmur of aortic stenosis. If the murmur becomes 
softer after inhalation of the drug, a mitral origin is indi
cated. The electrocardiogram shows changes in the ST seg
ment, T and U waves. The most common cause of mechani
cal dysfunction of the papillary muscles is coronary artery 
disease. 

True Aneurysm 

rupture, has a relatively narrow communication with the left 
ventricular (L. V. ) chamber. The wall is distinct from the myocar
dium and is composed of adherent pericardium and fibrous tissue 
without coronary vessels. Clot forms in both because of stasis. 
Spindola-Franco H, Kronacher N (1978) Pseudoaneurysm of the 
left ventricle. Radiographic and angiographic diagnosis. Radiol
ogy 127:29-34 

Electrocardiographic evidence indicates that mechan
ical papillary muscle dysfunction is primarily due to dys
function of the anterior papillary muscle. However, it is 
well known that when rupture of a papillary muscle oc
curs it is most frequently the posteromedial muscle, oc
curring usually in association with a transmural diaphrag
matic infarct. When a papillary muscle fails to contract 
normally as a result of ischemia (with or without infarc
tion), mitral closure is impaired and insufficiency may re
sult. The plain film manifestations of this abnormality vary 
according to its severity and chronicity. The chest roent
genogram is usually normal. However, cardiomegaly with 
LV and left atrial enlargement and pulmonary vascular 
redistribution may be observed. In the presence of chronic 
congestive heart failure, enlargement of the right side of 
the heart is also present. Left ventriculography is important 
in determining the degree of mitral insufficiency and in 
evaluating ventricular performance, knowledge of which 
is essential before corrective surgery and myocardial revas
cularization are contemplated. Prolapse of the mitral valve 
may be observed on occasion. True prolapse of the mitral 
valve usually represents intrinsic myxomatous degeneration 
of the valve rather than papillary muscle dysfunction. If, 
however, marked abnormality of wall motion occurs in 



Fig. 4-44. False aneurysm. A Left ventriculogram in the LAO 
view demonstrates opacification of the pseudoaneurysm (PA) via 
a narrow orifice. LV = left ventricle. B Left coronary angiogram, 
LAO view. The coronary arteries do not extend to the wall of 
the pseudoaneurysm (PA). The early capillary phase is observed 
here as a blush that further outlines the myocardium. The P A 
remains avascular. Interposed myocardium clearly separates the 
left ventricular chamber from the paraventricular mass. Spindola
Franco H, Kronacher N (1978) Pseudoaneurysm of the left ven
tricle. Radiographic and angiographic diagnosis. Radiology 127: 
29-34 

Left Ventriculography 153 

A 

B 



A 

154 Ischemic Heart Disease 

LV 

Fig. 4-45. Postinfarction ventricular septal defect. LAO view. A 
diastole; B systole. Note the normal contraction of the left ventri
cle (L V) in this view. The right ventricular outflow region con
tracts slightly during systole, but the body and apex of the right 

the region of a papillary muscle, then ischemic cardiomy
opathy may be regarded as the cause. 

The sudden appearance of a loud apical systolic murmur 
in a patient with myocardial infarction raises the possibility 
of a ruptured papillary muscle. The murmur is early in 
onset (with the first sound), holysystolic and possibly cre
scendo. Pulmonary edema with a normal-sized heart is 
the usual presentation on plain films. A flail leaflet may 
be observed on echocardiography (see Fig. 5-66). Severe 
mitral insufficiency is usually present on angiography. Be
cause of the high (80%) mortality in patients with rupture 
of a papillary muscle, corrective surgery should be consid
ered. 

Interventional Radiology for 
Treatment of Ischemic Heart Disease 

In some patients with acute thrombotic occlusions, intra
coronary infusion of streptokinase has proved useful for 
lysis of thrombus (Fig. 4-46). Furthermore, in patients 
with acute myocardial infarction, streptokinase appears to 
limit the size of the infarct, thus reducing mortality. 

Streptokinase and urokinase are thrombolytic agents 
that activate the proenzyme plasminogen, thus promoting 
the formation ofthe proteolytic enzyme plasmin. No major 

LV 
RV 

ventricle (R V) are akinetic. The arrow points to contrast material 
shown on cine to be trapped within the ventricular septum. Grose 
R, Spindola-Franco H (1981) Right ventricular dysfunction in 
acute ventricular septal defect. Am Heart J 101:67-74 

difference exists in efficacy between streptokinase and uro
kinase so streptokinase is preferred because of its lower 
cost. Urokinase is used in patients with a high antistrepto
coccal antibody titer. The major risk in use of these drugs 
is development of hemorrhage. Streptokinase, a nonenzy
matic protein excreted by group C beta hemolytic strepto
cocci, has two half-lives: the first occurs at 18 minutes 
after binding with antistreptokinase antibodies, and the 
second at 83 minutes. Streptokinase 1000--2000 U/min may 
be infused selectively for 15-95 minutes in the ischemia
related coronary artery (average duration of infusion is 
60 minutes for a total dose of streptokinase of 128,000 ± 
36,000 units). Reopening of the occluded vessel or a reduc
tion in the luminal narrowing of subtotal lesions has oc
curred in up to 80% in some series. In some patients, 
guide wire recanalization of the lesion may be attempted 
to facilitate reopening of a vessel. Intracoronary injection 
of nitroglycerin (NTG) or sublingual administration of 
nifedipine usually precedes thrombolytic therapy. ,A bolus 
of 10,000 units of heparin is given intraarterially at the 
start of the study. Left ventriculography and coronary arte
riography are performed at the beginning and at the end 
of the procedure. Selective opacification of the ischemia
related artery is performed 30 seconds and 3 minutes after 
the injection of NTG, and then every 15 minutes during 
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A B 
Fig. 4-46. Streptokinase lysis of coronary artery thrombus in a 
patient with acute myocardial infarction. A Before treatment there 
is occlusion of the mid right coronary artery (arrow). B After 
intracoronary infusion of 100,000 units of streptokinase a repeat 

the streptokinase infusion until reopening of the vessel has 
occurred. 

Acylated streptokinase-plasminogen complex has been 
reported to cause fewer systemic effects on coagulation 
variables than does streptokinase or urokinase. Tissue plas
minogen activator (t-PA), a human enzyme produced by 
recombinant DNA technique, has also been found to be 
a clot specific agent. It is administered by intravenous infu
sion. Advantages oft-PA are lack of antigenicity, selectivity 
of action on clot, absence of induction of a systemic lytic 
state, and a short biologic half-life. According to the TIMI 
(thrombolysis in acute myocardial infarction) study group 
t-PA is twice as effective in lysing clot from thrombosed 
arteries as is streptokinase. 

Percutaneous Transluminal Coronary Angioplasty 

Percutaneous transluminal coronary angioplasty (PTCA) 
is a nonoperative catheterization method designed for relief 
of coronary artery obstruction. It is derived from a tech
nique described by Dotter and Judkins in 1964. A balloon
tipped catheter is passed through the stenosis. The balloon 
is then transiently inflated to 4--7 atmospheres of pressure 
and the catheter removed after deflation (Fig. 4-47). Grunt
zig et al. report a primary success rate (first dilatations) 
of 85% and an overall success rate of 93% if second dilata
tions are included. 

right coronary angiogram shows reopening of the vessel distal 
to the obstruction. A residual 99% stenosis (arrow) is noted. 
This patient could benefit from angioplasty during this same pro
cedure or during subsequent intervention. 

Initially PTCA was performed in single-vessel disease, 
but improvement in instrumentation (e.g., steerable guide 
wires, low profile balloons) and general expertise have 
broadened its indications to multivessel disease. PTCA in 
the left main coronary artery has been accomplished with 
success; however, the risk of in-hospital mortality associ
ated with PTCA is excessive in patients with lesions of 
the LMCA. Therefore, PTCA is generally not offered to 
such individuals whether the LMCA lesion is isolated or 
whether it is in combination with other stenoses (Dorros). 
Angioplasty for obstruction of coronary artery bypass graft 
has also been performed successfully (Fig. 4-48). Results 
indicate that if a coronary artery bypass graft is going to 
restenose this will occur within 6 months. If occlusion does 
not occur within this period the vessel will remain patent. 
Relief of the luminal narrowing and disappearance of the 
pressure gradient across the lesion are the criteria for suc
cessful angioplasty. The indications for angioplasty at pres
ent are angina of recent onset refractory to medical therapy, 
with adequate ventricular function, reversible abnormalities 
of wall motion and the presence of proximal, discrete, com
pressible and noncalcified lesions. The incidence of myocar
dial infarction and death following PTCA is low (less than 
3% and 1 % respectively). Because of the occasional re
quirement for emergency bypass graft after PTCA (5% 
of cases) angioplasty should not be performed without 
emergency surgical "standby." 
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C D 
Fig. 4-47. Percutaneous transluminal coronary angioplasty. A 
Left coronary angiogram RAO view shows 99% stenosis (arrow) 
of the proximal left circumflex artery. B The guiding and the 
dilating catheters are in place, and the balloon is distended. Note 

the lucent notch produced by the stenosis. C With further disten
tion the lucent defect has disappeared. D Postdilatation angiogram 
demonstrates minimal residual stenosis (arrow). 
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A B 
Fig. 4-48. Percutaneous trans luminal angioplasty of a stenosis at 
the distal anastomosis of a coronary artery bypass graft (CABG) 
to the left anterior descending. In A a 95% stensois is evident. 
In B the balloon catheter is inflated at the site of the stenosis. 
In C opacification of the CABG after dilatation shows minimal 
residual narrowing. 

Surgical Treatment of Ischemic Heart Disease 

For refractory angina pectoris and in some patients with 
acute myocardial infarction, myocardial revascularization 
is performed by way of saphenous vein bypass graft (Fig. 
4-49) or by anastomosis of the mammary arteries to the 
coronary arteries. In patients with obstruction of one coro
nary artery and minimal or reversible LV dysfunction, mor
tality is less than 2%. Involvement of multiple vessels, 
stenosis of a long segment and disease of small vessels 
decrease the success rate as does LV dysfunction or pres-

ence of a LV aneurysm. After surgery anginal symptoms 
are generally relieved. However, controversy exists whether 
life expectancy is improved. Stenosis or occlusion (throm
bosis) occurs within 2 years in up to 15 %-20% of patients 
with saphenous vein bypass grafts (Figs. 4-48, 4-50, 4-
51). Surgery for complications of myocardial infarction 
include repair of false aneurysm (contained cardiac rup
ture), excision of true ventricular aneurysm, repair of ac
quired interventricular septal defect and replacement of 
the mitral valve in patients with rupture of the papillary 
muscle. 

c 
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Fig. 4-49. Patent coronary artery bypass graft (CABG). Observe 
the excellent runoff in the graft with bidirectional flow (antegrade 
and retrograde) into the left anterior descending artery (LAD) 
and left circumflex artery (LCX) and branches. Stenosis is present 
in the proximal LAD. Not shown is complete occlusion of the 

distal left main coronary artery after selective injection. S = 
septal artery; D = diagonal branch. Spindola-Franco H (1982) 
Coronary arteriography and left ventriculography. In: Goldberger 
E. (ed.) Textbook of clinical cardiology. Mosby, St. Louis, p 305. 



Fig. 4-50. Stenosis of a coronary artery bypass graft (CABG). 
Severe stenosis (arrow) has developed in the graft leading to the 
left anterior descending artery (LAD). 

Ischemic Heart Disease in the Young 

In children and young adults, ischemic heart disease can 
be caused by congenital anomalies of the coronary arteries 
or by the effects of systemic inflammatory and metabolic 
disorders. Emboli may occlude the coronary arteries. Occa
sionally coronary artery insufficiency may result from 
trauma. 

Of the congenital anomalies affecting the coronary ar
teries, anomalous origin of the LCA from the pulmonary 
artery is most significant. It is discussed subsequently. 

A single coronary artery has been implicated in a few 
cases of sudden death if a major branch crosses between 
the aorta and the pulmonary artery. 

Kawasaki disease (which seems to be identical to polyar
teritis nodosa) is the most common inflammatory disease 
affecting the coronary arteries. Lupus erythematosus and 
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other collagen vascular diseases also produce vasculitis that 
occasionally affects the coronary arteries. Degos syndrome 
is a rare disease that produces atrophic papular lesions 
of the skin, gastrointestinal ulcerations and, on occasion, 
coronary arteriolar stenosis. In some metabolic disorders 
abnormal deposits may obliterate the coronary arteries. 
Among these are the mucopolysaccharidoses (e.g., Hurler 
disease), homocystinuria, Fabry disease and pseudoxan
thoma elasticum. Progeria produces accelerated athero
sclerotic changes. Ehlers-Danlos syndrome may cause 
aneurysms of multiple arteries, including the coronaries. 

Anomalous Origin of the Left Coronary Artery from the 
Pulmonary Trunk (Bland-White-Garland Syndrome) 
Origin of the LCA from the pulmonary artery instead of 
the aorta is a rare congenital disorder. Origin of both coro
nary arteries, or even of a single coronary artery, from 
the pulmonary trunk is exceedingly rare. Anomalous origin 
of the RCA from the pulmonary trunk is considered a 
relatively benign defect and is usually an incidental finding 
at autopsy. Most patients with anomalous origin of the 
LCA die during the first year of life from myocardial ische
mia and congestive heart failure, unless collateral circula
tion to the LV develops through intercoronary anasto
moses. Survival then depends on the flow of oxygenated 
blood into the LCA from the RCA. Thus a left-to-right 
shunt from the RCA to the pulmonary artery is present. 
This shunt is usually of a small volume and has only a 
minor hemodynamic effect on the LV. Cardiomegaly in 
these patients is the result of inadequate arterial perfusion 
of the LV myocardium. 

The terms adult type and infantile type have been used 
to distinguish between patients who live for many years 
with virtually no symptoms and those who die during in
fancy with profound symptoms. A third group of patients 
is encountered with congestive heart failure who survive 
early infancy and by 3 or 4 years of age are asymptomatic 
or nearly so. On plain chest roentgenograms the heart var
ies from normal or nearly so to massively enlarged (LV) 
(Fig. 4-52). The left atrium may be enlarged, especially 
with mitral insufficiency. The degree of pulmonary venous 
hypertension is usually severe. Dystrophic calcification of 
the LV may be observed fluoroscopically but is not readily 
apparent on plain films. The electrocardiogram may show 
an infarction pattern, left axis deviation and left ventricular 
hypertrophy. Echocardiography (Fig. 4-53) in sympto
matic individuals reveals a dilated hypocontractile LV with 
normal or decreased thickness of the ventricular wall. If 
heart failure is present the left atrium is enlarged and mitral 
valve motion is decreased because of high LV diastolic 
pressure. These signs indicate myocardial dysfunction and 
are not specific for anomalous origin of the LCA. Visualiza
tion of the anomalous origin of the LCA by 2-D echocardi
ography has been reported. 

Scanning with thallium usually demonstrates LV dys
function (myocardial ischemia) in infants. In older chil
dren, myocardial performance may be normal. Ventriculog-
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Fig. 4-51. Thrombosis of coronary artery by
pass graft. A Note the multiple filling defects 
throughout the graft. B After heparin ther
apy the filling defects have disappeared. 



Fig. 4-52. Ischemic cardiomyopathy in an 
infant with anomalous origin of the left coro
nary artery from the pulmonary artery. 
Frontal roentgenogram. The heart is mark
edly enlarged because of left ventricular dila
tation. Pulmonary venous hypertension is 
manifested by pulmonary vascular redistri
bution and perivascular and hilar haze. 

raphy (Fig. 4-54) in sick infants reveals marked LV 
dilatation with diffuse hypokinesis, akinesis and dyskinesis. 
Mitral insufficiency (probably secondary to papillary mus
cle dysfunction or infarction) may also be present. Aortog
raphy (Fig. 4-55) or selective coronary arteriography (Fig. 
4-55C) shows a large RCA that communicates with the 
LCA through intercoronary anastomoses. A small left-to
right shunt usually is present, with opacification of the 
pulmonary artery. Inasmuch as an anomalous LCA arising 
from the pulmonary trunk carries a high mortality (80%-
85%) in symptomatic infants, prompt surgical treatment 
is indicated. Several surgical methods are available: ligation 
of the LCA, anastomosis of the left subclavian artery (LSA) 
to the LCA, direct reimplantation of the LCA into the 
aorta, and saphenous vein graft (e.g., interposition, bypass). 
Recently, excellent results have been obtained with two 
new techniques: (1) retroaortic coronary artery bypass 
graft, using a free segment of the LSA and (2) transpulmo
nary arterial coronary artery bypass graft, also using a 
free segment of LSA. 

Kawasaki Disease 
Kawasaki disease (mucocutaneous lymph node syndrome) 
represents an acute inflammatory disease affecting children. 
A specific causative agent has not been identified. This 
disease appears to be a variant of or identical with infantile 
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periarteritis nodosa. Cardiac manifestations include myo
carditis, pericarditis, endocarditis and angiitis. Aneurysms 
of coronary arteries and other systemic vessels are observed 
(Fig. 4-56). Death occurs in approximately 0.6% of pa
tients affected and is caused by myocarditis involving the 
atrioventricular conduction system or coronary thromboar
teritis. Rupture of a coronary aneurysm may occur. Two
dimensional echocardiography (Fig. 4-57) may identify 
aneurysms at the origins of the coronary arteries. In some 
centers, coronary arteriography is performed routinely on 
all infants with this disease since these are at the highest 
risk for coronary artery involvement. Regression of coro
nary artery aneurysms has been demonstrated by serial 
echocardiography and angiography; however, residual 
thickening of the wall of the affected coronary artery de
tected by echocardiography may represent fibrosis. Coro
nary stenosis may be a late sequela. Coronary artery bypass 
graft may be indicated in some cases. Aspirin has been 
recommended to prevent coronary thrombosis. 

The differential diagnosis of coronary artery aneurysms 
includes: syphilis, pyogenic infection, atherosclerosis, pe
riarteritis nodosa, scleroderma and Ehlers-Danlos syn
drome. Aneurysms may also be of congenital origin. Sys
temic arterial aneurysms are similar to those associated 
with Takayasu disease, atherosclerosis, trauma, syphilis 
and Marfan syndrome. 
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~ Fig. 4-53. Anomalous origin of the left coronary artery from the 
pulmonary artery. A Arc scan from aorta (Ao) to left ventricular 
cavity (LV); B M-mode echogram at the level of the mitral valve. 
The left atrium (LA) is dilated. The left ventricle is large, and 
the posterior wall (L VPW) barely moves. In contrast, the ampli
tude of motion of the right ventricular wall (R VW) and ventricu
lar septum (VS) is greater than normal-especially well illustrated 
in B. The grossly impaired motion of the left ventricular wall 
suggests a segmental dysfunction consistent with ischemic heart 
disease rather than generalized cardiomyopathy. R VOT = right 
ventricular outflow tract; L VOT = left ventricular outflow tract; 
AML = anterior mitral leaflet; PML = posterior mitral leaflet. 

A 
Fig. 4-54. Anomalous origin of the left coronary artery. Left ven
triculogram. A diastole; B systole. The left ventricle is markedly 
dilated. During systole only the diaphragmatic wall contracts. 
The anterolateral wall and apex are akinetic. Dyskinesis of the 
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apex and anterolateral wall were observed on cine film. Mild 
mitral insufficiency was present. The left atrium (LA) is enlarged. 
(Same patient as in Figs. 4-52, 4-53, and 4-55 A and B.) 

B 
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A 
Fig. 4-55. Anomalous origin of the left coronary artery from the 
pulmonary artery. Aortogram. A frontal film; B lateral film. The 
right coronary artery (RCA) arises from the aorta. The left sinus 
of Valsalva (LSV) is well filled with no coronary vessel arising 
from it. The left coronary artery system fills from the right coro
nary artery by way of collateral flow with opacification of the 
left anterior descending coronary artery (LAD) and the left cir
cumflex artery (LCX). The collateral vessels (colis.) are better 
demonstrated on the lateral film. Also on the lateral film contrast 
medium is identified in the pulmonary artery. LMCA = left main 
coronary artery. 

C Frontal view of a selective RCA angiogram in a 33-year
old woman. The RCA is large. The LCA opacifies by way of 
extensive septal and epicardial collateral vessels. The pulmonary 
artery (MPA) is also filled densely, indicating that the LCA origi
nates from the main pulmonary artery. PD = posterior descending 
artery; PL V = posterior left ventricular branch. 
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Fig. 4-56. Kawasaki disease. A Plain film 
of the chest. A bulge along the left heart 
border is caused by aneurysmal dilatation 
of the left coronary artery. B Frontal view 
of aortogram. Note ectasia of the left coro
nary artery and its branches with filling de
fects consistent with thrombosis. Observe 
also ectasia of the left subclavian artery. 
Aneurysms were also observed in the 
branches of the abdominal aorta. Courtesy 
of Wilfrido R. Castaneda-Zuniga, M.D., 
University of Minnesota Heart Hospital, 
Minneapolis, Minnesota 



Fig. 4-57. Aneurysm of the left coronary artery in a 12-month
old boy who had Kawasaki disease 6 weeks prior to the study. 
On two-dimensional echocardiography the left coronary artery 
is dilated with highly reflective walls. The inner surface of the 
left coronary artery is irregular, with two small aneurysms (ar
rows). Ao. = aorta. 
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Chapter 4 Appendix 
Angulated Views of Coronary Artery Angiograms 
(Figs. 4-58 to 4-64) 

In this appendix pictures of the C-arm positioned for stan
dard and angulated views are presented along with corre
sponding pictures of the coronary catheters and coronary 
arteriograms. The purpose is to demonstrate the position 
of the catheter tip and the appearance of the coronary 
arteries in standard and angulated projections. 

The cardiac catheterization laboratory at Montefiore 
Medical Center contains a Phillips Poly Diagnost C-arm. 
The parallelogram construction of the Poly C-arm allows 
the x-ray beam to be oriented between 120° right oblique 
and 120° left oblique as well as between 45° and 45° caudal 
axial angulations without moving or supporting the patient. 

The following projections are usually obtained by the 
authors during coronary arteriography. Not all views are 
obtained on all patients. Replay of the video tape allows 
the operator to choose appropriate views to demonstrate 
the lesions. 
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The left coronary artery is routinely examined in multi
ple views including the standard RAO view (Fig. 4-58) 
and LAO view (Fig. 4-61 A and B) and the RAO with 
cranial tilt (Fig. 4-59), RAO with caudal tilt (Fig. 4-60), 
and LAO with cranial tilt (Fig. 4-61 C and D). The frontal 
and lateral views are then performed if needed. Other views 
described are only performed if indicated (Fig. 4-62). 

The right coronary artery is usually studied in the RAO 
and LAO view, and angulated views are not often needed. 
In our laboratory we prefer the angulated RAO views (Figs. 
4-63 and 4-64) rather than angulated LAO views, although 
both may be useful in the individual case. 

The standard views are performed biplane, thus reducing 
the number of injections of contrast. Angulated views are 
done in single plane because the lateral tube in our labora
tory does not have axial capability. Table 4-2 is a list of 
abbreviations used to label the illustrations. 
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Fig. 4-58. RAO view of the left coronary artery. In A the x-ray 
tube is below the table on the left. The image intensifier is above 
the table and on the right. The direction of the X-ray beam is 
indicated by the arrow. B presents the typical appearance of the 
catheter tip in the left coronary artery. C shows the typical appear
ance of the left coronary artery in the RAO view. 
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Table 4-2. Abbreviations Found in Illustrations in this Appendix 

D = diagonal(s) 
LAD = left anterior descending artery 
LCX = left circumflex artery 
LMCA = left main coronary artery 
M = marginal branch(es) 
PD = posterior descending artery 
PLY = posterior left ventricular branch(es) 
RM = ramus medianus 
R V = right ventricular branch 
S = septal(s) 
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Fig. 4-59. RAO view of the left coronary artery with cranial tilt, 
also known as headward RAO or RAO with caudocranial angula
tion. In A the C-arm is positioned for the RAO with 20-25° 
cranial tilt. In B the catheter tip in the LCA points superiorly. 
In C the LAD and LCX tend to be close to one another, may 
be superimposed, or the LCX may cross the LAD to appear 
above the LAD in contrast to the appearance in the RAO with 
caudal tilt Fig. 4-60. The RAO with cranial tilt is useful in deli
neating the entire course of the LAD and the origins of the diago
nal and septal arteries. Further headward angulation (greater 
than 25°) exaggerates the superior position of the LCX and infe
rior position of the LAD allowing better delineation of the origins 
of the diagonal and septal branches; however, increased angula
tion impairs resolution especially in heavy patients. D is from a 
different patient and illustrates the effect of a 30° cranial angula
tion, giving the LAD the appearance of a denuded spine of a 
fish with the septal arteries pointing inferiorly and the diagonal 
branches superiorly. The origin of the septal (S) and diagonal 
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(D) branches are clearly delineated. E is the standard RAO view 
in the same patient for comparison. In patients with dilated car
diomyopathy the same effect can be achieved without increasing 
the headward angulation. F, G and H are from a different patient 
with dilated cardiomyopathy. In F, the standard RAO view, the 
LAD, the diagonals, and a third vessel are superimposed. It is 
not possible to determine in this view whether the third vessel 
is a ramus medianus, an obtuse marginal branch, or a large proxi
mal diagonal vessel. In G, the RAO view with cranial tilt, the 
LCX and the third vessel are superior to the LAD. The entire 
LAD and the origins of the septals and diagonals can now be 
assessed individually. H is a RAO view with caudal tilt in the 
same patient showing the opposite effect, with the LCX being 
inferior and widely separated from the LAD. In this view the 
third vessel is recognized as a ramus medianus (RM) because 
it takes origin from the distal left main coronary artery (trifurca
tion). This view allows separation of the origins of the LAD, 
LCX and the ramus medianus if present. In addition the entirety 
of the left main coronary artery is visible. 
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Fig. 4-60. Compound RAO view of the left coronary artery with 
caudal tilt (also known as footward RAO or RAO with craniocau
dal angulation). A shows the position of the X-ray tube and 
image intensifier. In B the catheter tip points down to enter the 
LCA. C shows the appearance of the LCA in the RAO view 
with caudal tilt. The LAD and LCX are widely separated without 
overlap of the origins so that each origin can be examined sepa-

rately. In addition this view allows differentiation of a ramus 
medianus, a branch of the distal LMCA, from an obtuse marginal, 
a branch of the LCX (Fig. 4-59). The middle portion of the 
LAD forms an angle pointing superiorly reminiscent of the top 
of a tent, while the LCX and its marginal branch form a similar 
angle pointing inferiorly (same patient as Figs. 4-58 Band C, 
and 4-59 B and C). 

c 



Fig. 4-61. Standard LAO view and LAO view of the left coronary 
artery with cranial tilt. The LAO view with cranial tilt is also 
known as headward LAO, LAO with caudocranial angulation, 
hepatoclavicular view and four-chamber view. A shows the posi
tion of the C-arm for a standard LAO view. In B the left coronary 
angiogram in the LAO view shows the left main coronary artery 
(LMCA) on end. The proximal portions of the LAD and the 
large diagonal branch (D) are foreshortened. No stenosis is appar
ent in this view. (Cont.) 
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Fig. 4-61 (Cont.) In C the C-arm is positioned for an LAO 
view with cranial tilt. In D the corresponding angiogram of the 
left coronary artery in the same patient. The LMCA is visualized 
in its entirety and the proximal portion of the LAD and large 
diagonal branch are delineated. A significant stenosis of the LAD 
is now evident just distal to the origin of the large diagonal branch . 
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Fig. 4-62. LAO view with caudal tilt. This view is also known 
as footward LAO or LAO with craniocaudal angulation. In A 
the C-arm is positioned for the LAO view with caudal tilt. In 
B, the LAO view of the left coronary artery with caudal tilt, 
the left main coronary artery points superiorly and the LAD 
and LCX diverge, so that the origins and proximal portions are 
separate. The appearance of the LAD and LCX in this view is 
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reminiscent of a bat flying, the left main coronary artery (LMCA) 
being the head and the LAD and LCX being the wings. C is 
an illustration of the same view in a different patient with a 
short LAD. The right wing of the bat is shorter. The appearance 
of the LMCA and branches in this view is strikingly different 
from that observed in the LAO with cranial tilt (Fig. 4-61 C 
and D). 
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Fig. 4-63. Standard and cranial tilt RAO views of the right coro
nary artery. A shows the standard RAO view of the right coronary 
artery (also see Fig. 4-7). In the standard RAO view, the posterior 
descending artery (PD) and the crux artery and its branches 
(the posterior left ventricular branches or PL V's) are superim
posed. B shows the RAO view of the RCA with cranial angula-

Fig. 4-64. Standard RA 0 view of the right coronary artery (R CA) 
(A) and RAO view with caudal tilt (B). As in Fig. 4-63, the 
angulated view (B) causes the crux artery to become vertical. 
The posterior descending artery (PD) is now at the top with 

PLV , 

tion. In this view the crux artery becomes nearly vertical pointing 
superiorly. The PD and PL V's are separated so that they appear 
as parallel horizontal lines similar to the steps of a ladder. The 
PD is at the bottom, with the PL V's above it. The origins are 
all clearly visualized. R V = right ventricular branch arising from 
the midportion of the right coronary artery. 

the posterior left ventricular branches (PL V) projecting below 
similar to the steps of a ladder. This patient has only one PL V. 
The distal portion of the RCA, and the origins of the PD and 
PL V are separated in this view. 

B 
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5 Valvular Heart Disease 

The clinical and hemodynamic manifestations of an abnor
mality of the semilunar or of the atrioventricular valves 
are secondary to obstruction or insufficiency of one or more 
valves. 

Valvular heart disease may be congenital or acquired. 
In some conditions, such as bicuspid aortic valve, a con
genital valvular defect is not detected in childhood but 
presents in adult life once degenerative changes or infection 
have been superimposed. 

Acquired valvular heart disease may be due to chronic 
or acute inflammatory processes or to degenerative 
changes. The end result of these disorders is fibrosis, retrac
tion of the leaflets and eventual calcification. Valvular heart 
disease may also be caused by other congenital defects. 
For instance, aortic insufficiency may result from a jet of 
blood from a subaortic membrane. Hypertrophic cardio
myopathy often results in mitral insufficiency because of 
traction on the chordae tendineae. 

The manifestations of valvular heart disease may be sim
ulated by disorders involving surrounding tissues. Aortic 
stenosis may be mimicked by supravalvular aortic stenosis 
or subvalvular aortic stenosis. Features of mitral stenosis 
may be present in instances of left atrial tumor. Poor left 
ventricular compliance, secondary to restrictive cardiomy
opathy, may also prevent filling of the left ventricle so that 
many features will be reminiscent of mitral stenosis. 

Acquired valvular disease usually affects the aortic and 
mitral valves primarily. The pulmonary and tricuspid 
valves are usually not primarily affected but may be in
volved secondarily. In severe mitral valve disease, for in
stance, severe pulmonary hypertension may result in right 
ventricular failure and tricuspid insufficiency. In recent 
years, however, primary involvement of the right-sided 
valves has been reported in infective endocarditis in drug 
addicts. 

Disorders affecting each valve are discussed separately 
in this chapter. Congenital bicuspid aortic valve is included 
here because its manifestations are mostly due to superim-

posed acquired abnormalities. Other congenital valvular 
defects are described in Chapter 7. 

Aortic Stenosis 

Aortic stenosis (AS) may be valvular, subvalvular or supra
valvular. The most common causes of valvular AS are 
rheumatic heart disease and congenital bicuspid aortic 
valve. Rarely, a congenital bicuspid aortic valve is stenotic 
from birth, but most cases are not initially stenotic. Fibrosis 
and calcification occur along "lines of stress" in some in
stances, so that progressive stenosis ensues. This entity is 
described separately. 

The findings and clinical course of chronic rheumatic 
AS are indistinguishable from those of aortic valve disease 
caused by atherosclerosis, rheumatoid arthritis and other 
collagen vascular diseases. Although isolated aortic valve 
stenosis may be of rheumatic origin, rheumatic disease is 
more likely if the mitral valve is also involved. Acute rheu
matic valvulitis results in thickening of the valve cusps 
and a verrucous endocarditis along the edges of the aortic 
and mitral valves. Initially, aortic insufficiency may occur, 
usually of mild degree. During healing, fibrosis of the leaf
lets occurs. Progression of fibrosis shortens the cusps and 
makes them rigid. Fusion of the commissures decreases 
the size of the aortic orifice. Calcification occurs within 
the leaflets initially. Later, calcific masses are deposited 
on both sides of the aortic leaflets. Infective endocarditis 
may supervene. The usual chronic course is that of gradual 
progression of aortic stenosis. Significant aortic insuffi
ciency may be associated. 

Acquired bicuspid valve occurs in a fibrotic aortic valve 
when one commissure, usually the commissure between 
the right and left cusps, becomes fused by fibrosis. Calcifica
tion may develop thereafter. In contrast to the situation 
in congenital bicuspid valve, an acquired bicuspid aortic 
valve has well formed sinuses of Valsalva. The pseudo-
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Fig.5-1. M-mode echocardiogram in an adult with aortic stenosis. 
The valve is in the middle of the aortic root (Ao) during diastole. 
MUltiple echoes produced by the leaflets during diastole (open 
arrow) and during systole (closed arrow) indicate thickening of 
the leaflets. During systole the parallelogram of valve motion is 

raphe, which represents the fused commissure, extends to 
the free edge of the leaflet. The fused leaflet is made up 
of two cusps and therefore comprises more than half the 
aortic circumference. Valves that are not heavily calcified 
will have well formed deeply convex sinuses of Valsalva. 
These findings indicate acquired commissural fusion rather 
than congenital bicuspid valve. 

Clinical Features 
The typical murmur of valvular AS from any cause is a 
harsh systolic ejection murmur at the left mid and right 
upper sternal borders that may be transmitted to the neck 
(see Fig. 5-12). An ejection click will be heard if the valve 

III II r rl 

L·A 

visualized more readily than usual because of the limitation of 
movement of the leaflets. The posterior leaflet opens almost to 
the aortic wall; the anterior leaflet opens only partially. The valve 
is likely to be fibrotic but flexible. R VOT = right ventricular 
outflow tract; LA = left atrium. 

is flexible, but not in calcific AS. With moderate AS a 
left ventricular heave is palpated while a thrill is felt over 
the precordium, in the suprasternal notch and over the 
carotids. With severe AS, pulses may be weak and the 
pulse pressure narrow. Displacement of the cardiac apex 
(cardiac enlargement) is a sign of cardiac decompensation. 
Symptoms of dyspnea on exertion or chest pain occur late 
in the course. Syncope in an individual with severe AS 
usually indicates a grave prognosis. Sudden death may oc
cur in some instances of severe AS. 

The standard 12-1ead electrocardiogram is insensitive 
to left ventricular hypertrophy and therefore is a poor indi
cator of progression of disease. T-wave changes on the 
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Fig. 5-2. Echocardiograms in three adults with fibrocalcific aortic 
stenosis. A and B M·mode tracings; C and D long axis, E and 
F short axis views of a 2-D echocardiogram. In A the parallelo
gram of the opening of the aortic valve (arrow) is narrow because 
of marked limitation of valve motion. This patient also has mitral 
valve disease, which accounts for the large left atrium and for 

resting electrocardiogram ("strain pattern") or ST-segment 
changes on an exercise electrocardiogram indicate that the 
stenosis is severe. 

Echocardiography 
On M-mode echocardiography the aortic valve appears 
thickened with multiple echoes and decreased excursion 
(Figs. 5-1 and 5-2A; see also Fig. 2-7C). Calcific AS has 
the appearance of a dense cloud of high-intensity echoes 
returning from the area of the aortic valve (Fig. 5-2B). 
The parallelogram of the valve motion may be obscured 
or obliterated. The thickness of the septum and the left 
ventricular (LV) free wall is a measure of LV hypertrophy, 
which correlates with the degree of severity of AS (Fig. 
5-3). The ratio of thickness of the LV wall to LV diastolic 
dimension has been shown to correlate in young people 

the atrial fibrillation noted on the ECG. In B the calcified valve 
appears as a dense cloud of echoes, and the parallelogram of 
valve motion (arrow) is obscured. In C and D, the long axis view 
with and without labels, the aortic valve is densely calcified and 
is immobile during systole. The mitral valve apparatus is also 
thickened and fibrotic. The left atrium is markedly enlarged. 

with the severity of stenosis. Decreased LV contractions 
or LV dilatation indicates myocardial decompensation. Mi
tral flutter on M-mode echocardiography or evidence by 
Doppler of reversed flow in the L VOT during diastole in 
an individual with AS indicates that aortic insufficiency 
is associated. Thickening of the mitral valve or mitral steno
sis is evidence of a rheumatic caUSe. On 2-0 echocardiogra
phy the long axis reveals doming or thickening, or both 
and reduced mobility (Figs. 5-2C and 0, 5-4A-D) of the 
valve. The short axis (Fig. 5-4E and F) may show a cross 
section of the narrowed orifice, allowing planimetric mea
surement of its area. Some authors have reported a signifi
cant correlation between the area of the valve measured 
by 2-0 echocardiography and area of the valve calculated 
from hemodynamic data. 2-0 echocardiography can also 
identify associated supravalvular AS, subaortic membrane, 
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Fig. 5-2 (Cant.) In E, the short axis view of the aortic valve, 
the commissures are grossly thickened but still identifiable. Fibro
calcific densities fill the semilunar cusps. Again the left atrium 
is enlarged. In F, a short axis view of the mitral valve, the leaflets 
are thickened, indicating associated disease of the mitral valve. 

In the presence of involvement of two valves, a rheumatic etiology 
should be considered. R VOT = right ventricular outflow tract; 
LA = left atrium; LV = left ventricle; Aa V = aortic valve; MV 
= mitral valve; R V = right ventricle. 



a fibrous tunnel and hypertrophic obstructive cardiomyopa
thy. Doppler echocardiography, using continuous wave 
(CW) technique and spectral analysis, has been found accu
rate in estimating the pressure difference across the valve 
in children and young adults. In older adults estimation 
is less reliable because of difficulty in detecting the high 
frequency components of the Doppler signal. 

Radiological (Plain Film) Features 
The plain films may be normal, or LV hypertrophy may 
be reflected as rounding of the cardiac apex (Fig. 5-5). 
With LV dilatation the left heart border elongates, moving 
the apex downward and to the left so that it projects below 
the left hemidiaphragm on the frontal view (Fig. 5-6). 
Left ventricular dilatation is a sign of cardiac decompensa
tion in pure aortic AS or a sign of volume loading if aortic 
insufficiency is associated. Thus, failure to determine the 
presence or absence of associated aortic insufficiency may 
lead to misinterpretation of the severity of AS on plain 
films. The aortic arch is usually normal. Dilatation of the 
ascending aorta (poststenotic dilatation) mayor may not 
be present. If present, it is best demonstrated on the P A 
view as a convexity of the superior segment of the right 
heart border (Fig. 5-6A). Poststenotic dilatation of the 
ascending aorta is also recognized on the LAO projection 
(Fig. 5-6C) and on occasion in the lateral view. Calcifica
tion of the aortic valve is common in adults with AS and 
is best detected in the lateral, LAO or RAO view (Fig. 
5-6). It is poorly visualized or not discernible on the PA 
view. Mild degrees of calcification are readily demonstrated 
on cine fluorography. Calcification of acquired AS may 
appear as three deeply convex lines representing the lines 
of insertion of the three well-formed sinuses (Figs. 5-6, 
5-7). The pseudoraphe (Fig. 5-9) in acquired bicuspid aor
tic valve appears as a tall slender line on the lateral or 
LAO view and should be distinguished from congenital 
bicuspid aortic valve in which the true raphe appears bul
bous (Fig. 5-10). Patterns of calcification specific for the 
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diagnosis of bicuspid aortic valve have been described by 
Spindola-Franco et al. (see Bicuspid Aortic Valve). Signs 
of left atrial (LA) dilatation and pulmonary venous hyper
tension (CHF pattern) in patients with AS are signs of 
cardiac decompensation, which usually indicate a poor 
prognosis, particularly without treatment. 

Hemodynamics 
In valvular AS a systolic pressure gradient exists between 
the LV and the aorta. In subaortic stenosis the gradient 
is between the sinus of the LV and its outflow tract, while 
in supravalvar stenosis the gradient is between the proximal 
and distal segments of the aorta just beyond the aortic 
valve. Cardiac output may be well maintained despite se
vere obstruction. As long as a normal cardiac output is 
maintained, the peak systolic gradient and LV peak pres
sure correlate with the severity of the obstruction. A peak 
valve gradient less than 30 mm Hg indicates mild stenosis; 
a gradient between 40 and 90 mm Hg, moderate stenosis; 
and a gradient above 90-100 mm Hg with normal cardiac 
output, severe stenosis. As cardiac decompensation super
venes the heart is not able to maintain a normal output. 
As cardiac output decreases the pressure gradient at the 
valve decreases so that the gradient is no longer a reliable 
indicator of severity of the stenosis. 

In such instances calculation of the area of the valve 
is helpful, using Gorlin's hydraulic formula: 

F 
A = -=C:-:X--:-:44-:-.-:5-vr=m=e=an=g=ra=d~ie=n=:=t 

where A = Valve area (cm2) 

C = Empiric orifice correction factor obtained by 
comparing the calculated valve area with the 
valve area measured at surgery (C = 1 for 
the aortic valve). 

Mean gradient is obtained from the planimetered 
area between the superimposed aortic and left 
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Fig. 5-3. Left ventricular hypertrophy. M-mode echocardiogram 
in a young adult with residual moderate aortic stenosis 5 years 
after valvulotomy. The septum and left ventricular free wall are 
thickened, each measuring 1.6 cm (normal approximately 

ventricular pressure tracings during systole (mm 
Hg X sec) divided by the ventricular ejection time 
(sec) 
F = flow rate across the aortic valve obtained from 

this formula: 

cardiac output (mllmin) 
F = systolic ejection period (sec/min) 

Where the systolic ejection period is the number 

1.0 em). Left ventricular contractions are normal: Shortening frac
tion = 40%; mean velocity of circumferential fiber shortening 
(m VeF) = 1.3 circumferences/sec. R V = right ventricle; LV = left 
ventricle; PW = posterior wall of left ventricle. 

of seconds per minute during which ventricular 
ejection occurs (ventricular ejection time X heart 
rate). 

In adults a normal valve area is about 3-4 cm2 or 2 
cm2/m2• A valve area of about 0.6-0.7 cm2/m2 is consid
ered a severe narrowing. A valve area of about 0.4 cm2/ 

m2 is "critical," generally requiring surgical treatment. The 
presence or absence of aortic insufficiency must be deter· 
mined before a valve area is calculated. With aortic insuffi-



Fig. 5-4. Two-dimensional echocardiogram in an ll-year-old boy 
with congenital aortic stenosis. A-D long axis views; and E and 
F short axis views. A (with labels) B (without labels) represent 
diastole; C and D represent systole. On the long axis during 
diastole (A and B) the aortic valve (arrow) is thickened. During 
systole (C and D) doming of the valve is noted (arrows). On 
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the short axis (E and F) the aortic valve is thickened, and three 
commissures are identified during diastole (E). During systole 
(F) the orifice of the aortic root has an irregular border and is 
reduced. Ao. = aortic root; LA = left atrium; LV = left ventricle; 
N = noncoronary cusp; R = right coronary cusp; L = left coro
nary cusp; R VOT = right ventricular outflow tract. 
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Fig. 5-5 Posteroanterior roentgenogram of the chest in a 62-year
old man with aortic stenosis. The heart is mildly enlarged with 
rounding of the cardiac apex and prominence of the ascending 
aorta. Rounding of the apex suggests left ventricular hypertrophy. 
The prominence of the ascending aorta is consistent with postste
notic dilatation. These findings may also be present with hyperten
sion, but extensive calcification of the aortic valve noted on the 
lateral film (not shown) confirms the presence of aortic stenosis. 

ciency, total forward flow across the valve is the sum of 
forward cardiac output plus the volume of the blood that 
leaks back into the ventricle (regurgitant volume.) The re
gurgitant volume must be calculated from the angiographic 
determinations of volume together with measurements of 
cardiac output obtained on cardiac catheterization (see sec
tion, Aortic Insufficiency). Elevation of the LV end-dia
stolic pressure or the pulmonary capillary wedge pressure 
indicates impaired LV performance. 

Contrast Studies 
Left ventriculography is important in identification of the 
site of the stenotic lesion (i.e., subvalvar, valvar, supraval
var). A compound axial view (LAO with cranial tilt) is 
particularly useful in identification of a subaortic mem
brane (Fig. 7-196C). Mitral involvement (presence and de
gree) is also assessed, and the functional status of the LV 
is evaluated. The ejection fraction is normal or increased 
with AS. If the ejection fraction is depressed (global hypo
kinesis), valvular cardiomyopathy is the most likely cause. 
Segmental abnormalities of wall motion, characteristic for 
ischemic cardiomyopathy, can also occur with valvular car
diomyopathy. 

On aortography the degree of thickening, deformity and 
limitation in motion of the aortic leaflets can be determined 
readily; however, the appearance of the valve does not 

necessarily correlate with the severity of the stenosis as 
indicated by the hemodynamic data. If calcification is not 
extensive the type of aortic valve (bicuspid or trileaflet) 
can be determined. The aortogram in acquired AS outlines 
the three well-formed sinuses of Valsalva. The leaflets are 
thickened and limited in motion. Doming of the leaflets 
may be demonstrated in systole with reconstitution of the 
sinuses of Valsalva in diastole (Fig. 5-8). A jet of unopaci
fied blood entering the aorta during systole is further evi
dence of moderate or severe AS. Poststenotic dilatation 
of the ascending aorta (usually asymmetrical) is often pres
ent. In contrast, the aortic dilatation observed in instances 
of cystic medial necrosis is bulbous and symmetrical. Aor
tography is also useful in detecting the presence of and 
estimating the severity of aortic insufficiency. 

The authors routinely perform coronary arteriography 
in patients past 40 years of age with valvular heart disease. 
In elderly patients with Heyde syndrome (AS and gastroin
testinal bleeding), selective celiac and superior and inferior 
mesenteric artery angiography is performed to demonstrate 
angiodysplasias of the gastrointestinal tract, principally in 
the right colon. The angiographic hallmark of the lesion 
is an early draining vein, i.e., a vein that fills during the 
arterial phase of the study and is more heavily opacified 
than the rest of the veins draining the bowel. While arte
riovenous shunting may be the only positive feature, the 
malformation itself may be recognized as a series of dilated 
and tortuous arterial vessels. Approximately 20%-25% 
of patients with proved vascular ectasia on colonoscopy 
have AS. 

Treatment 
Valvotomy is effective in reducing obstruction in the ab
sence of calcification. Care must be taken to incise the 
commissures only partially, so that all leaflets remain well 
supported. Nevertheless, severe aortic insufficiency with 
myocardial decompensation can ensue. Over the long term, 
fibrosis progresses and the stenosis tends to recur, even if 
the initial operation is successful. 

Replacement of the valve is necessary to relieve the ob
struction if a valve is significantly calcified. The risk is 
low unless myocardial decompensation is present prior to 
surgery. The necessity for surgery is assessed by clinical 
judgment. Obviously a valve area of 0.4 cm2/m2, associated 
with symptoms, deserves treatment. Syncope, progressive 
cardiomegaly, progressive decrease in ejection fraction or 
abnormalities of wall motion, alone or in combination, pres
age a poor prognosis without surgery. 

Complications of aortic valve replacement, other than 
intraoperative mortality and perioperative myocardial in
farction, are prosthetic endocarditis and dehiscence. Also, 
for mechanical valve prostheses the special difficulties en
countered are structural failure, thrombosis, hemolysis, 
obstruction and insufficiency. Hemorrhage also occurs, 
because of the necessity for anticoagulant therapy. Anti
coagulants are not necessary with a bioprosthesis; how
ever, the bioprostheses are somewhat less durable than 
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Fig. 5-6. Roentgenograms of the chest in a woman with calcific 
aortic stenosis without aortic insufficiency on aortography. A P A 
film; B RAO view; C LAO view; D lateral film. In the posteroante
rior projection (A) the left heart border is elongated, with the 
apex projecting below the left hemidiaphragm. The ascending 
aorta is prominent. The heavy calcification proven to be present 
in the aortic valve is not visualized on the frontal plain film. In 
the RAO projection (B) the calcium forms a circular pattern 
representing the aortic valve while the commissures form a "Mer
cedes Benz sign" in this view. In the LAO view (C) the left 

ventricle and the ascending aorta are both prominent. The calci
fied valve is poorly visualized because of underpenetration. In 
the lateral view (D) the dilated ascending aorta narrows the ret
rosternal clear space. The calcified valve is well appreciated in 
this view. These roentgenograms demonstrate the position of the 
aortic valve in the various projections. Enlargement of the left 
ventricle in a patient without aortic insufficiency indicates early 
decompensation. If significant aortic insufficiency had been pres
ent the ventricular enlargement would have been due to volume 
loading rather than decompensation. 
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Fig. 5-7. Lateral roentgenogram of the chest in an 82-year-old 
woman with calcific aortic stenosis. The attachments of the three 
leaflets to the root of the aorta are represented. Compare this 
image with the pattern of calcification associated with bicuspid 

aortic valve (Figs. 5-10, 5-16, 5-17) and acquired bicuspid aortic 
valve (Fig. 5-9).NC = noncoronary cusp; R = right coronary 
(or anterior) cusp; L = left coronary cusp. 
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Fig. 5-8. Aortogram in an adult male with a stenotic trileafiet 
aortic valve. During systole (A) doming occurs and a jet of un
opacified blood impinges on the anterior lateral wall of the ascend-

ing aorta, resulting in asymmetrical dilatation. During diastole 
(B) the three semilunar sinuses are reconstituted. 

5-9. Acquired bicuspid aortic valve. A Lateral roentgenogram of 
the chest shows the characteristic linear pattern of the false raphe 
(or pseudoraphe). B Aortogram in diastole demonstrated three 
well-formed sinuses of Valsalva. Spindola-Franco H et al (1982) 
Recognition of bicuspid aortic valve by plain film calcification. 
Am J Roentgenol 139:867-872. Copyright 1982. Reproduced by 
permission. 

B 
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mechanical valves because of their tendency toward per
foration and development of calcification. 

Bioprostheses are indicated for individuals who cannot 
be given anticoagulant agents, for women of childbearing 
age who plan additional pregnancies and for patients whose 
anticipated life expectancy from other causes is less than 
7 years. Mechanical prostheses are indicated for patients 
with atrial fibrillation, for patients who require valves of 
smaller size and for those individuals who wish to reduce 
their chance of reoperation to a minimum. 

Bicuspid Aortic Valve 

Bicuspid aortic valve is the most common congenital car
diac defect, occurring in approximately 2% of the general 

Fig. 5-10. Lateral roentgenogram of the 
chest in a patient with a calcified congenital 
bicuspid aortic valve (type I, see Fig. 5-15). 
The bulbous or clublike appearance of the 
raphe is illustrated (arrow). Spindola-Franco 
H et al (1982) Recognition of bicuspid aortic 
valve by plain film calcification. Am J Roent
genol. 139:867-872. Copyright 1982. Repro
duced by permission. 

population. A bicuspid aortic valve consists of two major 
cusps instead of three. One cusp, designated the conjoint 
leaflet, is divided by a shallow ridge or "raphe" along its 
aortic aspect. The raphe never extends to the free edge 
of the leaflet. The other cusp lacks a raphe and is called 
the nonfused leaflet. The two cusps generally are about 
equal in size, although the conjoint leaflet may be slightly 
larger than one normal cusp but smaller than two normal 
cusps. The circumferential distance between the two com
missures around the aortic ring is equal or nearly equal. 
The sinus of Valsalva of the conjoint leaflet is shallow, 
and the leaflet extends straight across the aortic anulus. 
The sinus of Valsalva of the nonfused leaflet is deeply con
vex, forming a deep sinus pocket. 

Two types of bicuspid aortic valve are identified (Fig. 
5-11). When right and left cusps are present the commis-



A B 
Fig. 5-11. The two types of congenital bicuspid aortic valves. In 
A a right and a left cusp are present, and the commissures are 
anterior and posterior. The line of coaptation runs from front 
to back. The raphe is in the right cusp (or conjoint leaflet). One 
coronary artery arises from each cusp. In B the cusps are anterior 
and posterior, and the commissures are right sided and left sided. 
The leaflets coapt in a line running from side to side. The raphe 
is in the anterior cusp (or conjoint leaflet). Both coronary arteries 
arise in front of the anterior or conjoint leaflet. Spindola-Franco 
H, et al.: Recognition of bicuspid aortic valve by plain film calcifi
cation. Am J Roentgenol 139:867-872. Copyright 1982. By per
mission. 

sures are anterior and posterior and a coronary artery arises 
from each cusp. The raphe is in the right cusp. When 
anterior and posterior cusps are present the raphe is located 
in the anterior cusp. The commissures are right and left 
sided, and both coronary arteries arise from the aortic root 
in front of the anterior cusp. Johnson et al. described the 
frequent occurrence of a short left main coronary artery 
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and dominance of the left coronary artery in association 
with bicuspid aortic valve. Congenital bicuspid aortic valve 
may be differentiated from the acquired form (see subse
quent discussion). 

Bicuspid aortic valve is usually not stenotic from birth; 
however, in rare cases, when a bicuspid valve is also dys
plastic, it produces a critical degree of AS in infancy. On 
occasion a congenital bicuspid valve presents in childhood 
with significant stenosis that generally progresses in severity 
during childhood and adolescence. A few children may 
have associated aortic insufficiency secondary to congenital 
bicuspid valve. In such instances the valves tend to be 
less fibrotic. Calcification along "lines of stress" may occur 
at an early age, but by the age of 50-60 years, most valves 
are heavily calcified. Early calcification appears in the raphe 
and along the base of the leaflets. Later in life the sinuses 
of Valsalva become filled with calcific masses, and valve 
motion becomes severely limited. One pathological study 
reports that stenosis occurred in 6% of bicuspid valves 
between the age of 20 and 39 years, in 18%-21 % between 
age 40 and 69 years and in 40% between 70 and 89 years. 
In 27% of individuals the valves appeared to function nor
mally, even in the oldest age group. Infective endocarditis 
occurs frequently in bicuspid aortic valves in individuals 
below age 50-59 years but infrequently in patients with 
severely calcified valves. 

A nonstenotic bicuspid valve produces a characteristic 
systolic ejection click at the apex (Fig. 5-12). Stenosis is 
indicated by a systolic murmur in the aortic area that 
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Fig. 5-12. Phonocardiogram in a young man with aortic stenosis. 
A typical systolic ejection click (SEC) and a systolic ejection 
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murmur (M) are demonstrated. The carotid trace is normal. 
Sl = first heart sound; S2 = second heart sound. 
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Fig. 5-13. AM-mode echocardiogram in a boy with a stenotic 
bicuspid aortic valve. Asymmetrical valvar closure is demon
strated (open arrows). The opening and closing motions (solid 
arrows) indicate a normal excursion of the valve. These echoes 
probably originate from the base of the valve rather than from 
the narrow orifice at the tip of the domed valve. This appearance 
of the aortic valve occurs with stenotic but flexible valves. B 

and C are from a two-dimensional echocardiogram of a bicuspid 
aortic valve in a 14-year-old boy whose coarctation of the aorta 
had been repaired previously. The short axis view of the aortic 
valve during diastole (B) shows a single straight line across the 
aortic orifice representing the coaptation of the leaflets. During 
systole (0 the two leaflets diverge anteriorly (arrowhead) and 
posteriorly. 

c 
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Fig. 5-13 (Cont. ) D is the M-mode echocardiogram of the aortic 
valve in this patient. Note that the line of coaptation (arrow) is 
in the center of the aortic root during diastole. Therefore, this 
bicuspid aortic valve would not have been recognized by M-mode 
echocardiography alone. Compare with Fig. 5-4E, a case of aortic 
stenosis with a trileaflet aortic valve in which an apposition of 
the free edges of the leaflets form the characteristic "Mercedes 
Benz" sign during diastole. R V = right ventricle; RA = right 
atrium; LCA = left coronary artery. 

radiates to the carotid arteries. Moderate to severe stenosis 
is suggested by a thrill in the suprasternal notch and along 
the carotid arteries. On M-mode echocardiography the 
finding most characteristic of bicuspid aortic valve is asym
metrical closure of the valve (Fig. 5-13A). On 2-D echocar
diography the short axis view of the aortic valve shows 
the nonfused leaflet and the conjoint leaflet forming a single 
line of coaptation across the aortic anulus during diastole 
(Fig. 5-13B). During systole the opening motion of the 
two leaflets is demonstrated (Fig. 5-13C), in contrast to 
the "Mercedez-Benz" sign occurring with a normal aortic 
valve (Fig. 2-20). On aortography (Fig. 5-14) a bicuspid 
valve is diagnosed when each leaflet of the aortic valve 
encompasses the entire width of the aortic root in the left 
anterior oblique or lateral view. The conjoint leaflet forms 
a slightly curved line across the root of the aorta, while 
the nonfused leaflet is deeply convex and forms the lower 
margin of the aortic root. During systole a jet of contrast 
medium may be apparent, the aortic root being often asym
metrically dilated by the jet against its wall. On occasion, 
mild aortic insufficiency is present. Severe aortic insuffici
ency is uncommon with bicuspid aortic valve unless infec
tive endocarditis is superimposed. When heavy calcification 
is present the sinuses of Valsalva are obliterated and the 
diagnosis of bicuspid aortic valve can no longer be verified 
by aortography. In such instances the patterns of calcifica
tion observed on plain films (Fig. 5-15) are more likely 
to be diagnostic than is aortography, the diagnosis being 
based on the characteristic bulbous appearance of the calci
fied raphe (Fig. 5-10). The calcified lines of insertion of 
the shallow conjoint leaflet and of the deeply convex non
fused leaflet also facilitate recognition (Figs. 5-16 and 5-
17). In the authors' study of 120 patients with severe calcifi
cation of the aortic valve a bicuspid aortic valve was diag
nosed in 26 (65%) of 40 patients in whom a bicuspid valve 
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was observed at surgery. Aortography, on the other hand, 
was diagnostic in only 25% of cases. 

A stenotic bicuspid aortic valve is usually not amenable 
to commissurotomy because the stenosis is caused by fibro
sis and calcification rather than by commissural fusion. 
A surgical incision to widen the commissure or divide the 
conjoint leaflet leaves the free edges unsupported, so that 
aortic insufficiency ensues. When surgical intervention is 
required in these cases, replacement of the valve is usually 
necessary. 

Fig.5-14. Aortogram (lateral view) in a congenital bicuspid aortic 
valve. The single nonfused leaflet encompasses the entire width 
of the aortic root, forming its deeply convex lower margin. The 
conjoint leaflet forms a slightly curved line across the root of 
the aorta. Spindola-Franco H et al (1982) Recognition of bicuspid 
aortic valve by plain film calcification. Am J Roentgenol 139:867-
872. Copyright 1982. Reproduced by permission. 
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Type I = 3/40 

Type II = 9/40 

Type III - 10/40 

Fig. 5-15. Patterns of calcification of bicuspid aortic valve and 
their incidence. Type I, calcified raphe; Type II, calcification of 
raphe and shallow line of insertion of the conjoint leaflet; Type 
III, calcified raphe and calcification of the lines of insertion of 
both leaflets (this pattern looks like an upside down mushroom); 
Type IV, calcification of the same structures as in Type III, but 
the calcified aortic ring is rotated, forming a circle on lateral 
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plain chest films; Type V, calcification of the shallow conjoint 
leaflet and deeply convex nonfused leaflet (boat-shape configura
tion); the raphe is not calcified. Spindola-Franco H et al (1982) 
Recognition of bicuspid aortic valve by plain film calcification. 
Am J Roentgenol 139:867-872. Copyright 1982. Reproduced by 
permission. 
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Fig. 5-16. Roentgenogram of the chest and spot film in a patient 
with a calcified congenital bicuspid aortic valve (type III) . A Lateral 
view; B loo-mm LAO spot film. The bulbous raphe (arrow head), 
the attachment of the conjoint leaflet (unlabeled) and the attach
ment of the nonfused leaflet (arrows) fonn a characteristic "up
side-down mushroom" appearance. Spindola-Franco H et al 
(1982) Recognition of bicuspid aortic valve by plain film calcifica
tion. Am J Roentgenol 139:867-872. Copyright 1982. By penn is
sion. 



Fig. 5-17. Left anterior oblique view of a 35-mm cine jiuorogram 
in a patient with a calcified congenital bicuspid valve (type IV). 
The calcified aortic ring is well demonstrated because of its orien
tation with respect to the film. The bulbous raphe (arrow) points 
toward the center. Spindola-Franco H et al (1982) Recognition 
of bicuspid aortic valve by plain film calcification. Am J Roent
genol 139:867-872. Copyright 1982. By permission. 

Aortic Insufficiency 

Although aortic insufficiency (AI) is due chiefly to rheu
matic fever, other causes must be considered. These include 
congenital bicuspid aortic valve, bacterial endocarditis, 
ventricular septal defect with prolapsing aortic cusp, fenes
tration of aortic cusps, aortico-left ventricular tunnel, con
genital subaortic aneurysm of the left ventricle, ankylosing 
spondylitis, syphilis, Reiter disease, psoriasis, giant cell aor
titis, Takayasu arteritis, Cogan syndrome and systemic lu
pus erythematosus. AI may be due to systemic hypertension 
and aortic atherosclerosis, or dissecting hematoma (aneu
rysm) of the aorta. AI has also been associated with cystic 
medial necrosis in Marfan syndrome, the mucopolysac
charidoses (e.g., Hurler, Hunter, Scheie, and Morquio syn
dromes), Ehlers-Danlos syndrome, osteogenesis imper
fecta, homocystinuria and Larsen syndrome. AI may also 
be due to trauma. 

Clinical Features 
Mild AI is characterized by a diastolic decrescendo mur
mur beginning after the aortic component of the second 
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sound. Hemodynamically significant AI is indicated by a 
left ventricular heave and hyperdynamic carotid and pe
ripheral pulses. With severe AI the apical impulse is dis
placed laterally, indicating left ventricular dilatation. 
Individuals with mild to moderate AI may remain 
asymptomatic for many years. Acute deterioration may 
be secondary to superimposed bacterial endocarditis or 
acute rheumatic fever. Gradual spontaneous progression 
is indicated initially by progressive enlargement of the heart 
or the appearance of pulmonary venous hypertension on 
plain roentgenograms of the chest. Deterioration of the 
ejection fraction derived from echocardiography and nu
clear studies may also predict myocardial decompensation. 
Once symptoms have appeared, deterioration is fairly rapid. 

Echocardiography 
The echocardiographic finding characteristic of aortic re
gurgitation is flutter of the anterior leaflet of the mitral 
valve during diastole (Fig. 5-18), representing vibration 
of the valve secondary to the regurgitant jet. In moderate 
to severe AI the amplitude of the mitral valve is decreased 
(Fig. 5-18). Early closure of the valve may be observed 
in patients with elevated end-diastolic pressure (Fig. 5-
19). The LV diastolic diameter and the shortening fraction 
are increased. LA dilatation may be present. Aortic abnor
malities [e.g., bicuspid valve (Fig. 5-13), fibrocalcific depos
its (Fig 5-2C), vegetation (also see Fig. 5-61), flail aortic 
cusp (Fig. 5-19C)] may be identified. Associated dilatation 
of the aortic root, dilatation of the sinus of Valsalva and 
aortic dissection may be suggested or even diagnosed by 
echocardiography. Associated thickening or calcification 
of the mitral valve may occur because of rheumatic fever. 
Doppler echocardiography from the apex shows reversal 
of flow in the left ventricular outflow tract during diastole. 
With moderate to severe AI a marked reversal of flow is 
also demonstrated in the aorta (see section on Doppler, 
Chap. 2). 

Radiological (Plain Film) Features 
The LV is normal in mild AI. LV enlargement and hyper
trophy occur with moderate to severe degrees of AI. LV 
dilatation is observed on the frontal plain roentgenogram 
as enlargement of the left lower cardiac contour reflected 
in the apex projecting below the left hemidiaphragm (Fig. 
5-20). On the LAO and lateral projections enlargement 
of the lower posterior cardiac contour is present. The as
cending aorta may be dilated, resulting in prominence of 
the aortic segment in the frontal-plane and LAO view. 
The aortic arch and descending aorta may also be promi
nent. In young patients with LV enlargement and dilatation 
of the aorta (aortic configuration) valvular disease should 
be suspected. In the older age group a similar appearance 
may be due to arteriosclerotic and hypertensive changes. 

In complicated AI (LV failure or associated mitral valve 
disease or both), enlargement of the LA and evidence of 
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Fig. 5-18. Mitral valve flutter and left ven
tricular enlargement in patients with aortic 
insufficiency. AM-mode echocardiogram in a 
patient with moderate aortic insufficiency. B 
Magnified image. C Left ventricle beyond the 
mitral valve. Diastolic flutter of the anterior 
mitral leaflet (AML) is demonstrated in A. 
The excursion of the anterior mitral leaflet 
is reduced by the jet of aortic regurgitation. 
In B the flutter of the anterior mitral leaflet 
is best delineated. The posterior mitral leaflet 
(PML) does not flutter. In C from a different 
patient the left ventricle (L V) is dilated with 
normal contractions. The septum and left 
ventricular free wall are thickened. Note flut
ter of the ventricular septum. R V = right 
ventricle. 
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pulmonary venous hypertension may be noted. The pulmo
nary artery and the right-sided chambers of the heart may 
also become dilated. 

Hemodynamics 
The magnitude of the insufficiency depends upon the size 
of the regurgitant opening and the difference between the 
aortic and LV diastolic pressures. LV stroke volume is 
increased. The large stroke volume ejected into the aorta 
(forward cardiac output) causes elevation of the systolic 
pressure. The regurgitant flow (regurgitant volume) pro
duces lowered aortic diastolic pressure and thus a wide 
pulse pressure. Severe aortic regurgitation results in decom
pensation of the LV with elevation of the LV end-diastolic 
and mean capillary wedge (mean left atrial) pressures. LV 
dysfunction in the presence of AI is manifested by a de
crease in the ejection fraction and an increase in the end
systolic volume. The regurgitant volume (RV) can be calcu
lated as follows: 

R V = total LV minute output - forward cardiac output 
by Fick 

Total LV minute output = angiographic stroke volume 
X heart rate 

Regurgitant fraction (RF) is calculated from this formula: 

-,;. 
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Regurgitant Volume 
RF = -=---=------

LV Minute Output 

Contrast Studies 
Qualitative assessment of the severity of AI may be ob
tained from the aortogram. Biplane cine technique is prefer
able to aortography with serial cut films for estimation 
of the severity of AI (Fig. 5-21). This assessment is accom
plished by observing the rapidity of opacification of the 
LV with each diastole. The severity is graded mild, moder
ate, and severe. Mild insufficiency results in incomplete 
or faint opacification of the LV, which clears in one heart 
beat. Moderate insufficiency results in opacification of the 
entire LV, which clears in two or three heart beats. Severe 
insufficiency is characterized by dense opacification of the 
LV, which clears slowly after more than three heartbeats, 
frequently resulting in reopacification of the LV as opacified 
blood oscillates between the LV and the aorta. The qualita
tive assessment requires considerable experience because 
many other factors, such as ventricular performance (hy
pokinesis or hyperkinesis), ventricular size, and associated 
aortic stenosis, as well as mitral disease and pharmacologic 
agents, change the relationship between angiographic dy
namics and regurgitant volume. Therefore, any qualitative 
assessment of aortic insufficiency should be correlated with 
a quantitative assessment of regurgitant volume (described 
under the heading Hemodynamics, in this section). 
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Fig. 5-19. Acute aortic insufficiency. Early closure of the mitral 
valve in an 18-year-old patient in cardiogenic shock, secondary 
to disruption of a porcine aortic valve prosthesis. AM-mode 
echocardiogram at the level of the mitral valve; B M-mode echo
cardiogram at the level of the aortic valve; C arc scan from the 
aortic valve to the left ventricular outflow tract. In A the mitral 
valve closes prematurely because of high left ventricular diastolic 

The anatomical abnormality of the aortic valve responsi
ble for the AI may also be elicited from the aortogram 
(e.g., bicuspid aortic valve, cystic medial necrosis, infective 
endocarditis, syphilitic aortitis). Other forms of AI and 
disorders that simulate AI (e.g., ventricular septal defect 
with prolapsing aortic cusp, aortico-Ieft ventricular tunnel), 
are discussed in Chapter 7. 

Treatment 
Ideally one would prefer to intervene prior to the onset 
of irreversible myocardial decompensation. Once symp-

pressure. The left ventricle is dilated. In B the aortic leaflet flutters 
within the aortic root during diastole (Diast.). The left atrium 
(LA) is grossly dilated. In C the arc scan shows the porcine 
aortic leaflet (Ao.L.) prolapsing into the left ventricular outflow 
tract (L VOT) during diastole. AML = anterior mitral leaflet; 
PML = posterior mitral leaflet; R VOT = right ventricular outflow 
tract; Syst. = systole; Ao = aortic root. 

toms are evident, myocardial decompensation is present, 
and permanent myocardial damage is likely. Progressive 
enlargement of the heart on chest roentgenograms may 
precede symptoms. A large or increasing end-systolic ven
tricular diameter on echocardiography, a large or increas
ing end-systolic volume on a gated blood pool scan or a 
reduction in nuclear ejection fraction during exercise, as 
compared to the ejection fraction at rest, have also been 
used as objective criteria for surgical intervention prior 
to onset of symptoms. Surgical management almost always 
involves replacement of the aortic valve. 
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Fig. 5-21. 35-mm cine aortogram in a patient with severe aortic 
insufficiency. A RAO view; B LAO view. In A the left ventricle 
fills densely with contrast material after injection into the aortic 
root. In B the regurgitant jet strikes the anterior leaflet of the 

Fig. 5-20. Frontal plane roentgenogram of the chest in a 31-year
old patient with severe aortic insufficiency. The heart is enlarged 
with moderate left ventricular dilatation. The left heart border 
is elongated, and the cardiac apex projects below the left hemidia
phragm. The ascending aorta and the aortic arch are markedly 
dilated. Mild pulmonary venous hypertension is indicated by 
equalization of the caliber of the upper and lower pulmonary 
vessels. Microscopical examination of surgical specimens of the 
aortic wall showed giant cell aortitis. See Fig. 5-26 for the aorto
gram. 

mitral valve (arrows), accounting for flutter of the anterior leaflet 
on echocardiography and for the Austin Flint murmur, which 
simulates mitral stenosis in patients with aortic insufficiency. 
LV = left ventricle. 

B 



Marfan Syndrome 

Marfan syndrome is a generalized disorder of connective 
tissue involving the skeletal, ocular and cardiovascular sys
tems. The skeletal manifestations include excessively long 
extremities, arachnodactyly and laxity of joints. Kyphosco
liosis and pectus deformities are common. Subcutaneous 
fat is sparse. Excessive anterior-posterior dimension of the 
eye results in myopia and, on occasion, retinal detachment. 
Later, defects in the suspensory ligaments result in disloca
tion of the lens. Cardiac manifestations include dilatation, 
aneurysm and dissection of the aorta due to cystic medial 
necrosis. Aortic insufficiency may result from aortic dilata
tion or from myxomatous degeneration of the aortic valve. 
Myxomatous degeneration of the mitral valve and laxity 
of the chordae tendineae cause mitral valve prolapse. Accel
erated calcification of the mitral anulus has also been re
ported. Histological studies demonstrate cystic medial ne
crosis, characterized by mucoid degeneration of elastic fibers 
and formation of cysts in the media with disruption, frag
mentation and rarefaction of the elastica (cystic medial 
necrosis). Redundancy of smooth muscle masses and dilata
tion of the vasa vasorum also occur. These findings are 
usually confined to the aortic root and ascending aorta, 
resulting in effacement of the sinuses of Valsalva and bul
bous (symmetrical) dilatation of the ascending aorta. Dis
section and rupture of the aorta are frequent lethal compli
cations. Histological changes in the aortic and mitral valve 
include disruption and loss of the normal valvular architec
ture, increase in mucopolysaccharide ground substance and 
cystic degeneration (myxoid or mucoid in nature). As a 
result, ballooning or redundancy of the cusps occurs with 
thinning and fenestration. Histological sections have also 
shown significant changes in the arteries to the sinus node 
and atrioventricular node. Associated abnormalities such 
as coarctation of the aorta, ventricular septal defect, patent 
foramen ovale, and varicosities of the cardiac and periph
eral veins may be present. Bacterial endocarditis may be 
superimposed. The incidence of hypertension, proteinuria 
and chronic pyelonephritis is high in patients with Marfan 
syndrome. 

Marfan syndrome is inherited as a dominant trait with 
variable expression (i.e., the forme fruste of Marfan syn
drome); however, in approximately 15% new mutations 
appear to have developed. Similar pathological changes 
occur in other disorders such as Ehlers-Danlos syndrome, 
osteogenesis imperfecta, homocystinuria, Larsen syndrome 
and the genetic mucopolysaccharidoses (Hurler, Hunter, 
Morquio, and Scheie syndromes). These changes do not 
occur in Sanfilippo syndrome. Of interest is the occurrence 
of cystic medial necrosis of the aorta in rats affected by 
lathyrism. 

Clinical Features 
Clinical findings relative to the cardiovascular system in
clude a hyperdynamic precordium and a murmur of aortic 
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insufficiency. Some patients exhibit the characteristic mid 
systolic click and late systolic murmur of mitral valve pro
lapse; however, many present with holosystolic murmurs 
of mitral insufficiency. Progression of the aortic insuffi
ciency is accelerated, and congestive heart failure ensues 
during young adult life. Acute aortic dissection is especially 
likely with trauma, with hypertension and during preg
nancy. In patients with Marfan syndrome the dissection 
may be painless (silent dissection). The electrocardiogram 
may show nonspecific ST-T-wave changes, or it may reflect 
the excessive volume load placed upon the heart by chronic 
aortic or mitral insufficiency. 

Echocardiography 
The echocardiogram may be normal but often indicates 
dilatation of the root of the aorta. On 2-D echocardiogra
phy the sinuses of Valsalva and the proximal segment of 
the ascending aorta are dilated (Fig. 5-22). Signs of aortic 
insufficiency (e.g., flutter of the anterior leaflet of the mitral 
valve, early closure of the mitral valve) are often present. 
The LV may be dilated. Mitral valve prolapse may be 
evident as well (see also Fig. 5-50). 

Radiological (Plain Film) Features 
Abnormalities of the thoracic cage (pectus excavatum) and 
spine (kyphoscoliosis) may be observed. The LV is usually 
enlarged with marked prominence of the ascending aorta 
(Fig. 5-23). Marked dilatation of the sinuses of Valsalva 
(Fig. 5-24) may cause displacement of the pulmonary ar
tery anteriorly and laterally, producing a bulge in the pul
monary artery segment, reminiscent of dilatation of the 
pulmonary artery on the PA projection (Fig. 5-25). The 
dilated sinuses of Valsalva may also produce a double den
sity on the posterolateral roentgenogram, mimicking LA 
enlargement (Fig. 5-23A). Effacement or obliteration of 
the normal angle formed by the ascending aorta and base 
of the heart is often noted on the PA projection (Fig. 5-
23). Analysis of the oblique and lateral projections will 
usually clarify the nature of the abnormality (Fig. 5-23B). 
Although severe aortic insufficiency due to rheumatic fe
ver may be reminiscent of the foregoing, the rheumatic 
heart demonstrates true LA and pulmonary artery enlarge
ment secondary to mitral involvement. Pseudo LA enlarge
ment can best be differentiated from true LA enlargement 
on the LAO and lateral projections. Bulbous dilatation 
of the root of the aorta will be noted anteriorly, whereas 
true LA enlargement will be observed posteriorly. Efface
ment of the angle formed at the waist of the heart by 
the ascending aorta and the base of the heart is more com
monly observed in patients with aortic insufficiency second
ary to cystic medial necrosis than in patients with rheu
matic aortic valvular disease. 

Hemodynamics 
Abnormalities in hemodynamics correspond to the severity 
of the aortic insufficiency. (See section on hemodynamics 
in aortic insufficiency above.) 
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Fig. 5-22. Two-dimensional echocardiogram of the aortic root in 
an ll-year-old girl with Marfan syndrome. A with labels; B with
out labels. The sinuses of Val salva (SV) are symmetrically dilated 
so that the root of the aorta (Ao) appears bulbous. eM-mode 
echocardiogram at the level of the aortic valve. The diameter 

Contrast Studies 
The findings on aortography are characteristic of cystic 
medial necrosis, which occurs in Marfan syndrome and 
also with other related disorders of connective tissue (Fig. 
5-24). The root of the aorta is symmetrically dilated, and 
the semilunar sinuses are effaced. The appearance of the 
aortic root is characterized as pear-shaped or onion shaped. 
The dilatation of the aorta usually does not involve the 
aortic arch or the origin of the brachiocephalic vessels; 

of the root of the aorta (Ao.) is 3 cm (normal is 1.7-2.3 em). 
The arrows indicate the leaflets of the aortic valve. (This is the 
same patient as in Fig. 5-50). R VOT = right ventricular outflow 
tract; LA = left atrium. 

however, the descending aorta may be affected. In some 
instances the proximal portions of the coronary arteries 
may also be dilated. The branches of the abdominal aorta 
at their sites of origin may also be affected (e.g., celiac, 
superior mesenteric, renal arteries). In contrast, in patients 
with aortic arteritis syndromes, the ascending aorta is uni
formly dilated over its entire length, maintaining its tubular 
appearance (Fig. 5-26) rather than the bulbous shape oc
curring in Marfan syndrome. 
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A B 
Fig. 5-23. Roentgenograms of the chest in a man with Marfan 
syndrome. A Frontal plane view; B lateral view. Marked dilatation 
of the root of the aorta produces a double density within the 
cardiac silhouette (pseudo left atrial enlargement). The normal 
angle formed between the ascending aorta and the base of the 
heart is effaced by the dilated ascending aorta. The aorta also 
displaces the main pulmonary artery superiorly and laterally, pro
ducing a bulge in the pulmonary artery segment (pseudo pulmo-

Intimal flaps (Figs. 5-24B), signifying dissection of the 
aorta (asymptomatic, or silent dissection), may be difficult 
to demonstrate, although recognition of these flaps is 
crucial. Unlike dissection due to hypertension and ath
erosclerosis, which usually involves the right coronary ar
tery, dissection due to cystic medial necrosis may involve 
either coronary artery, although involvement of the right 
coronary artery is more likely. Left ventriculography gener
ally shows a dilated, hyperkinetic ventricle. Late in the 
course or with acute cardiac decompensation, the LV may 
contract poorly. Associated prolapse of the mitral valve 
and mitral insufficiency are also demonstrated. In the au
thors' experience the combination of dilatation of the aortic 
root and prolapse of the mitral valve is uncommon. Isolated 
prolapse of the mitral valve or isolated dilatation of the 
aortic root is more frequently encountered. 

Treatment 
Acute aortic dissection or severe progressive aortic insuffi
ciency warrants surgical treatment. Aortic valve replace
ment with replacement of the dilated ascending aorta, using 
a composite graft, is recommended. McDonald et al. have 

nary artery dilatation) (see also Fig. 5-25). In the lateral film 
the dilated aortic root obliterates the retrostemal clear space. 
Thus the lateral film shows that the double density noted on 
the frontal view is due to the dilatation of the aortic root rather 
than enlargement of the left atrium. Note that the dilatation of 
the root of the aorta does not extend into the aortic arch. Mild 
left ventricular enlargement is present. (Same patient as in Figs. 
5-24 and 5-25.) 

recommended prophylactic replacement of the aortic valve 
and ascending aorta when the diameter of the aortic root 
reaches 5.5 cm. On occasion mitral valve regurgitation be
comes so severe that the mitral valve requires replacement 
as well. Postoperative complications frequently encoun
tered in individuals with Marfan syndrome are dehiscence 
of the prosthetic valve and recurrence of aortic aneurysm. 

Mitral Stenosis 

Disease of the mitral valve (MV) usually results from rheu
matic heart disease. MV disease is rarely congenital in 
origin. Females are affected by rheumatic mitral stenosis 
more frequently than are males. Mitral stenosis (MS) is 
more common than mitral insufficiency (MI). However, 
MS and MI often occur in the same patient. MS is caused 
by scarring, thickening, fusion and shortening of the chor
dae tendineae, resulting in a diaphragm-like funnel-shaped 
valve with diminished valve excursion. Calcification is fre
quently present in varying amounts. 

On occasion, extensive calcification of the mitral anulus 
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interferes with valvar opening and obstructs the mitral ori
fice, causing signs and symptoms of MS. The differential 
diagnosis of MS also includes LA tumor, hypertrophic car
diomyopathy and endomyocardial fibrosis of the LV. 

The reduction in the size of the MV orifice increases 
the resistance to the flow of blood across the MV, causing 
elevation of the LA pressure. The increased LA pressure 
is transmitted to the pulmonary veins, pulmonary capillary 
bed and pulmonary arteries, resulting in elevation of pulmo
nary artery pressure and resistance. The resulting increased 
work load on the right ventricle (R V) causes hypertrophy 
and eventually dilatation of this chamber. The reduced 
compliance of the hypertrophied R V augments the work 
load on the right atrium (RA), causing it to enlarge as 
well. The tricuspid ring may enlarge, causing tricuspid in
sufficiency. Systemic venous hypertension develops, to
gether with ascites, dependent edema and cardiac cirrhosis. 
Bacterial endocarditis may be superimposed at any stage 
of the disease. 

Clinical Features 
The clinical features of MS relate to the hemodynamic 
alterations. Dyspnea develops due to the elevated pulmo
nary venous pressure, while fatigue is secondary to the 
reduced cardiac output. Individuals with mild degrees of 

Fig. 5-24. Aortogram in a patient with Marfan syndrome. A Lat
eral view; B shallow LAO view. A The root of the aorta is symme
trically dilated and bulbous, with effacement of the semilunar 
sinuses. Aortic insufficiency is present. B A tear is demonstrated 
in the anterolateral wall (arrows). The tear was not detected on 
the lateral film. This emphasizes the requirement to look carefully 
for tears, using multiple views as necessary. 

Fig. 5-25. Pulmonary angiogram in a patient with Marfan syn
drome. The dilated root of the aorta displaces the main pulmonary 
artery superiorly and laterally, simulating pulmonary artery dila
tation or pUlmonary hypertension on the frontal roentgenogram 
of the chest. 

B 
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A B 
Fig. 5-26. Aortogram in a 32-year-old man with giant cell arteritis 
and aortic insufficiency. A AP view; B lateral view. The ascending 
and descending aorta are dilated. The arch is also dilated, but 
to a lesser extent. The root of the aorta and the semilunar sinuses 
are also dilated. The left ventricle opacifies densely because of 

MS may be asymptomatic. Dyspnea on exercise is charac
teristic of moderate stenosis, while dyspnea at rest, orthop
nea and signs of pulmonary edema occur with the severe 
forms of MS. Hemoptysis, due to rupture of bronchial 
veins may be observed. Pulmonary infections are frequently 
superimposed. Systemic thromboembolism may occur in 
less severe forms of MS, becoming more frequent with 
increasing severity of the MS. Individuals with low cardiac 
output and atrial fibrillation are especially susceptible to 
this complication. On occasion a large thrombus forms 
within the LA cavity, causing acute obstruction of the mi
tral orifice. 

On physical examination, in mild forms of MS a mid 
diastolic flow rumble, audible at the apex and preceded 
by an opening snap, is often detected. With progressively 
severe stenosis the opening snap becomes louder and earlier, 
tending to disappear as the valve becomes calcified and 
rigid. In addition, signs of pulmonary hypertension (loud 
pulmonary second sound) and RV enlargement (RV heave) 
appear. The diastolic murmur may become louder, and a 
diastolic thrill may be felt. With severe MS and a subse
quent fall in cardiac output, the diastolic murmur may 
disappear so that only findings relating to the right side 
of the heart remain. The electrocardiogram shows evidence 
of LA enlargement or atrial fibrillation. With severe dis
ease of the mitral valve, R V hypertrophy is observed. 

severe aortic insufficiency. The coronary arteries are usually di
lated in patients with severe aortic insufficiency. This angiogram 
is from the patient in Fig. 5-20. Compare the appearance of 
the aorta with that observed on plain roentgenogram of the chest. 

Echocardiography 
M-mode echocardiography (Fig. 5-27) shows thickening 
of the MV in MS. The posterior mitral leaflet moves anteri
orly at the onset of diastole as if tethered to the anterior 
leaflet, and both leaflets move gradually posteriorly as the 
ventricle fills (E-F slope). The slow rate of descent of the 
MV with MS (decreased E-F slope) is said to reflect slow 
filling of the LV; nevertheless, the E-F slope does not corre
late with the severity of MS. The excursion of the opening 
motion of the anterior leaflet does, however, correlate with 
pliability of the valve (a rigid valve will move very little 
as it opens). On 2-D echocardiography (Fig. 5-28) the 

Fig. 5-27. Mitral stenosis. M-mode echocardiograms with mild ~ 
(A) moderate (B) and severe (C and D ) stenosis. In A the leaflets 
are thickened, the E-F slope is decreased, and the opening motion 
is limited; however, the posterior leaflet of the mitral valve (PML) 
moves posteriorly away from the anterior leaflet (AML) during 
diastole. In B multiple echoes are present during diastole and 
the E-F slope is nearly horizontal; however, the opening motion 
(D-E excursion) is normal, indicating a flexible valve. In C and 
D the leaflets are markedly thickened and their excursion is de
creased. Both leaflets move in parallel, the posterior leaflet moving 
anteriorly during diastole. The leaflets are not only markedly 
fibrotic, but they are also probably calcified. R V = right ventricle; 
IVS = interventricular septum; Syst. = systole 



206 Valvular Heart Disease 

11111111 11 1111111 11111 111111111111111 11111 11111 111111111I 111 ) 11111111111 , II ) I1I1111111111111111111111111111111111 jill 

111 11111 11 11111111 11111 11111 11111 1111111111 11111 1I11 1111111 1111 11 111IIII1 11111 1111 111111 111111 1111 11111 11111 11111 11111 111 11 1111 

r-y-- ._.-V If· v~ ~ 
, I I I I 

Fig. 5-27. Legend is on preceding page. 
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Fig. 5-28. Mitral stenosis. Two-dimensional echocardiogram in 
a 35-year-old woman with symptoms of fatigue and dyspnea on 
exertion. A Long axis, systole; B long axis, diastole; C four-cham
ber view, systole; D four-chamber view, diastole; E short axis 
view at the level of the mitral valve during diastole. In the long 
axis view (A and B) the mitral valve is thickened, especially its 
edges. During diastole (B) the excursion of the leaflets is normal. 
The free edge, however, is tethered so that the anterior leaflet 
forms an angle or "elbow." The arrow points to the anterior 
mitral leaflet. The mitral orifice is small. In the four-chamber 
view during systole (C) the mitral valve (arrow) forms a slightly 
curved line across the orifice. The dense echoes on the ventricular 
side of the anterior leaflet of the mitral valve probably represent 
side lobes from calcification adjacent to the base of the mitral 
valve. During diastole (D) the leaflets dome into the left ventricle. 
The motion of the leaflets is limited. On the short axis view 
during diastole (E) the narrow orifice ofthe mitral valve is demon
strated (arrow). This image may be enlarged and its area deter
mined by planimetry. The grid inserted in the right lower comer 
indicates 1 cm X 1 cm. LV = left ventricle; Ao. = aorta; MV 
= mitral valve; LA = left atrium. 
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Fig. 5-29. Plain roentgenogram of the chest in a 71-year-old 
woman with mitral stenosis. In A, the frontal view, the left atrium 
is enlarged, forming a double density within the cardiac silhouette 
and also forming the upper portion of the convex segment of 
the right heart border. The right atrium is also enlarged and 
comprises the lower part of the convex segment of the right heart 

MV is thick and its motion limited; the anterior leaflet 
domes during diastole. Careful scanning in the short axis 
may demonstrate the orifice of the MV at the tips of the 
leaflets. Measurements of the area of this orifice correlate 
with calculations of valve area based on hemodynamic data 
and surgical findings. Echocardiography additionally will 
demonstrate evidence of LA dilatation and RV enlargement 
if present. 

An elevation of the velocity just below the mitral valve 
by Doppler echocardiography reflects the pressure differ
ence across the valve. A prolonged pressure half-time de
rived from the Doppler tracing correlates with a small 
valve area (Hatle). 

Radiological (Plain Film) Features 
The pulmonary vasculature and the configuration of the 
cardiovascular silhouette in MS are often characteristic 

border. The opacity of the right atrium is less dense than that 
of the left atrium. The "third mogul" along the left heart border 
is formed by the dilated left atrial appendage. B On the lateral 
view the normal retrosternal clear space is obliterated by the 
enlarged right ventricle and right atrium. 

("mitral heart"), reflecting the pathophysiological changes 
(Fig. 5-29). The following signs are usually noted on plain 
films with rheumatic MS: (1) LA enlargement (Figs. 5-
30, 5-31), (most common finding); (2) pulmonary venous 
hypertension; (3) small aortic knob; (4) enlargement of 
the main pulmonary artery; (5) RV enlargement; (6) RA 
enlargement; (7) cardiac calcifications (Fig. 5-32) (e.g., 
MV, LA wall, LA thrombus, wall of LA appendage, pul
monary artery); (8) pulmonary hemosiderosis with pulmo
nary calcification (Fig. 5-33) and ossification (late findings 
in pulmonary venous hypertension) and (9) normal sized 
or small LV. The combination of a normal LV, enlargement 
of the LA, a prominent pulmonary artery and an incon
spicuous aortic arch constitutes the characteristic mitral 
heart configuration (Fig. 5-29). (See also Chapter I for 
description of pulmonary venous hypertension and cardiac 
chamber enlargement.) 
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Fig. 5-30. Plain roentgenogram of the chest in a 21-year-old 
woman with mitral stenosis after mitral valve surgery. A P A view; 
B lateral view. In A left atrial enlargement produces a bulge 
along the upper portion of the convex segment of the right heart 
border. Straightening of the left heart border on the frontal plane 
film is caused by the enlarged left atrial appendage and also by 

In a large number of patients with MS, MI is associated. 
Many individuals also have aortic valve disease. The LV 
does not dilate with pure MS but frequently dilates because 
of either MI or aortic valve disease. Once this occurs it 
may be impossible to differentiate between MS and MI 
on the basis of the plain films alone. Dilatation of the 
aorta with LV enlargement indicates aortic valve involve
ment but does not exclude MI. The LA is enlarged in 
both MS and MI; thus such enlargement is not very helpful 
in distinguishing between the two entities. Although it has 
been claimed that a giant LA is characteristic of massive 
insufficiency and only rarely occurs with pure stenosis, the 
authors have observed relatively frequently a giant LA in 
association with pure MS (Fig. 5-34). Aneurysmal dilata
tion of pulmonary veins (pulmonary varix) is an uncommon 
finding, being associated with predominant MI (see Fig. 
5-47). Calcification of the LA wall represents virtually 

mild dilatation of the right ventricle (the outflow tract). On the 
lateral film (B), enlargement of the right ventricular outflow tract 
partially obliterates the retrosternal clear space. Contrast these 
subtle findings with classical mitral stenosis illustrated in Fig. 
5-29 and with the examples of more exaggerated manifestations 
of mitral stenosis (Fig. 5-31). 

irrefutable evidence of MS, although rarely it may occur 
after prosthetic replacement of the MV (Fig. 5-32). 

Hemodynamics 
In moderate to severe MS, the RV, pulmonary artery and 
pulmonary artery wedge pressure are elevated. The pulmo
nary artery wedge pressure, measured simultaneously with 
the LV pressure, defines the gradient across the valve. The 
mean valve gradient and the cardiac output are used to 
calculate the valve area. 
The Gorlin Formula for mitral valve area follows: 

where A = Valve area (cm2) 

F 
A = -=-:--:-:-::-:--;:====::;::= 

C X 44.5v1mean gradient 

C = Empiric orifice correction factor obtained by 
comparing the calculated valve area with the 



A 

Fig. 5-31. Roentgenograms of the chest in a patient with mitral 
stenosis and giant left atrium. A PA view; B lateral view. On 
the PA view the left atrium forms the entire right heart border. 

area measured at surgery. (C = 0.85 for the 
mitral valve). Mean gradient is obtained from 
the planimetered area between the superim
posed left ventricular and left atrial pressure 
tracings (mm Hg X sec) divided by the dia
stolic filling period per beat .(sec) measured 
from the same tracing. (Note: If diastolic filling 
period per beat is measured from the super
imposed aortic and left atrial or pulmo
nary venous wedge tracings, then C = 0.7). 

F = flow rate across the mitral valve (mllsec) 
obtained from this formula: 

cardiac output (mllmin) 
F = -----........ .....:......--"---

diastolic filling period (sec/min) 

where diastolic filling period (DFP) is the 
number of seconds per minute during which 
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B 
The apex is less dense than usual. In the lateral view the huge 
left atrium forms the anterior and posterior heart border. 

filling of the heart occurs. (DFP = diastolic 
filling period per beat X heart rate). 

A MV area of 1.6-2.0 cm2 (normal 4-6 cm2) correlates 
with the presence of mild symptoms. A valve area of 1.0 
cm2 may be associated with moderate symptoms, and a 
valve area of 0.5 cm2 generally reflects severe symptoms. 

Angiocardiography 
Selective retrograde opacification of the LV in the RAO 
(30°) and LAO (70°) projections, using biplane cine tech
nique, is the method of choice for demonstration of diastolic 
doming of the mitral leaflets (Fig. 5-35A). Varying degrees 
of obliteration of the radiolucent diastolic filling wave (un
opacified blood entering the LV early in diastole) are noted. 
The MV leaflets are thickened and limited in motion; the 
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papillary muscles and chordae tendineae are thickened and 
foreshortened (Fig. 5-35B). The LV is usually normal in 
size, and its contractions are normal. The severity of retro
displacement of the LV (Fig. 5-36) depends on the extent 
of R V dilatation. Evaluation of the motion of the anterior 
leaflet of the mitral valve in the LAO projection is very 
useful in determination of commissural stenosis. Normally 
during protodiastole the leaflet opens with a characteristic 
undulating motion of its free edge. With MS the leaflets 
pivot open and do not undulate during diastole. The dia
stolic excursion is limited to a degree that reflects the sever
ity of the stenosis. These features may all correspond to 
the findings on M-mode echocardiography. The presence 
of associated MI is best determined and its severity is best 
estimated in the RAO projection. 

The characteristic pattern of the coronary angiogram 
with MS is caused by the enlargement of the left atrium 
with dilatation and hypertrophy of the R V and by the 
retrodisplacement of the LV (Fig. 5-37). The left anterior 
descending artery is retrodisplaced in the LAO and lateral 
projections (secondary to RV dilatation and LV retrodis
placement). The left circumflex artery shows a characteris
tic anterior bowing in the RAO and frontal projections, 
and the left atrial circumflex artery is usually enlarged. 
These changes are secondary to LA dilatation. The right 
coronary artery proper (right circumflex) has a wide sweep 
(LAO projection) and a longer than normal course, and 
its branches tend to be large because of R V enlargement. 
Neovascularity or direct intracavitary drainage (or both) 
of the atrial branches may be observed, most frequently 
in the LA appendage (Fig. 5-38). Neovascularity and direct 
intracavitary drainage in patients with MS have been de
scribed in association with thrombus in the LA appendage. 
In the authors' experience neovascularity and direct intra
cavitary drainage occur rather frequently in patients with 
MS, even in the absence of atrial thrombus. The vessels 
may have formed in response to a thrombus that has since 
dissolved or embolized, or they may be due to a local 
phenomenon relating to an abnormality of the wall of the 
atrium. Neovascularity also occurs in patients with intra
cavitary tumors, especially left atrial myxoma (Fig. 8-7). 
The vessels feed the tumor, producing a "blush" inside 
the heart. Vessels supplying a neoplasm differ from those 
occurring with mitral stenosis in that they generally origi
nate from sites other than the left atrial appendage. 

Treatment 
Medical management involves prophylaxis against recur
rence of rheumatic fever as well as bacterial endocarditis. 
Diuretics may relieve symptoms of pulmonary venous hy
pertension. Digitalis is used to slow the ventricular rate 
once atrial fibrillation becomes persistent. Anticoagulants 
are given to patients who are at high risk of embolization. 

Surgical treatment consists of mitral commissurotomy 
or MV replacement, with clots being removed from the 
LA. On occasion, the LA appendage is removed to reduce 
the risk of recurrence of thrombosis and embolization. 

Fig.5-32. Calcification o/the heart and pulmonary vessels caused 
by chronic pulmonary venous hypertension. Chest roentgenogram 
in a woman who had mitral valve replacement for severe mitral 
stenosis. A P A view in 1973; B P A view and C lateral view in 
1981. In A the heart presents the typical "mitral heart" configura
tion. The left atrium is border forming on the right. The convexity 
of the left heart border is caused by dilatation of the right ventricu
lar outflow tract. The aorta is inconspicuous. By 1981 the entire 
wall of the left atrium is calcified (B and C). Calcification of 
the pulmonary arteries and veins along with pulmonary vascular 
redistribution indicates chronic pulmonary arterial and venous 
(precapillary and postcapillary) hypertension. On the lateral film 
(C), calcification of the right ventricular outflow tract is also 
demonstrated. Calcium in the fornix of the left ventricle (arrow) 
in B results from mural thrombosis and scarring after replacement 
of the mitral valve. 

A 
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Fig. 5-33. Hemosiderosis and pulmonary os
sification in a man with severe mitral stenosis 
and a previous aortic valve replacement. Os
sific nodules associated with hemosiderosis 
are present in the pulmonary bases. Pulmo
nary vascular redistribution, hilar haze and 
right pleural effusion indicate moderate to 
severe pulmonary venous hypertension. In 
B (a coned-down view of the left lung base) 
the ossific nodules are better demonstrated. 



Fig. 5-34. Giant left atrium in a patient 
with pure mitral stenosis. A P A view; B levo
phase of the pulmonary angiogram; C opaci
fication of the right atrium. In A the typical 
"mitral heart" configuration is evident. The 
left atrium is huge and forms the right heart 
border. In B the giant left atrium is opacified 
(arrows). In C the right atrial cavity (white 
arrows) is enlarged but is within the borders 
of the giant left atrium. The catheter tip is 
at the junction of the superior vena cava and 
right atrium (open arrows). 

B 
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Fig. 5-35. Cine angiogram in mitral stenosis. 
A RAO view during diastole; B RAO view 
during systole. The mitral valve is domed 
during diastole (A) sharply outlining the pos
terior leaflet (arrows). Contrast material 
trapped in the subaortic curtain coats the 
ventricular surface of the anterior leaflet of 
the mitral valve. The diastolic wave of un
opacified blood that normally rushes into the 
left ventricle is not present with mitral steno
sis. Instead, the mitral valve remains sharply 
outlined during diastole. During systole (B) 
the papillary muscles (PM) are foreshort
ened, and the chordae tendineae are thick
ened and matted (arrows). 



Fig. 5-36. Retrodisplacement of the left ventricle 
secondary to right ventricular dilatation in a patient 
with mitral stenosis. LAO views. A Diastole; B sys
tole. The apex of the left ventricle is directed ap
proximately toward 6:00 o'clock. (Normally the 
apex is directed toward 7:00 o'clock.) The degree 
of counterclockwise rotation corresponds to the ex
tent of dilatation of the right ventricle. This type 
of rotation of the apex of the left ventricle as a 
criterion of right ventricular dilatation pertains 
only to the standard LAO view and not to any 
angulated views or the standard lateral views. On 
the standard lateral view the left ventricle is retro
displaced, but its axis is relatively unchanged. 
Retrodisplacement of the left ventricle occurs with 
any condition (volume or pressure overload) that 
causes enlargement of the right ventricle in the 
presence of a relatively normal-sized left ventricle. 
In A the left ventricle is also rotated in its vertical 
axis so that the anterior leaflet of the mitral valve 
(white arrows) is superimposed on the ventricular 
septum. The bodies of the anterior papillary muscle 
and fused chordae tendineae (black arrows) are out
lined in diastole. In B the posterior papillary muscle 
(PM) along with its fused foreshortened chordae 
tendineae (arrows) is demonstrated best during sys
tole in this patient. 
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C D 
Fig. 5-37. The appearance of the left coronary artery in mitral 
stenosis. A RAO view; B LAO view; CPA view; D lateral view. 
The characteristic pattern is caused by right ventricular enlarge
ment and hypertrophy, by retrodisplacement of the left ventricle 
and by enlargement of the left atrium. In the RAO and P A 
views, the left circumflex artery (LeX) forms a wide curve toward 
the apex of the left ventricle (anterior bowing, the opposite of 
the normal curve) because of enlargement of the left atrium. In 
the LAO and lateral views the left anterior descending artery 

(LAD) is retrodisplaced. This posterior displacement of the LAD 
corresponds to a similar retrodisplacement of the left ventricle 
caused by the dilated right ventricle. Compare with Fig. 5-36. 
Enlargement of the right ventricle also causes rotation of the 
heart around its vertical axis so that the LAD on the lateral 
view appears as if it were in the LAO projection. In A and C 
the left atrial circumflex artery is indicated by the arrow. This 
vessel is stretched to delineate the dilated left atrium. 



Fig. 5-38. Neovascularity and direct intracavitary drainage into 
the left atrial appendage in a 63-year-old woman with mitral steno
sis. Lateral view of selective left coronary artery injection. 
Branches of the left atrial circumflex artery show numerous distal 
vessels (neovascularity) and direct drainage into the cavity of 
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the left atrial appendage. The arrow points toward a momentary 
concentration or "puddle" of contrast medium within the left 
atrial appendage. This contrast material is quickly diluted and 
carried away by unopacified blood. No left atrial thrombus or 
neoplasm was observed at operation. 
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Fig. 5-39. Calcification of the mitral anulus. M-mode echocardio
gram in a patient without signs of mitral valve dysfunction. A 
dense band of echoes just posterior to the mitral valve (Calc. 
Anulus) obscures the posterior leaflet. The anterior leaflet of the 
mitral valve is not thickened and has a normal excursion. These 
findings militate against the diagnosis of mitral stenosis. (Diastolic 

Dysfunction of the Mitral Valve Secondary to 
Calcification of the Mitral Anulus 

Calcification of the mitral anulus is common in older per
sons and usually produces no signs or symptoms. On occa
sion it causes mitral valve dysfunction. If the leaflets are 
displaced, mitral insufficiency may result. If the calcium 
surrounds the MV it may reduce the size of its orifice 
and produce mitral stenosis. Calcium may also extend into 
the ventricular septum, producing left ventricular outflow 
tract obstruction and arrhythmias, including complete 
heart block. 

Conditions that predispose toward or accelerate calcifi
cation of the mitral anulus are hypertension, aortic stenosis, 
possibly hypertrophic cardiomyopathy, hyperlipidemia, 
chronic hypercalcemia due to renal or parathyroid disease 
and abnormalities of connective tissue (e.g., Hurler syn
drome, Marfan syndrome). 

Clinical findings are those of mitral insufficiency, mitral 
stenosis or subaortic stenosis. 

flutter of the anterior leaflet of the mitral valve may be due to 
aortic insufficiency.) The apparent echo-free space behind the 
calcified anulus caused by acoustic shadowing should not be mis
taken for pericardial effusion. Septum = ventricular septum; 
L VPW = posterior wall of the left ventricle. 

On M-mode echocardiography the calcium appears as 
a dense band just behind the MV, often extending into 
the LV muscle (Fig. 5-39). The LV posterior wall may 
be obscured by acoustic shadowing to produce an apparent 
echo-free space (not to be mistaken for pericardial effusion). 
The calcific density may also appear to extend into the 
LA as the echo beam is directed cephalad, beyond the 
LA-LV junction. The extension of the image is due to 
the intensity of the returning echoes, causing failure of 
lateral resolution. 

The posterior mitral leaflet is often obscured; however, 
the anterior mitral leaflet is not thickened and usually has 
a normal E-F slope. These findings, if present, distinguish 
calcification of the mitral anulus from MV stenosis. 

On 2-D echocardiography the calcified anulus may form 
a crescent at the atrioventricular junction in the short axis 
view (Fig. 5-40). The mitral leaflets move normally unless 
calcium restricts their motion. In severe cases with LV 
inflow obstruction, calcium deposits extend into the ven
tricular septum and between the aortic and mitral valves. 
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Fig. 5-40. Two-dimensional echocardiogram in a 69-year-old 
woman with severe calcification o/the mitral anulus causing mitral 
stenosis. In this patient the calcium extends across the ventricular 
septum into the base of the anterior leaflet of the mitral valve 
to completely encircle the mitral orifice. A and B Long axis view 
of the left ventricle; C and D short axis view at the level of the 
aortic valve. E-H short axis views of the left ventricular outflow 
tract and mitral anulus. In A and B dense calcific masses are 
present within the mitral anulus and in the subaortic region (Sub. 

Ao. Calc.). The orifice of the mitral valve is markedly narrowed. 
The anterior mitral leaflet (AML) and posterior mitral leaflet 
(PML) are displaced but are not thickened. Note acoustic shadow
ing behind the calcified mitral anulus. The left atrium (LA) is 
enlarged. In C and D the aortic orifice is not narrowed, and 
the aortic leaflet is not thickened. In E and F the transducer is 
aimed slightly below the aortic valve so that calcium is demon
strated within the base of the anterior mitral leaflet just below 
the aortic valve (Sub. Ao. Calc.). (Continued) 
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Fig. S40 (Cont.) In G and H the transducer is angled toward 
the base of the mitral valve. Calcific masses completely surround 
the orifice of the mitral valve at this level. The open arrows refer 
to the calcified anulus, which has the shape of a C. Two masses 
of subaortic calcium (Calc.) narrow the mitral orifice anteriorly. 
The mitral orifice has the shape of the smile of a comic clown. 

On plain films or cine tluorography the calcium forms 
a C or J shape in the position of the mitral anulus (Fig. 
5-41). On the lateral or LAO view the so-called 0 shape 
calcification of the mitral anulus may be observed if calcium 
extends across the base of the anterior mitralleatlet, closing 
the ring (Fig. 5-42). In the authors' case this has the shape 
of aD. 

This calcification pattern has been called the "0" configuration; 
however, in this patient the calcified mitral anulus had the shape 
of a "D" on plain films of the chest. See Fig. 5-42. Ao. = aorta; 
Ao. V = aortic valve; LA = left atrium; LV = left ventricle; 
R VOT = right ventricular outflow tract; S = ventricular septum. 

On angiography the mitral leatlets move normally, al
though the mitral orifice is reduced in size. 

Medical and surgical treatment is similar to that for 
rheumatic MV disease. Replacement of the valve may be 
difficult because of associated disease and because of the 
localized calcification. 
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Fig. 5-41. Calcification of the mitral anulus. Lateral roentgeno
gram of the chest in an asymptomatic 83-year-old woman. The 
calcified mitral anulus forms a typical C shape (black arrows). 
Despite extensive calcification the mitral anulus did not interfere 
with the function of the mitral valve. The anterior mitral leaflet 

is not attached to the anulus. Superiorly it is in continuity with 
the aortic valve. Inferiorly it is attached to the posterior portion 
of the atrioventricular septum (see Fig. 7-34). Calcification of 
the aortic ring (white arrows) outlines the normal relationship 
between the aortic and mitral rings. 
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Fig. 5-42. Calcification of the mitral anulus causing mitral steno
sis in a 69-year-old woman. The lateral roentgenogram of the 
chest demonstrates extensive calcification of the mitral anulus 
giving a C shaped appearance. Calcification extending across the 
ventricular aspect of the base of the anterior leaflet of the mitral 

Lutembacher Syndrome 

This infrequently encountered syndrome consists of a com
bination of mitral stenosis and atrial septal defect, with 
the mitral stenosis almost always rheumatic in origin. The 
atrial septal defect allows the LA to decompress into the 
RA, creating a left-to-right shunt of variable size while 
reducing systemic blood flow. Symptoms of fatigue and 
dyspnea on exertion are prominent. 

Plain films (Fig. 5-43) show a "mitral heart" with pul-

valve forms a relatively straight line, completing the ring around 
the orifice of the mitral valve (arrows). On two-dimensional echo
cardiography (Fig. 5-40) and on left ventriculography the motion 
of the mitral leaflets was normal; however, heavy deposits of 
calcium narrowed the orifice. 

monary overcirculation, which may be associated with pul
monary venous hypertension-an unusual combination in 
adults. The right side of the heart is enlarged. The LA 
will be enlarged if the atrial septal defect is small. Calcifica
tion of the mitral valve may be the only clue to the diagnosis 
of this entity on plain films. At cardiac catheterization 
the large atrial level shunt will be identified. Hemodynamic 
findings may be equivocal for mitral stenosis since the LA 
pressure may be normal or minimally elevated. Mitral ste
nosis will be diagnosed on left ventriculography or on left 
atrial injection. 



Fig.~. Lutembacher syndrome. Frontal plane roentgenogram 
of the chest after mitral commissurotomy. Marked pulmonary 
overcirculation is present. The pulmonary arteries are dilated 
in both the basal and apical areas. The margins of the vessels 

Mitral Insufficiency 

Mitral insufficiency (MI) results from incomplete closure 
(inadequate coaptation) of the mitral valve. Scarring, short
ening, rigidity and fixation of the mitral leaflets and chordae 
tendineae account for MI in rheumatic heart disease. Of 
course, insufficiency may be due to many other causes, 
such as rupture or dysfunction of the papillary muscles 
in ischemic heart disease; prolapse of the mitral valve sec
ondary to either ischemic heart disease or myxomatous 
degeneration; bacterial endocarditis; rupture of chordae 
tendineae either due to infective endocarditis, spontaneous 
rupture or trauma; hypertrophic cardiomyopathy; and con-
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are indistinct because of associated pulmonary venous hyperten
sion. Both atria are enlarged. The left ventricle is normal in size. 
In summary, this roentgenogram shows the unusual combination 
of a "mitral heart" configuration with pulmonary overcirculation. 

genital anomalies of the mitral valve apparatus (e.g., double 
mitral orifice, parachute mitral valves, cleft leaflets). Fur
thermore, functional MI may be the result of any condition 
that causes dilatation of the LV and mitral anulus (e.g., 
hypertension, aortic insufficiency, cardiomyopathy). 

Clinical Features 
Symptoms may be delayed for many years even with severe 
MI. Fatigue and dyspnea tend to begin imperceptibly and 
progress slowly unless a new attack of acute rheumatic 
fever or of bacterial endocarditis or rupture of the chordae 
tendineae supervenes. On physical examination in mild to 
moderate MI a hyperdynamic LV impulse is felt. A harsh 
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Fig. 5-44. M-mode echocardiogram in a patient with mitral insuf
ficiency secondary to rheumatic valvulitis. The leaflets are thick
ened; however, the D-E excursion of the anterior leaflet (AML) 
is normal. The posterior leaflet of the mitral valve (PML) moves 

high-pitched pansystolic murmur is best heard at the apex, 
transmitting laterally toward the axilla. A thrill may be 
present as well, and an S3 gallop may be heard. 

With severe MI the apex impulse is diffuse and displaced 
laterally as a result of LV enlargement. A diastolic flow 
rumble indicates excessive flow into the LV, composed of 
pulmonary venous return plus regurgitant volume. Signs 
of right-sided overload are uncommon in MI. In addition, 
a mid systolic click or a late systolic murmur or both 
would indicate mitral valve prolapse. The electrocardio
gram may show LA enlargement (p-mitrale) or atrial fibril
lation. LV hypertrophy is common, while on occasion RV 
hypertrophy or even hypertrophy of both chambers occurs. 

Echocardiography 
Doppler echocardiography is used to distinguish regurgi
tant flow, and provides a rough estimate of severity. If 

posteriorly during ventricular diastole. The E-F slope is nearly 
horizontal, suggesting mitral stenosis. Compare this tracing with 
those showing predominantly mitral stenosis (Fig. 5-27). 

structural changes of the mitral valve consistent with MI 
are present, these may be diagnosed by M-mode and 
2-D echocardiography. Thus, thickening of the mitral valve 
associated with rheumatic valvulitis (Fig. 5-44), mitral 
valve prolapse (see Figs. 5-50 to 5-53), mitral vegetation 
(see Figs. 5-61 to 5-65) and flail mitral leaflet (see Fig. 
5-66), can all be recognized. Calcification of the mitral 
anulus (Figs. 5-39 and 5-40), which may interfere with 
mitral valve function, is best assessed by 2-D echocardiog
raphy. In addition, LA size, LV size and LV function can 
also be evaluated. 

Radiological (Plain Film) Features 
Because of the increased work load (increased blood vol
ume) caused by MI the LV may dilate, and the LA may 
enlarge. The degree of LA enlargement varies from mild 
to severe (giant LA) (Fig. 5-45). Varying degrees ofpulmo-



Mitral Insufficiency 227 

A B 

Fig. 5-45. Mitral insufficiency in a 15-year-old girl with rheumatic 
mitral valve disease. A P A chest roentgenogram; B lateral chest 
roentgenogram. The enlarged left atrium is border forming over 
the upper part of the convex portion of the right heart border, 
obliterating the clear space normally present between the right 
atrium and the pulmonary artery. Straightening of the left heart 
border is caused by enlargement of the left atrial appendage. 

nary venous hypertension may be present. Enlargement 
of the R V and RA occurs late in the disease (Fig. 5-46). 
Mitral valve calcification is unusual in pure MI. 

Rarely, aneurysmal dilatation of the pulmonary veins 
occurs at the entrance to the LA (Fig. 5-47). The dilated 
vein or veins may simulate a paracardiac mass on the pos
teroanterior and lateral projections. Oblique views will 
demonstrate the area of aneurysmal dilatation at the en
trance of the pulmonary veins into the LA. Angiography 
may be necessary for confirmation (Fig. 5-48). 

Hemodynamics 
The characteristic hemodynamic finding at cardiac cathe
terization is the demonstration of a large, early appearing 
(regurgitant) v wave in the pulmonary wedge tracing. The 
height of the v wave is determined by a combination of 
two factors: (1) the amount of regurgitant blood entering 

Left ventricular enlargement causes elongation of the left heart 
border so that the apex points downward. The aorta is inconspicu
ous. The pulmonary artery is mildly prominent. On the lateral 
view the enlarged left atrium displaces the left main bronchus 
posteriorly and superiorly. The retrosternal clear space is obliter
ated by the dilated right ventricular outflow tract. 

the LA during ventricular systole and (2) the compliance 
of the LA. With acute mitral insufficiency the LA is small 
and noncompliant, and the v wave is very large. With 
chronic MI and marked dilatation of the LA, the LA pres
sure wave may appear normal even in the presence of severe 
MI. 

The LV end-diastolic pressure remains normal until late 
in the course. Cardiac output is also normal unless cardiac 
failure supervenes. 

Contrast Studies 
Selective cine biplane left ventriculography in the 30° RAO 
and 70° LAO projections is the procedure of choice (Fig. 
5-49). The degree of MI (mild, moderate, severe) can be 
properly assessed during ventricular systole. Delayed emp
tying (prolonged opacification) due to repeated reopacifica
tion of the LA is another criterion used to assess the degree 
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Fig. 5-46. Severe mitral and tricuspid insufficiency in a 43-year
old woman with rheumatic heart disease. A RAO view; B P A 
view; C LAO view; D lateral view. In addition to the classical 
findings of the "mitral heart" configuration, signs of right atrial 
enlargement in the absence of pulmonary venous hypertension 
indicate involvement ofthe tricuspid valve. In this patient enlarge
ment of the left atrium is best demonstrated on the frontal plane 
(double density) and LAO views. The left atrial appendage forms 
a bump along the left heart border ("third mogul"). The left 
main-stem bronchus is elevated, particularly in the LAO view. 
On the RAO projection the left atrium does not indent the esopha
gus but appears to project posterior to it. This finding is explained 
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by the left atrium having enlarged more laterally (toward the 
right) than posteriorly. Thus, the left atrium projects so far to 
the right of the esophagus that even on rotation into the RAO 
view a portion of the left atrium remains on the right side of 
the esophagus. Enlargement of the right atrium is also demon
strated on all views. It is border forming on the frontal plane 
view. On the RAO view it is below the left atrium (arrows). 
The shoulder configuration in the LAO view is the right atrial 
appendage (arrows), which is enlarged and also displaced by the 
enlarged right ventricle and right atrium. The left ventricle is 
mildly to moderately enlarged. 

B 

D 
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Fig. 5-47. Pulmonary varix with severe mitral insufficiency. A 
Lateral view; B PA view; C RAO view; D LAO view. The lateral 
view demonstrates a retrocardiac mass, which in the P A view 
is observed to be right sided. The right pulmonary veins converge 
toward the mass. The oblique films show that the mass rotates 

at the position of the confluence of the pulmonary veins. From 
these plain film findings the diagnosis of a varix of the pulmonary 
vein should be made. (See Fig. 5-48, for the angiogram from 
this patient.) 
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of severity. Artifactual MI must be differentiated from true 
regurgitation. The former usually occurs during diastole 
and may be induced by the catheter position or by prema
ture ventricular contractions (extrasystoles). 

Quantitation of the severity of MI can be obtained by 
determining the LV regurgitant fraction (RF), which ex
presses the relationship between regurgitant flow and total 
ventricular flow: 

RF 
angiographic output - forward output (Fick) 

angiographic output 

In addition, the LV ejection fraction, end-diastolic volume 
and stroke volume can be determined angiographically. 
Regurgitant fractions can also be measured by gated equi
librium radionuclide angiography, which is a noninvasive 
method whose results can be determined serially and can 
be shown to correlate well with RF obtained at cardiac 
catherization (r = 0.85). (See also Chapter 3, Cardiovascu
lar Nuclear Medicine). Quantitation of valvular insufficien
cies is important in the selection of patients for surgery. 

Treatment 
In asymptomatic patients, prevention of repeated attacks 
of rheumatic fever and bacterial endocarditis is essential. 

Fig. 5-48. Pulmonary varix. Lateral 35-mm cine frame from the 
levophase of a pulmonary angiogram. The right pulmonary veins 
empty into the aneurysmally dilated confluence of veins (varix), 
which has the shape of a pear. Soon after, the left atrium opacifies 
and the outlines of the varix are obliterated (not shown). (Same 
patient as in Fig. 5-47.) 

In symptomatic individuals, rest, digitalis, diuretics and 
afterload reduction with vasodilators are of benefit. Atrial 
fibrillation may be controlled for a time with antiar
rhythmic medications. With chronic severe dilatation of 
the LA, atrial fibrillation may become irreversible. 

Indications for surgical treatment include disabling 
symptoms that no longer respond to medical treatment. 
Objective criteria are ill defined. Progressive cardiac en
largement or a fall in ejection fraction on serial nuclear 
angiographic studies signals the onset of myocardial de
compensation. If surgery is delayed until severe symptoms 
or gross LV dilatation is present, the operative risk will 
be higher and the preoperative LV dysfunction may not 
regress after surgery. 

Surgical procedures include mitral plication, the use of 
Carpentier-Edwards ring and mitral valve replacement. 
The first two are most likely to be successful in young 
people. Valve replacement is more often necessary in older 
individuals, especially if the mitral valve is heavily fibrosed 
or calcified. 
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Fig. 5-49. Severe mitral and tricuspid insufficiency. Cine angio
grams in a woman with rheumatic heart disease. A RAO view 
of the left ventriculogram during systole; B RAO view of the 
right ventriculogram during systole; C RAO view of the right 
ventriculogram during diastole; D LAO view of the right ventricu
logram. In A the regurgitant jet (arrow) enters a dilated left 
atrium (LA). The jet indicates that the patient has a component 
of mitral stenosis along with the insufficiency. LV = left ventricle. 

Mitral Valve Prolapse 

Mitral valve prolapse (MVP) is now recognized as one 
of the most common valvular abnormalities. In some of 
the older literature, overdiagnosis of mitral prolapse is ap
parent. Thus, in one report an incidence of almost 43% 
has been reported (Smith et al.). Strict adherence to criteria 
for angiographic diagnosis proposed by Spindola-Franco 
et al. has reduced the reported incidence to less than 5% 
of patients undergoing cardiac catheterization. This figure 
is somewhat lower than the reported incidence in the gen
eral population as ascertained by use of echocardiography. 

In B severe tricuspid insufficiency is demonstrated. The right 
atrium (RA) is markedly enlarged. In C, during diastole, right 
ventricular dilatation is demonstrated. In D the right atrium is 
border forming anteriorly and accounts for the shoulder configu
ration on the plain roentgenogram of the chest (compare with 
Fig. S-46C). The right ventricle, although dilated, is not border 
forming. 

Mitral prolapse has been identified as a familial charac
teristic, transmitted as an autosomal dominant. It occurs 
frequently in patients with Marfan disease and Ehlers-Dan
los syndrome, both disorders of connective tissue. An in
creased incidence ofMVP has also been reported by Picker
ing et al. in von Willebrand syndrome, raising the 
possibility that von Willebrand syndrome may be another 
form of mesenchymal dysplasia. Mitral prolapse has also 
been discovered in association with other disease states 
that apparently are not associated with any abnormality 
of connective tissue. These entities include periarteritis no
dosa, myotonic dystrophy and Duchenne muscular dystro-
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Fig. 5-50. Prolapse of the mitral valve in an ll-year-old girl with 
Marfan syndrome. M-mode echocardiogram at the level of the 
mitral valve. The first two beats demonstrate a dilated left ventri
cle (L V) with normal contractions. Both leaflets of the mitral 
valve, the anterior mitral leaflet (AML) and the posterior mitral 
leaflet, (PML) are thickened but pliable. The valve prolapses pos-

phy. Mitral prolapse is also associated with other cardiac 
disorders (e.g., secundum atrial septal defect, Ebstein 
anomaly). 

Studies of catecholamine excretion in subjects with the 
MVP syndrome have indicated increased excretion in some 
of them. Cardiac biopsies have shown increased endo
cardial and intramyocardial fibrosis, nuclear chromatin 
clumping, intracellular edema and myocyte degeneration. 
These findings and the unexpectedly high incidence ofMVP 
associated with idiopathic hypertrophic cardiomyopathy 
have led to a suspicion that the two entities may have a 
common predisposing factor. 

The etiologic factor in prolapse of the mitral valve is 
usually myxomatous degeneration of the mitral valve, re
sulting in thickening and elongation of the leaflets and of 
the chordae tendineae. The aortic, pulmonary and tricuspid 
valves may also be affected, especially in cases of Marfan 
syndrome. Superimposed acute rheumatic fever and infec
tive endocarditis may accelerate development of mitral in
sufficiency (MI). Rupture of the chordae tendineae may 
also occur and usually results in exacerbation of the degree 
ofMI. 

Ischemic heart disease and papillary muscle dysfunction 
may result in MI, but, in the authors' experience, does 
not by itself produce the classical findings of MVP. 

teriorly throughout systole, and during the second half of systole 
the prolapse is more pronounced. On the last beat, pansystolic 
prolapse is present. Thus, by changing the angle of the transducer, 
varying patterns of prolapse can be demonstrated. (Same patient 
as Fig. 5-22.) 

Clinical Features 
Most individuals with MVP are asymptomatic and remain 
without MI (or with a minimal amount) for many years, 
although a few show a tendency toward progressive mitral 
valve disease. Symptoms associated with MVP include non
specific or atypical chest pain and palpitations. Symp
tomatic arrhythmias such as ventricular arrhythmias and 
supraventricular tachycardias may also occur. The develop
ment of cerebral emboli is also reported in individuals with 
MVP. These emboli may result from platelet aggregation 
and fibrin deposition on the exposed myxomatous tissue. 
Individuals with severe MI have symptoms similar to those 
occurring with other forms of MI. The failure to elicit a 
history of acute rheumatic fever in an individual with MI 
should arouse suspicion of the presence of MVP. 

The characteristic physical feature in prolapse of the 
mitral valve is a mid-systolic or non-ejection click and a 
murmur that begins late in systole and continues until the 
second sound. In some patients mUltiple clicks may be 
present that sound superficial, as if produced outside the 
heart. The murmur may have an unusual whooping quality 
and may be modified with changes in posture or activity. 
Mitral prolapse may also present with a classical blowing 
apical murmur of MI. Some individuals with mitral pro
lapse will present with a gracile habitus, suggesting a form 
fruste of Marfan disease. The electrocardiogram is normal 
unless significant MI is present. Atrial or ventricular ar-



Fig. 5-51. Prolapse of the mitral valve. M-mode echocardiogram. 
In this patient without external features of Marfan syndrome 
the mitral valve leaflets are not thickened. Prolapse is virtually 

rhythmias may be apparent and the Wolff-Parkinson-White 
syndrome may coexist. 

Echocardiography 
Characteristic findings on M-mode echocardiography re
flect the movement of the mitral leaflets superiorly and 
posteriorly into the LA cavity during ventricular systole. 
Posterior motion may involve a portion of the mitral valve 
or the entire valve, occurring as pansystolic prolapse or 
a late systolic prolapse (Figs. 5-50, 5-51). During diastole 
the excursion of the opening motion (D-E) may be greater 
than normal, reflecting excess mobility due to elongation 
of the structures. Ruptured chordae tendineae may be asso
ciated (see description in section on Infective Endocardi
tis). An artifactual pattern that resembles prolapse of the 
mitral valve occurs with pericardial effusion, when the 
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pansystolic. AML= anterior mitral leaflet; PML = posterior mi
tral leaflet; Pro. = prolapse; R V = right ventricle. 

heart rocks posteriorly during ventricular systole (see Fig. 
9-3). In addition, a few normal individuals show slight 
posterior bowing of the mitral valves that gives the appear
ance of holosystolic prolapse. Some, but not all, of these 
false positive diagnoses will be eliminated if the transducer 
is directed perpendicular to the chest wall, rather than 
inferiorly and laterally at an oblique angle. 

On 2-D echocardiography (Figs. 5-52A, 5-53A and B) 
the mitral valve may appear thickened, especially at its 
tip. Hypermobility and elongation of the leaflets may be 
evident during diastole (Figs. 5-53B). During systole the 
anterior leaflet may show an abnormal acute angle with 
the aortic root on the long axis view (Fig. 5-52C and D). 
With severe prolapse the convexity of one or both mitral 
valve leaflets is directed toward the LA instead of toward 
the ventricle on both long axis and four-chamber views. 



234 Valvular Heart Disease 

Fig. 5-52. Prolapse of the mitral valve in a 12-year-old girl with 
Marfan syndrome. Long axis views of a two-dimensional echocardi
ogram. A diastole; B early systole; C and D mid to late systole 
from two slightly different angles. During diastole (A) the mitral 
valve is thickened, but opens widely. During early systole (8) 
the mitral valve is closed; however, a normal angle is formed 
between the mitral valve (MV) and the root of the aorta. The 
mitral valve is convex toward the ventricular apex. Later during 
systole C and D) a sharp angle is formed between the root of 

the aorta and the anterior mitralleatlet as the mitral valve rotates 
toward the left atrium (rocking motion). The convexity of the 
mitral valve is now directed toward the left atrium. Note that 
the left ventricle (L V) in D has the shape of a ballerina's foot. 
This term has also been used to describe the angiogram of the 
left ventricle in the presence of prolapse of the mitral valve. Com
pare this with Fig. 5-60. AML = anterior mitral leatlet; Ao. 
root of the aorta; LA = left atrium; Pro. = prolapse. 



Fig. 5-53. Elongation and thickening of the leaflets in a 4-year
old girl with prolapse of the mitral valve. Two-dimensional echocar
diagrams in the long axis view. A Early diastole; B late diastole; 
C systole. A Thickening of the mitral leaflets is demonstrated. 
B Elongation is more evident. C During systole the angle between 
the aorta and the anterior leaflet of the mitral valve is normal; 
however, the motion of the valve as it rotates toward the left 
atrium to reach its present position (rocking motion) is character
istic of prolapse of the mitral valve. The ventricle in this frame 
has the shape of a ballerina's foot. Compare this with Fig. 5-
60. AML = anterior mitral leaflet; LA = left atrium. 

Associated findings on echocardiography may include LA 
dilatation or LV dysfunction or both. The aortic root may 
also be dilated, suggesting a generalized disorder of connec
tive tissue. 

Radiological (Plain Film) Features 
The plain film may be normal or may show findings consis
tent with MI. The skeletal features of Marfan syndrome, 
Larsen syndrome, and the like may also be noted. 

Contrast Studies 
Angiographic diagnosis ofMVP depends on an understand
ing of the angiographic anatomy of the normal mitral valve 
apparatus (see Figs. 4-35, 4-36) 

The components of the mitral apparatus as demon
strated on left ventriculography include the mitral leaflets, 
the commissures, the chordae tendineae, the fulcrum, the 
ventricular fornix and the papillary muscles. The mitral 
valve has two leaflets: anterior (aortic) and posterior. The 
anterior leaflet has a larger surface area, but the posterior 
leaflet has a longer line of insertion (Fig. 5-54). Each leaflet 
has a rough zone along the free edge. This is the line of 
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coaptation and the line of insertion of the chordae tendi
neae. The middle of each leaflet is thinner (the clear zone). 
The base of the leaflets (the basal zone) is thick. The ante
rior leaflet is undivided and is roughly triangular. The pos
terior leaflet is divided into three "scallops" (Fig. 5-54). 
The scallops are named according to their position relative 
to the anterolateral and posteromedial commissures. The 
scallops are thus designated the anterolateral, posterome
dial, and middle scallops, corresponding to descriptions at 
autopsy. In live subjects the axis of the heart is horizontal 
so that the mitral anulus is nearly vertical (sagittal). The 
anterior commissure is then superior, and the posterior 
commissure inferior. 

On left ventriculography the line of insertion of the pos
terior leaflet is recognized on the RAO view in protodias
tole, as the contrast material is trapped between the ven
tricular surface of the leaflet and the adjacent endocardium 
of the LV (see Fig. 4-35). The anterior leaflet is not visual
ized in the RAO projection because there is no narrow 
corner or recess behind the anterior leaflet where contrast 
material can form an interface (Fig. 4-35A, 4-35C). On 
the atrial side of the anterior leaflet is the orifice, with 
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Fig. 5-54. Components of the leaflets of the mitral valve. The 
leaflets appear as if they were cut open along the anterolateral 
commissure. The surface area of the anterior leaflet of the mitral 
valve (AML) is greater than that of the posterior leaflet (PML); 
the length of the base of the posterior leaflet, however, is longer 
than that of the anterior leaflet. The anterior leaflet is not divided 
and is roughly triangular. The posterior leaflet is divided into 
three scallops designated posteromedial (PM), middle (M) and 
anterolateral (AL). Each leaflet has three zones that are demon
strated best on transillumination. Along the free edge is the 
"rough zone," which corresponds to the surface of coaptation 
of the valve during ventricular systole. The chordae tendineae 

the LA behind it. On the ventricular side is the LV outflow 
tract. The anterior leaflet is demonstrated in the LAO view 
because it forms a sharp interface between the unopacified 
blood rushing into the LV and the opacified blood in the 
outflow tract (see Fig. 4-35C). 

The scallops of the posterior leaflet mayor may not 
be represented on the normal left ventriculogram by narrow 
radiolucent lines that separate them. The superior radiolu
cent line separates the anterolateral scallop from the middle 
scallop. The inferior lucent line separates the middle scallop 
from the posteromedial scallop. The posteromedial scallop 
extends around the lowermost point of the anulus (fulcrum) 
to meet the anterior leaflet of the mitral valve at the poster
omedial commissure. The posteromedial scallop is outlined 
on both the RAO and LAO views and is the scallop most 
frequently involved in prolapse of the mitral valve. The 
other two scallops can also be recognized by their positions 
on the RAO and LAO view. 

The mitral fulcrum is the point of attachment of the 
posterior mitral leaflet to the anulus fibrosus. This area 
is identified during protodiastole as contrast material is 
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attach in this area. The middle or clear zone is thin and translu
cent. The basal zone of the leaflet is normally thickened and 
opaque. Each papillary muscle contributes chordae tendineae to 
both leaflets. The posterior leaflet is attached to the mitral anulus 
and is semicircular on angiography in the frontal or RAO views. 
The anterior leaflet is in continuity with the root of the aorta, 
relating to the left and noncoronary cusps and is also attached 
to the ventricular septum, forming part of the posterior border 
of the atrioventricular septum (see Fig. 7-34). On angiography 
the anterior leaflet forms a nearly vertical line on the lateral or 
LAO view (see also Figs. 4-35 and 7-79). PPM = posterior 
papillary muscle; APM = anterior papillary muscle. 

trapped between the posterior leaflet of the mitral valve 
and the endocardium of the LV. For the purpose of diag
nosing prolapse of the mitral valve, fulcrum refers to the 
lowermost point of attachment of the posterior mitral leaflet 
in the RAO view. The fornix of the LV is defined as that 
part of the LV between the insertion of the posterior mitral 
leaflet (fulcrum) and the base of the papillary muscles. 
As described by Spindola-Franco, four normal configura
tions of the mitral valve are distinguished by (1) the position 
of the fulcrum of the mitral valve (high or low) and (2) 
the shape of the fornix of the LV in the RAO projection 
(either notched or free of notching) (see Fig. 4-36). 

Prolapse of the mitral valve is defined as paraanular 
displacement of one or both leaflets of the mitral valve 
beyond the level of the fulcrum. Thus the valve tissue must 
move not only posteriorly into the LA but also superiorly, 
inferiorly and laterally beyond the circumference of the 
mitral anulus. The posteromedial scallop is almost always 
involved in prolapse of the mitral valve; therefore identifica
tion of prolapse of this scallop is usually the best way to 

- diagnose this entity. Prolapse of the posteromedial scallop 



Fig. 5-55. Prolapse of the mitral valve. Left 
ventricular angiogram in the RAO view. The 
low fulcrum and absence of notching during 
diastole (A) make this a type I mitral valve 
configuration (see Fig. 4-36). During systole 
(B) the posteromedial scallop pivots posteri
orly and inferiorly beyond the fulcrum, re
sulting in prolapse of the mitral valve (Pro). 
The left atrium (LA) is outlined because of 
mitral insufficiency. The term fulcrum refers 
to the point of attachment of the posterior 
mitral leaflet to the anulus. This corresponds 
to the lowermost point along the mitral 
anulus on the RAO view. The term fornix 
refers to that portion of the left ventricular 
wall between the fulcrum and the papillary 
muscle. Ao = aorta. Cohen MV, Shah PK, 
Spindola-Franco H (1979) Angiographic, 
echocardiographic correlation in mitral valve 
prolapse. Am Heart J 97:43-52. Copyright 
1979. Reproduced by permission. 

LA 

Pro 

is demonstrated best in the RAO projection as a posterior 
and inferior displacement beyond the mitral fulcrum during 
ventricular systole (Fig. 5-55). Rarely, only the anterior 
leaflet (Fig. 5-56), the anterolateral scallop or the middle 
scallop (Fig. 5-57) is involved. Thus, recognition of pro
lapse of the individual scallops and of the anterior leaflet 
is necessary to avoid false negative diagnoses. Prolapse of 
the anterior leaflet is diagnosed when the leaflet projects 
superiorly beyond the border of the heart in the RAO 
view (Fig. 5-56). On the LAO view prolapse of this leaflet 
appears as a convexity protruding into the LA just below 
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Ao 

Ao 

the aortic valve. Prolapse of the anterolateral scallop may 
be difficult to separate from that of the anterior mitral 
leaflet. The anterolateral scallop should be posterior relative 
to the aortic valve in the LAO view. The middle scallop 
projects over the LV outflow tract in the RAO view (Fig. 
5-57), appearing on the lateral or LAO view as a paraanular 
convexity projecting into the left atrium. 

In type II configuration of the mitral valve (Fig. 5-
58A, 5-59; see also Fig. 4-36) the fulcrum is low lying 
and the fornix is notched. This configuration is especially 
likely to be mistaken for mitral prolapse because of the 

A 

B 
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Ao. 

A 

B 

LV 

Fig. 5-56. Prolapse of the anterior leaflet of 
the mitral valve. Left ventriculography in the 
RAO and LAO views, A and B respectively, 
during ventricular systole. The leaflet pro
lapses superiorly beyond the border of the 
heart in the RAO view. In the LAO view 
it projects into the left atrium just below 
the aortic valve. Ao. = root of aorta; LV 
= left ventricle. 
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A B 
Fig. 5-57. Isolated prolapse of the middle scallop of the mitral 
valve. In A, the left ventriculogram in the RAO view, the middle 
scallop (arrows) prolapses across the left ventricular outflow tract 
into the left atrium (LA). On the LAO view (B) prolapse is 

also observed. At surgery only the middle scallop prolapsed. This 
type of prolapse might be missed if one examines only for prolapse 
of the posteromedial scallop. 

Type 11-9% .... Fig. 5-58. Type II configuration of the mitral valve with and 
without mitral valve prolapse. A diastole; B systole without pro
lapse; C systole with prolapse. The arrows point to the fulcrum 
(see definition Fig. 5-55). This is an example of a type II configu
ration because the fulcrum is low and the fornix is notched. In 
B during ventricular systole the dashed line indicates the usual 
position of the mitral valve. In some patients the mitral valve 
may bulge during systole without inferior displacement, a normal 
variant designated pseudoprolapse. In C the mitral valve pivots 
posteriorly and inferiorly to the mitral fulcrum, resulting in pro
lapse of the mitral valve. Spindola-Franco H, et al (1980) Classifi
cation of the radiological morphology of the mitral valve. Differ
entiation between true and pseudoprolapse. Br Heart J 44:30-
36. Copyright 1980. Reproduced by permission. 

leaflets (Fig. 5-58B), which constitutes a normal phenome
non occurring in up to 20% of normal persons and is 
designated pseudo prolapse. 

low position of the fulcrum. Normal systolic bulging of 
the mitral valve may cause further confusion. It is essential 
in these cases to identify the position of the fulcrum as 
the valve opens during diastole. If the leaflet does not pivot 
beyond and below the fulcrum of the mitral valve during 
systole then prolapse is not present. It is important in all 
four types of mitral valve not to diagnose mitral prolapse 
on the basis of mild posterior bulging of the mitral valve 

Abnormalities of wall motion are found in up to 50% 
of patients with MVP. Global hypokinesis or localized wall 
motion abnormalities may be present. These are not limited 
to the posterior wall but may affect any segment. In a 
few cases the posteroinferior LV wall may bulge into the 
LV cavity during ventricular systole, forming a configura
tion in the RAO projection reminiscent of a ballerina's 
foot (Figs. 5-52D, 5-53C, 5-60). 

Treatment 
Treatment of symptomatic MI is the same as that described 
for MI with other types of mitral valve defects. If surgery 
is required, these valves are not likely to be amenable to 
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A B 
Fig. 5-59. Normal systolic bulging (pseudoprolapse) in a patient 
with type II mitral valve configuration. A Diastole; B systole. Dur
ing systole the mitral valve bulges slightly but does not pivot 
inferiorly beyond the fulcrum. Prolapse is not present. The echo
cardiogram was normal. Identification of the fulcrum and fornix 

repair (anuloplasty), generally requiring replacement of the 
valve. Nonspecific chest pain associated with mitral pro
lapse is difficult to differentiate from angina pectoris. Beta 
blockers have been helpful in management. Antiplatelet 
drugs or anticoagulants have been suggested as prophylaxis 
for individuals with mitral prolapse who have had unex
plained cerebral ischemic events. Arrhythmias (e.g., supra-

is essential to evaluate the presence or absence of prolapse of 
the mitral valve. Cohen MV, Shah PK, Spindola-Franco H (1979) 
Angiographic echocardiographic correlation in mitral valve pro
lapse. Am Heart J 97:43-52. Copyright 1979. Reproduced by 
permission. 

Fig. 5-60. Mitral valve prolapse. Left ven
triculogram in the RAO view during systole. 
This case is an example of type I configura
tion of the mitral valve, so classified because 
the fulcrum is low and the fornix has no 
notching. The mitral valve (posteromedial 
scallop) pivots posteriorly and inferiorly be
yond the fulcrum, resulting in mitral pro
lapse. The posteromedial papillary muscle 
(PM) bulges into the left ventricular cavity, 
again producing a configuration reminiscent 
of a ballerina's foot (compare with 2-D echo
cardiograms in Figs. 5-52D, 5-53C). Ao = 
aorta; LA = left atrium; Pro = prolapse. 
Cohen MV, Shah PK, Spindola-Franco H 
(1979) Angiographic echocardiographic cor
relation in mitral valve prolapse. Am Heart 
J 97:43-42. Copyright 1979. Reproduced by 
permission. 

ventricular tachycardia, ventricular extrasystoles) in pa
tients with mitral prolapse are treated in the usual way 
(propranolol is the drug of choice). Mitral valve replace
ment has been suggested as a treatment for paroxysmal 
ventricular tachycardia refractory to medical management; 
however, insufficient numbers of patients are reported to 
evaluate results. 



Infective Endocarditis 

Infective endocarditis (IE) is separated into two syndromes 
on the basis of the rate of progression of symptoms. Sub
acute bacterial endocarditis (SBE) is generally caused by 
organisms of relatively low virulence (e.g., Streptococcus 
viridans, Staphylococcus epidermidis) and may present with 
subtle manifestations and a chronic course. Acute bacterial 
endocarditis (ABE), on the other hand, tends to be caused 
by virulent organisms such as Staphylococcus aureus, pre
senting with severe systemic manifestations (e.g., high fever) 
and often progressing rapidly to destruction of the valve 
and congestive heart failure. SBE occurs on valves that 
have been previously damaged or are congenitally de
formed. Rheumatic valves and bicuspid aortic valves are 
the most common underlying conditions. Other cardiac 
abnormalities (e.g., mitral prolapse, hypertrophic cardio
myopathy, valvar prostheses) also predispose toward bacte
rial implantation. With congenital heart defects the infection 
often occurs within the chamber that receives a jet or shunt. 
As an example, with ventricular septal defect the vegetation 
often occurs within the right ventricular cavity (the jet 
lesion) or on the tricuspid valve. With ductus arteriosus 
or aorta-to-pulmonary artery anastomosis the vegetation 
tends to occur within the pulmonary artery near the open
ing of the ductus or anastomosis. 

Transient bacteremia has been recognized particularly 
after dental, urological and gynecological procedures and 
after other types of surgery as well. These procedures have 
also been known to precede the onset of SBE. Intravenous 
catheters, chronic infections and immunological deficiency 
also may predispose toward infection of the heart. Individu
als known to have valvar defects and congenital heart de
fects are now given antibiotics just prior to dental and 
surgical procedures as prophylaxis against SBE. ABE is 
often encountered in drug addicts using intravenous injec
tions but may occur in others as well, involving normal 
valves including right-sided valves. In one series (Rubbel 
et al.) all four heart valves were affected with about equal 
frequency. 

Yeasts and fungi also cause cardiac infection in addicts, 
in immunosuppressed individuals and in those with pros
thetic heart valves. Vegetations caused by fungi may be 
large and friable, resulting in embolic complications. 

The major hemodynamic alteration occurring with in
fection of the aortic valve is aortic regurgitation. This se
quela may be caused by necrosis and loss of valvar sub
stance, prolapse secondary to erosion of a cusp near its 
commissural attachment, or by large vegetations that inter
fere with valvular function. Extension into the ventricular 
septum and myocardium may result in formation of an 
abscess (subaortic or ring abscess). As a result, arrhythmias, 
including complete heart block, may develop. Rarely aneu
rysm or perforation of the septum results. Infective involve
ment of the wall of the aorta above the valve may produce 
mycotic aneurysms, which may rupture into the pericar
dium, mediastinum or into any cardiac chamber. Involve-
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ment of the mitral valve may result in mitral regurgitation 
secondary to perforation of the leaflets or rupture of the 
chordae tendineae. Abscess of the mitral anulus is uncom
mon. 

Infection of the tricuspid and pulmonary valves results 
in valvular insufficiency, septic pulmonary emboli and mul
tiple pulmonary abscesses, which may lead to pulmonary 
failure. With involvement of the pulmonic and tricuspid 
valves, cardiac symptoms and signs are often less prominent 
than are the pulmonary and systemic effects of septicemia. 

Clinical Features 
New or changing murmurs of valvular insufficiency may 
not be evident with SBE. The stigmata of IE are malaise, 
fever, weight loss, splenomegaly, petechiae, subungual hem
orrhages (splinter hemorrhages), Osler nodes and Janeway 
lesions. Ocular signs include Roth spots and other types 
of hemorrhages and exudates. ABE is more likely to present 
with a heart murmur than is SBE. The valvular disorder 
may be rapidly progressive, and congestive heart failure 
may develop. 

Radiological (Plain Film) Features 
Plain films reflect the hemodynamic alterations. The 

radiological features of left ventricular and left atrial en
largement and congestive heart failure may be observed. 
Mycotic aneurysm may be suggested by a widened medias
tinum or a bulge of the ascending aorta. With acute rupture 
of the ventricular septum or sinus of Valsalva, signs of 
pulmonary venous hypertension (congestive heart failure) 
overshadow signs of left-to-right shunt. Acute mitral insuf
ficiency generally results in pulmonary edema. The heart 
is often enlarged, but it may be normal in size. 

Echocardiography 
Echocardiography in patients with IE who have no clinical 
signs of valvar damage may show evidence of cardiac infec
tion in only one-third to one-half of cases. If signs of valvar 
damage are present, echocardiographic studies are more 
likely to be positive. A combined approach using M-mode 
and 2-D echocardiography is recommended in studying 
these patients. Sessile lesions and involvement of right-sided 
valves is better recognized on 2-D echocardiography, 
whereas small pedunculated masses and involvement of 
the mitral valve may be better demonstrated on M-mode. 
In endocarditis of the aortic valve M-mode echocardiogra
phy reveals signs of aortic insufficiency (Fig. 5-18, A-C). 
The LV may be enlarged and hyperkinetic. Flutter of the 
mitral valve, decreased mitral excursion and early closure 
of the mitral valve (Fig. 5-19) may be evident. An infected 
aortic valve often is thickened, with a "shaggy" appearance 
during diastole and a normal excursion during systole (Fig. 
5-61). Valves thickened by other processes tend not to 
produce a shaggy appearance and generally have a limited 
excursion during systole. If pedunculated vegetations are 
attached to the aortic valve they may be observed in the 
aortic root during systole and in the LV outflow tract dur-
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Fig. 5-61. Infective endocarditis. M-mode echocardiogram show
ing an arc scan from the left ventricle to the aortic valve. The 
aortic valve (A V) is thickened by the vegetation (Veg), but its 
excursion is normal. (Valvar thickening due to other causes usu
ally results in limitation of excursion.) During systole fine flutter 
of the aortic valve gives a slightly shaggy appearance. The left 

ing diastole. On 2-D echocardiography, fine mitral flutter 
is not as easily recognized as with M-mode. Thickening 
of the aortic valve may be identified, and the motion of 
the valve can be observed (Fig. 5-61). A flail aortic valve 
is best demonstrated on 2-D echocardiography. The size 
and motion of a vegetation are also best demonstrated on 
2-D echocardiology. Vegetation that does not move may 
be difficult or impossible to differentiate from thickening 
of the aortic valve due to other causes. A double density 
or outpouching of the aortic root suggests subaortic abscess 
or aneurysm of the sinus of Valsalva (see also Fig. 5-71C 
and D). Doppler echocardiography confirms the presence 
of aortic regurgitation, showing reversed flow in the LV 
outflow tract during diastole (Fig. 2-42C). The additional 
Doppler finding of reversed flow in the aortic arch or de
scending aorta throughout diastole indicates that aortic 
insufficiency is hemodynamically significant. 

RVOT 

ventricle (L V) and left atrium (LA) are enlarged. A pericardial 
effusion (Eff.) is present. Systolic flutter ofthe mitral valve, chaotic 
motion of the posterior leaflet (solid arrow) and mitral prolapse 
(open arrow) are consistent with ruptured chordae tendineae. Note 
also the pleural effusion, which extends behind the left atrium. 
R VOT = right ventricular outflow tract. 

The M-mode echocardiogram in infection of the mitral 
valve may reveal only signs of mitral insufficiency (e.g., 
dilated LA, hyperkinetic LV). Signs of valvar thickening 
or destruction may also be present. The thickening of the 
mitral valve may be nonspecific or may present a shaggy 
appearance, similar to that observed with aortic valve in
volvement (Fig. 5-62). If a vegetation on the mitral valve 
is pedunculated it may appear on M-mode as a fine line 
moving anteriorly behind the anterior mitral leaflet as the 
valve opens (Fig. 5-63). If the vegetation is large it may 
appear as a mass behind the mitral valve, which moves 
into the orifice during diastole and into the LA during 
systole (Fig. 5-64). The appearance may be the same as 
that of a pedunculated tumor. 2-D echocardiography (Fig. 
5-65) confirms these findings and demonstrates the attach
ment of the vegetation to the mitral leaflet rather than 
the LA wall, as would occur with a pedunculated tumor. 



Fig. 5-62. Infective endocarditis. M-mode echocardiogram at the 
level of the mitral valve. The anterior leaflet of the mitral valve 
(AML) is thickened and has a "shaggy" appearance caused by 
flutter of the leaflet during diastole. The flutter may be indistin-
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guishable from that produced by aortic insufficiency. A large, 
probably pleural, effusion (Eff.) is present behind the heart
pleural because the pericardium (white arrow) lies close to the 
posterior wall of the left ventricle (L V). R V = right ventricle. 



244 Valvular Heart Disease 

Fig. 5--63. Infective endocarditis in a teenage girl with fever and 
mitral insufficiency. M-mode arc scan from the aortic root (AoR) 
to the left ventricle. A small pedunculated vegetation (Veg) ap
pears as a fine line that moves posteriorly into the left atrium 

Destruction of the mitral valve apparatus results in rup
tured chordae tendineae and flail mitral leaflet (Fig. 5-
66). In such instances the M-mode echocardiogram may 
simulate prolapse of the mitral valve or may show extension 
of the flail leaflet into the LA during systole. Other signs 
of flail mitral leaflet on M-mode echocardiography are a 
coarse chaotic motion of the flail leaflet during diastole 
and fine flutter of the mitral valve during systole. The 
2-D echocardiogram may also demonstrate extension of the 
flail leaflet into the LA. With ruptured chordae tendineae 
the tip of the mitral leaflet is sometimes observed to be 
pointing backward into the LA. This finding may help 
to distinguish ruptured chordae tendineae from prolapse 
of the mitral valve. Doppler echocardiography identifies 
reversed flow behind the mitral valve during ventricular 
systole (Fig. 2-47C). Vegetations on the tricuspid valve 
present in similar fashion to those on the mitral valve. 

(LA) during ventricular systole and then moves anteriorly behind 
the anterior leaflet of the mitral valve (AML) during diastole. 
Endo= endocardium of the left ventricle. (Same patient as Fig. 
5-64.) 

Again a shaggy appearance is characteristic (Fig. 5-67). 
The vegetation may appear as a fine line behind the tricus
pid valve or may suggest a mass density that moves between 
the RA and the RV cavity. 2-D echocardiography will 
confirm the appearance of the mass attached to the tricus
pid valve (Fig. 5-68). Again, pedunculated tumors and 
clots usually cannot be distinguished from vegetation. 
Demonstration of attachment to a leaflet of the tricuspid 
valve would be evidence in favor of vegetation, although 
a clot may become entangled in chordae tendineae and 
produce a similar appearance. Again, Doppler echocardiog
raphy may be helpful in recognizing tricuspid insufficiency. 

Echocardiographic identification of vegetation on the 
pulmonary valve has also been reported. Flutter of the 
tricuspid valve may result if insufficiency of the pulmonic 
valve is present. A Doppler examination will identify pul
monary insufficiency. 



Fig. S-M. Infective endocarditis. M-mode arc scan from the mitral 
valve to the aortic valve in the patient in Fig. 5-63 (10 days later). 
The vegetation (Veg) is now larger, but its motion is the same 
as in Fig. 5-63. During diastole the vegetation appears as a mass 

Radiological (Plain Film) Features 
Plain films may reveal the hemodynamic changes associ
ated with disease of the aortic or mitral valve (usually 
insufficiency). Ruptured chordae tendineae will result in 
heart failure-pulmonary venous hypertension-with nor
mal to slightly increased heart size. Plain films with acute 
left-to-right shunts also demonstrate heart failure rather 
than pulmonary overcirculation. 

Endocarditis of the right side of the heart produces septic 
pulmonary emboli and multiple nodular or segmental 
(flame-shaped) pulmonary infiltrates bilaterally that may 
form cavities (Fig. 5-69). The RA and R V may be enlarged. 

Contrast Studies 
Although echocardiography is able to define the changes 
in the valves, complications, especially around the root 
of the aorta, are best delineated by aortography. A qualita-
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behind the mitral valve, while during ventricular systole it extends 
into the left atrium (LA). AML = anterior mitral leaflet; AoV 
= aortic valve; VS = ventricular septum. 

tive assessment of severity of aortic insufficiency is obtained 
and at the same time the status of the leaflets is assessed 
(Fig. 5-70). A central jet indicates deformity and thicken
ing of the leaflets. Perforation of a leaflet may be reflected 
in a jet through the affected leaflet. If the eccentric jet 
through the aortic valve impinges on the mitral valve the 
anterior leaflet of the mitral valve may perforate secondarily 
resulting in mitral insufficiency. A subaortic abscess pre
sents on aortography as a collection of contrast material 
in a pocket, usually in the interventricular septum just 
below the aortic valve (Fig. 5-71), with the mouth in the 
sinus of Valsalva. The abscess may communicate with the 
LV, RV, RA, or rarely the LA. Mycotic aneurysms of 
the outflow tract of the LV, sinus of Valsalva, aortic root 
and ascending aorta may be demonstrated. Involvement 
of the membranous septum may result in aneurysm or 
perforation into the R V or RA. 
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Fig. 5-65. Infective endocarditis. Two-dimensional echocardio
grams in a 24-year-old woman show a pedunculated mass attached 
to the anterior leaflet of the mitral valve. A Long axis of the left 
ventricle, systole; B long axis, diastole; C apex four-chamber view, 
systole; D apex four-chamber view, diastole. In the long axis 
view during systole (A) the vegetation (Veg.) presents as a mass 
near the papillary muscle. During diastole (B) the mass (open 

arrow) swings anteriorly at the tip of the anterior leaflet of the 
mitral valve. The left atrium (LA) is enlarged. In the apex four
chamber view (C and D) the vegetation abuts the mitral leaflet 
in systole (C) and pivots into the left ventricle during diastole 
(D). Ao. = aorta; LV = left ventricle; RA = right atrium; AML 
= anterior mitralleatlet. (A left ventriculogram from this patient 
is shown in Fig. 5-72.) 

Fig. 5-66. Flail mitral leaflet in a patient with infective endocardi
tis. A two-dimensional echocardiogram in the long axis view 
demonstrates the posterior mitral leaflet (arrow) floating into the 
left atrial cavity during ventricular systole. LV = left ventricle; 
LA = left atrium. Courtesy of Mark Strom, M.D., Bronx, N.Y. 



Fig. 5-67. Infective endocarditis in a lO-year-old girl with a small 
ventricular septal defect, fever and positive blood cultures. The 
M-mode arc scan (A) from the tricuspid valve (TV) to the right 
ventricular outflow tract (R VOn demonstrates the vegetation 
(Veg.), which presents in some beats as a linear density and in 
other beats as a mass behind the tricuspid valve. B shows the 
vegetation (Veg.) as a "shaggy" density during diastole. (Other 
views from this patient are shown in Fig. 5-68.) Ao. = aorta; 
LA = left atrium. 
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Fig. 5-68. Vegetation on the tricuspid valve. The parasternal 
oblique view (A) and the apex four-chamber view (B) of a two
dimensional echocardiogram during systole demonstrate a mass 
(open arrows) attached to the tricuspid valve. During diastole 
(not shown) the mass divides into fragments that extend toward 
the apex of the right ventricle. C and D are parasternal short 
axis views at the base of the heart during systole and diastole 

Vegetations are not often demonstrated by angiography. 
Left ventriculography is avoided in patients with aortic 
valve infection for fear of dislodging friable infected tissue. 
Most patients who undergo catheterization with aortic 
valve involvement have severe aortic insufficiency so that 
the LV is opacified at the time of aortography. Patients 
with isolated mitral valve involvement require left ventricu
lography (Fig. 5-72). 

Contrast studies have little to add in instances of IE 
involving the right side of the heart. Clinical findings, 
M-mode and 2-D echocardiograms with Doppler studies, 
and plain films are usually adequate for diagnosis and man
agement. 

respectively. During systole (C) the vegetation is superimposed 
on the tricuspid valve. During diastole (D) the tricuspid valve 
and its vegetation swing into the right ventricular outflow tract 
(RVOT). (Other views of this patient are shown in Fig. 5-67.) 
LA = left atrium; LV = left ventricle; Veg = vegetation; R V 
= right ventricle; Ao. = aortic root. 

Treatment 
Treatment consists of high doses of antibiotics specific for 
the organism identified or suspected on the basis of clinical 
presentation. If heart failure becomes unmanageable, surgi
cal replacement of the aortic or mitral valve during the 
active stage of infection is necessary, even though the risk 
is high. The tricuspid or pulmonary valve may be removed 
without prosthetic replacement as insufficiency of either 
is tolerated without severe cardiac decompensation. Surgi
cal repair of complications such as perforation of the sinus 
of Valsalva or ventricular septum is performed at the same 
time. Postoperative paravalvular leaks are not infrequent 
after valve replacement during active infection. Recurrence 
of infection is frequent in narcotic addicts. 



A 

Fig. 5-69. Septic emboli in infective endocarditis of the tricuspid 
valve. Multiple, large, cavitations (abscesses) are demonstrated 
in the lungs. At surgery, a vegetation was removed from the 
tricuspid valve. 

Fig. 5-70. Paravalvular leak in a patient with infective endocardi
tis. The RAO view (A), and the LAO view (B) of the aortogram 
illustrate severe aortic insufficiency in a man with a porcine het-
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erograft aortic prosthesis. In addition to the central regurgitant 
jet, contrast material between the wire strut of the prosthesis 
and the wall of the aorta (arrow) indicates a paravalvular leak. 

B 



250 Valvular Heart Disease 

A 

B 



Fig. 5-71. Subaortic abscess in a patient with infective endocardi
tis. The RAO view (A) and the LAO view (B) of a cine aortogram 
demonstrate contrast material in the left ventricle, secondary to 
aortic regurgitation. In addition, contrast material collects in a 
pocket in the ventricular septum below the anterior (right) semilu
nar sinus (arrows). The mouth of the pocket is in the sinus of 
Valsalva. On cine aortography the abscess was found to communi
cate by way of a small perforation (not shown) into the left ven-

Fig. 5-72. Vegetation on the mitral valve in 
a patient with infective endocarditis. The 
RAO view of a left ventriculogram shows 
a globular filling defect near the mitral valve 
(Veg.). The left atrium (LA) is opacified be
cause of mitral regurgitation. (2-D echocar
diograms from this patient are shown in Fig. 
5-65.) 
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tricular chamber. C and Dare parastemallong axis views of the 
two-dimensional echocardiogram in the same patient. They show 
an echo-free space within the ventricular septum just below the 
aortic valve and in the base of the anterior leaflet of the mitral 
valve (Abs.). These represent the subaortic abscess. Ao. = aortic 
root; AML = anterior leaflet of the mitral valve; LA = left atrium; 
LV = left ventricle; arrowheads = left side of ventricular septum. 
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Aortic Arteritis Syndromes: Takayasu Arteritis and 
Giant Cell Arteritis 

These entities represent inflammatory processes involving 
the intima and media of the aorta and its branches. Taka
yasu arteritis shows a preponderance for young Orientals. 
Giant cell arteritis is more likely to occur in middle-aged 
Caucasians. Both disorders, however, have a worldwide 
distribution. 

The acute phase of the disorders may be accompanied 
by systemic symptoms and signs (e.g., fever, malaise, arthri
tis). The basic pathological lesion of giant cell arteritis is 
characterized by granulomatous inflammation of the media 
of small- to medium-caliber arteries, especially those of 
the head and neck. Occlusion of the vessels can produce 
blindness, cerebral ischemia, paresthesias, Raynaud phe
nomena. claudication of arms or legs, and great vessel steal 
syndromes. The predominant pathologic process in Taka
yasu arteritis is marked intimal proliferation and fibrosis 
with fibrous scarring and degeneration of the elastic fibers 
leading to obliteration of the brachiocephalic vessels and/ 
or the abdominal aorta. Round cell infiltration is a rela
tively minor feature. On occasion the pulmonary arteries 
are involved, causing pulmonary hypertension. Both Ta
kayasu and giant cell arteritis may result in dilatation of 
the aorta and aortic anulus with separation of the commis
sures causing aortic valvular insufficiency (Fig. 5-26). 
Death may result from intramural hematoma (dissecting 
aneurysm) of the aorta. 

Ankylosing Spondylitis 

The cardiovascular lesion of ankylosing spondylitis occurs 
in about 12% of cases, usually more than 15 years after 
the onset of the arthritis symptoms. An inflammatory pro
cess involves the aortic wall immediately above the sinuses 
of Valsalva. Dense adventitial scar tissue forms a fibrous 
ridge below the base of the aortic valve and extends into 
the base of the mitral valve as well. The aortic cusps, as 
a result, may become thickened and shortened, producing 
aortic insufficiency, which may be progressive and severe. 
Rarely the mitral valve becomes insufficient but almost 
always to a mild degree. The fibrous scar may extend into 
the ventricular septum to produce arrhythmias and abnor
malities of conduction. 

Rheumatoid Arthritis, the Reiter Syndrome, and 
Relapsing Polychondritis 

About 5%-10% of patients with rheumatoid arthritis, 
Reiter syndrome or relapsing polychondritis develop an in
flammation of the root of the aorta. The elastic tissue is 
destroyed, and progressive dilatation or aneurysm of the 
aorta ensues. As in other forms of aortitis, aortic insuffi
ciency may result. Other diseases that may be associated 

with aortitis are systemic lupus erythematosus, sclero
derma, psoriasis and ulcerative colitis. 

Syphilitic Aortitis 

This infective disorder is now rarely encountered. The la
tent period after the primary stage of infection is usually 
between 10 and 25 years. The ascending aorta is most 
commonly involved, although the leaflets of the aortic valve 
and the ostia of the coronary arteries may also be affected. 
The hallmark of the disease is an aneurysm of the ascending 
aorta caused by inflammation in the media of the aorta. 
Occlusive endarteritis of the vasa vasorum occurs during 
the acute phase, with perivascular cuffing by plasma cells 
and lymphocytes. Giant cells and microgummas may also 
be observed on histological sections. These changes are 
followed by scarring and weakening of the wall of the aorta. 
Luetic aneurysms of the ascending aorta are usually saccu
lar but may be fusiform. They may reach huge proportions 
without rupturing and may cause symptoms by compress
ing or eroding surrounding structures (e.g., sternum, ribs) 
causing cough, dysphagia and stridor. 

Aortic insufficiency, usually progressive, may be caused 
by dilatation of the aortic ring and separation of the leaflets. 

Clinical features include a tambour sound of aortic clo
sure and other findings of aortic insufficiency (e.g., diastolic 
murmur, increased cardiac impulse, bounding pulses). If 
the coronary ostia are involved, angina may be a prominent 
feature. 

Plain chest roentgenograms demonstrate features of aor
tic insufficiency and often an aneurysm of the ascending 
aorta containing a thin layer of calcium within the wall 
of the aneurysm. In the absence of an aneurysm a thin 
layer of calcium in the wall of the ascending aorta is usually 
atherosclerotic but may also be due to a syphilitic process. 

Aortography demonstrates dilatation of the ascending 
aorta. An aneurysm of the ascending aorta and aortic insuf
ficiency are frequent. The coronary ostia may be narrowed. 

Aortic Insufficiency Secondary to Systemic 
Hypertension 

About 10% of patients with systemic hypertension have 
a basal diastolic decrescendo murmur, suggesting mild aor
tic insufficiency (AI). Rarely, marked aortic dilatation and 
severe aortic regurgitation result. Intraoperative and post
mortem examinations of such patients have demonstrated 
no degenerative changes of the aortic root or of the aortic 
valve that could account for the severity of the AI. The 
AI may be due to dilatation of the aortic root and anulus, 
resulting in failure of the leaflets to coapt. 

Plain films may be normal or may show signs of con
gestive heart failure. A dilated aortic root is not always 
evident. The LV mayor may not be enlarged. Echocardio-



grams demonstrate the dilated aortic root, dilated LV and 
mitral flutter. 

On aortography the degree of aortic regurgitation is 
quantitated, and other causes for AI are excluded. Surgery 
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6 Cardiomyopathies 

Cardiomyopathy is the term used to describe a heteroge
nous spectrum of disorders of the myocardium. If the cause 
can be identified, it may be found that it involves the heart 
exclusively, or it may be part of a systemic disorder. In 
many instances no etiology can be determined. These com
prise the idiopathic group. 

In a report of the WHO-ISFC task force the idiopathic 
cardiomyopathies are divided into three groups: 

1) Dilated, also called congestive. 
2) Hypertrophic, formerly called idiopathic hyper

trophic cardiomyopathy, idiopathic hypertrophic subaortic 
stenosis, asymmetrical septal hypertrophy, and so on. 

3) Restrictive, also known as obliterative, including en
domyocardial fibrosis and LatHer's endocarditis. 

The authors have added a fourth group, arrhythmogenic 
right ventricular dysplasia, which has recently been de
scribed by Fontaine et aI., and Uhl anomaly, which mainly 
affects the right ventricle. 

Fowler, Giles and McGuire have each classified the sec
ondary cardiomyopathies according to their etiology. Table 
6-1 is a compilation of their data as well as information 
from other sources. Most secondary cardiomyopathies are 
of the dilated type. Even those initially presenting as hyper
trophic may deteriorate into a dilated form. 

Congestive Cardiomyopathy 

Dilated or congestive cardiomyopathy is characterized by 
impaired ventricular performance. Right and left ventricu
lar volumes are increased, and ejection fractions are re
duced. Increased ventricular filling pressure is reflected as 
high right atrial, left atrial, and pulmonary venous pressure. 
Mitral insufficiency may occur late in the disorder because 
of dilatation of the mitral anulus or papillary muscle dys
function. Mural thrombi may occur, which mayor may 
not produce embolic complications. This form of cardio-

myopathy may be due to many of the causes listed in table 
6-1. Some are reversible or preventable. The diagnosis of 
idiopathic dilated cardiomyopathy is one of exclusion. 

Clinical Features 
The symptoms of congestive cardiomyopathy are those of 
left ventricular failure (e.g., fatigue, dyspnea on exertion, 
orthopnea), which may progress slowly or rapidly. 

On physical examination a precordial prominence, a dif
fuse cardiac impulse and often a gallop rhythm are present. 
P2 may be accentuated. A murmur of mitral insufficiency 
may be detected. Jugular venous distention and hepatome
galy would indicate systemic venous hypertension. Pulses 
and peripheral perfusion may be decreased. Edema may 
be present. The electrocardiogram commonly shows sinus 
tachycardia and ST-T wave changes. Arrhythmias are also 
quite common and left or right bundle-branch block may 
be noted. Abnormal Q waves may be observed, even with
out infarction. 

Echocardiography 
The echocardiogram shows dilatation and decreased con
tractions of the left ventricle (LV) (Fig. 6-1). The septum 
and LV wall may be normal, increased, or decreased in 
thickness. The left atrium (LA) is usually dilated as well. 
The motion of the mitral valve may reflect the high diastolic 
pressure (Fig. 6-2). Right ventricular (R V) and right atrial 
(RA) enlargement occur late. Pericardial effusion may be 
present (Fig. 6-3). Mural thrombi may be seen on 2-D 
echocardiography (Fig. 6--4). Major abnormalities of the 
valves and anomalous origin of the left coronary artery 
from the pulmonary artery are excluded by echocardiogra
phy. Doppler echocardiography aids in recognition of mi
tral insufficiency or tricuspid insufficiency due to ventricu
lar dilatation, or pulmonary insufficiency secondary to 
pulmonary hypertension. Some centers have also applied 
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Table 6-1. Classification of Cardiomyopathies 

I. Idiopathic cardiomyopathies Candidiasis Mitochondrial-lipid depo-

A. Dilated 
Coccidioidomycosis sition cardiomyopa-
Histoplasmosis thies 

B. Hypertrophic 4. Rickettsial F. Immunologic 
Coxiella infection 

C. Restrictive (Q fever) 1. Postvaccinial 

D. Arrhythmogenic right ventricular Scrub typhus 2. Serum sickness 

dysplasia; Uhl anomaly Rocky mountain spotted 3. Urticaria 
fever 4. Transplant rejection 

5. Protozoal 5. Giant cell myocarditis 
II. Secondary cardiomyopathies (associ- Trypanosomiasis (Chagas' 6. Acute rheumatic fever 

ated with known systemic disease) disease) G. Toxic 
Malaria 

A. Ischemic Toxoplasmosis 1. Alcohol 

B. Hypertensive Amebic infections 2. Cobalt 

C. Valvular cardiomyopathies 
6. Metazoal 3. Cadmium 

Schistosomiasis 4. Doxorubicin 
D. Infective (e.g., viral, bacterial, Fluke disease 5. Cyclophosphamide 

fungal, rickettsial, protozoal) Trichinosis 6. Bleomycin 
1. Viral Filariasis 

Coxsackie virus infection Cysticercosis 7. Anesthetic gases 

Echovirus infection Echinococcus disease (Hy- 8. Antimony 

Adenovirus infection datid cyst) 9. Emetine 

Influenza Visceral larva migrans 10. Isoprenaline 
Varicella 7. Probably infective (Whipple 11. Carbon monoxide 
Poliomyelitis disease) 12. Lead 
Mumps 

E. Metabolic 13. Chloroquine 
Rabies 
Hepatitis 1. Endocrine 14. Lithium 

Epstein-Barr virus infec- Hyperthyroidism 15. Hydrocarbons 
tion Hypothyroidism 16. Phosphorus 

Rubella Hypoparathyroidism 17. Mercury 
Rubeola Hyperparathyroidism 
Cytomegalovirus infection Acromegaly 18. Reserpine 

Arbovirus infection Diabetes mellitus 19. Corticosteroids 

Variola Cushing Syndrome 20. Paracetamol 
Vaccinia Pheochromocytoma 

H. Connective Tissue Disorders 
Yellow Fever N esidioblastosis 
Herpes simplex infection 2. Electrolyte disturbance 1. Systemic lupus erythemato-

Respiratory Syncytial virus Potassium sus 

infection Phosphate 2. Polyarteritis nodosa 
Mycoplasma pneumoniae Magnesium 3. Rheumatoid arthritis 

infection Multiple electrolyte im- 4. Scleroderma, dermatomyosi-
Psittacosis balance (e.g., uremia) tis 

2. Bacterial 3. Nutritional 5. Polymyositis 
Staphylococcal infection Beriberi (thiamine) 6. Acute rheumatic fever 
Streptococcal infection Pellagra 
Meningococcal infection Scurvy I. Infiltrative 
Tuberculosis Hypervitaminosis D 1. Amyloidosis 
Salmonellal infection Kwashiorkor Immunocytic dyscrasia 
Diphtheria Starvation Idiopathic 
Actinomycosis 4. Inborn errors of metabolism 2. Carcinomatosis with car-
Brucellosis Glycogen storage disease diomyopathy 
Clostridial infection (Pompe disease) 
Syphilis Hurler syndrome 

3. Hemochromatosis 

Leptospirosis (Weil's dis- Refsum syndrome 4. Glycogen storage disease 
ease) Niemann-Pick disease 5. Sarcoidosis 

Relapsing fever Hand-Schiiller-Christian J. Associated with generalized Lyme disease (L dammini disease 
spirochetosis) Fabry disease 

neuromuscular disease 

3. Fungal Morquio-Ullrich syndrome 1. Progressive muscular dystro-

Aspergillosis Sickle cell disease phy 

Blastomycosis Gaucher disease 2. Myotonic dystrophy 
Cryptococcosis Carnitine ·deficiency 3. Friedreich ataxia 



Table 6-1 (Continued) 

K. Hematologic disorders 
1. Sickle cell disease 
2. Polycythemia vera 
3. Thrombotic thrombocyto

penic purpura 
4. Leukemia 

L. Hypersensitivity 
1. Methyldopa 
2. Penicillin 
3. Sulfonamide 
4. Tetracycline 
5. Phenindione 

6. Phenylbutazone 
7. Antituberculous drugs 

(paraaminosalicylic acid, 
streptomycin) 

M. Neoplastic 
l. Carcinomatosis with car-

diomyopathy 
2. Leiomyofibroma 
3. Lymphoma 
4. Myxoma 
5. Rhabdomyoma, rhabdomyo

sarcoma 
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N. Physical agents 
1. Heat stroke 
2. Hypothermia 
3. Radiation 

O. Miscellaneous 
1. Postpartum cardiomyopathy 
2. Insect sting 
3. Snake bite 
4. Obt;sity \ 
5. Anorexia nervosa 
6. Endocardial fibroelastosis 

Fig. 6-1. Dilated cardiomyopathy. M-mode echocardiogram in an 
infant with severe congestive heart failure. The left ventricle con
tracts poorly while the right ventricle is dilated. The left ventricu
lar wall, septum and right ventricular free wall are of normal 

thickness. LV = left ventricle; R V = right ventricle; CW = 
chest wall; R VW = right ventricular free wall; Sept. = septum; 
Ch. T. = chordae tendineae; Endoc. = endocardium; 
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Fig. 6-2. Dilated cardiomyopathy. M-mode 
echocardiogram. The mitral valve opening 
is restricted and closure is delayed. D = 
opening of mitral valve; E = peak of mitral 
valve opening motion; F = approximate end 
of the rapid filling phase of the left ventricle 
(not labeled); A = atrial contraction; B = 
onset of ventricular contraction; C = mitral 
closure. (Normally Band C are superim
posed, and no "bump" is present at B). 

Doppler to the measurement of cardiac output in order 
to study the course of the disease or to evaluate the effect 
of medical treatment. 

Radiological (Plain Film) Features 
The plain films show left ventricular enlargement or non
specific cardiomegaly (Figs. 6-5, 6-6). Pulmonary venous 
hypertension mayor may not be evident. Pulmonary 
edema, pleural effusion or both are usually late findings. 
The differential diagnosis of this constellation of findings 
includes ischemic cardiomyopathy, primary and secondary 

congestive cardiomyopathy and pericardial effusion. Peri
cardial effusion is easily ruled out by echocardiography. 

Hemodynamics 
At cardiac catheterization the cardiac output is decreased. 
LV end-diastolic pressure, LA pressure and pulmonary 
venous wedge pressure are elevated. In severe cases the 
pulmonary artery pressure is also elevated. 

Contrast Studies 
Ventriculography shows a dilated left ventricle with global 
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Fig. 6-3. Dilated cardiomyopathy. M-mode echocardiogram in an 
adult. The diameters of the ventricles are increased, and left 
ventricular contractions are reduced. On reduction of gain a poste-

hypokinesis (Fig 6-7). End-systolic and end-diastolic vol
umes are increased while ejection fraction and stroke vol
ume are diminished. Mitral insufficiency may be present. 
Coronary arteriography shows normal but dilated coronary 
arteries (Fig. 6-8). In contrast, with ischemic cardiomyopa
thy the coronary arteries are stenosed or occluded and 
the LV shows focal or segmental wall motion abnormalities. 
In late stages ischemic hearts also show global hypokinesis. 

Treatment 
Medical treatment for idiopathic dilated cardiomyopathy 

rior pericardial effusion becomes evident. Ch. T. = chordae tendi
neae; Endoc. = endocardium; Epic. = epicardium; Eff. = effusion; 
Peric. = pericardium. 

includes digitalis, diuretics, afterload reducers and antiar
rhythmic agents. Some centers are evaluating the use of 
antiinflammatory agents monitored by serial ventriculogra
phy and heart biopsy in patients found to have myocarditis 
on initial biopsy. Heart transplantation constitutes a radical 
treatment that is carried out in a few centers. 
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Fig. 6-4. Two-dimensional echocardiography in an adolescent 
male with dilated cardiomyopathy and a mural thrombus. In A, 
a short axis view at the level of the aortic valve (identified by a 
"Mercedes Benz sign"), the left atrium (LA) is dilated. The pul
monary valve is indicated by an arrow. 8 A long axis view shows 
the left ventricle (L V) and left atrium (LA) to be dilated. A 
thrombus (T) is identified in the area of the posterior papillary 

Hypertrophic Cardiomyopathy 

Hypertrophic cardiomyopathy (HCM) is also known as 
idiopathic hypertrophic subaortic stenosis (IHSS), obstruc
tive cardiomyopathy, and asymmetrical septal hypertrophy 
(ASH). HCM is characterized by disproportionate hyper
trophy of the ventricular septum in the region forming 
the outflow tract of the LV. This abnormality may cause 
LV outflow tract obstruction and mitral regurgitation. The 
cause of hypertrophic cardiomyopathy is not known, but 
it may be a disorder of the effects of or production of 
catecholamines or anomalies of neural crest tissue. It is 
usually genetically transmitted as an autosomal-dominant 
trait. Although HLA-A and HLA-B have not been found 
to correlate with inheritance of HCM, one group in Japan 

muscle. 8' is the same view without labels. In C a short axis 
view of the left ventricle (L V) below the papillary muscles, the 
thrombus (T) is again demonstrated. The inner curved line poste
riorly represents endocardium, while the gray crescent outside 
the endocardium is the myocardium, and the bright outer semicir
cle is the pericardium. The left ventricular free wall is not thick
ened. C' is the same view without labels. Ao = aorta. 

has discovered an association of a HLA-DR locus with 
HCM. Microscopical examinations have demonstrated a 
disordered myocardial architecture (hypertrophied, mal
oriented' cells with bizarre shapes and disarray of myofibrils 
and myofilaments). 

Hypertrophic cardiomyopathy has been described in as
sociation with congenital cardiac defects (endocardial cush
ion defects, pulmonic stenosis, postpulmonary artery band
ing, discrete subaortic stenosis) or acquired heart disease 
(aortic valvular disease, coronary artery disease) and anom
alies of neural crest tissue (pheochromocytoma, tuberous 
sclerosis, neurofibromatosis). Cardiomyopathic lentiginosis 
or Leopard syndrome (sensorineural deafness, genital hypo
plasia and psychic and somatic infantilism) is a less well 
known associated neuroectodermal disorder. Abnormali-



Fig. 6-5. Dilated cardiomyopathy. Frontal-plane chest roentgeno
gram in a 2-year-old boy. This view demonstrates generalized 
cardiomegaly with the left ventricle predominating. Observe pul-
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monary vascular redistribution, bilateral perivascular haze and 
mild blunting of the left costophrenic angle, consistent with mod
erate pulmonary venous hypertension. 
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A B 
Fig. 6-6. Dilated cardiomyopathy in a 52-year-old woman. The 
frontal plane film (A) and lateral plane film (B) show cardiomegaly 
with left ventricular enlargement. Pulmonary vasculature is unre-

ties that may simulate HCM are hypertensive cardio
myopathy, glycogen storage disease (Pompe disease), 
mitochondrial myopathy (congenital cataract, lipid and 
glycogen storage, and postexercise lactic acidosis), hyper
thyroidism, Friedreich's ataxia, Fabry disease, 46 XX, XY 
Turner phenotype (Noonan syndrome), cardiac sarcoidosis, 
primary cardiac sarcoma and lymphoma. Infants of dia
betic mothers may develop myocardial hypertrophy and LV 
outflow tract obstruction that has the features of HCM 
but resolves during the first year of life. Infants with hyper
insulinemia due to nesidioblastosis have the same clinical 
features as do infants of diabetic mothers, including thick
ening of the ventricular septum. In infants of diabetic moth
ers, these features resolve gradually after birth, whereas 
in infants with nesidioblastosis they do not. 

Clinical Features 
The natural history ofHCM is variable. It is usually charac
terized by a relatively benign course and slow progression; 
however, premature death is not uncommon. Such deaths 
are usually sudden, but they may occur in the setting of 
chronic, progressive congestive heart failure. 

The usual symptoms are fatigue, dizziness, dyspnea, an
gina and syncope. On physical examination a double pre
cordial impulse is noted. A systolic murmur heard along 

markable. On the lateral film the left ventricle projects excessively 
posteriorly to the inferior vena cava, while the gastric bubble 
outlines the diaphragmatic wall of the left ventricle. 

the left sternal border and at the apex is accentuated by 
the Valsalva maneuver, inhalation of amyl nitrate and as
sumption of erect posture. Absence of an aortic click sug
gests subaortic stenosis rather than aortic valve stenosis. 
A mid diastolic murmur is common. S3 and S4 gallops 
are frequently encountered. In severe cases paradoxical 
splitting of the second sound is noted. The carotid pulsa
tions show a rapid upstroke because obstruction does not 
occur during the first part of systole, the carotid pulse 
contour has a rapid early peak followed by a notch (spike 
and dome configuration) characteristic of obstructive 
HCM. This contour is different from the slowly rising up
stroke seen in patients with fixed subvalvular or valvular 
stenosis. The electrocardiogram shows LA hypertrophy, 
LV hypertrophy, LV strain, ST-segment and T-wave abnor
malities and deep left-sided Q waves (septal hypertrophy). 

Echocardiography (Figs. 6-9 to 6-15) 
The most frequent and characteristic echocardiographic 
finding in HCM is a disproportionately thickened ventricu
lar septum (Figs. 6-9, 6-10, 6-12, 6-13). In some cases 
with obstruction and in many cases without obstruction 
(concentric form) the LV free wall is also thickened (Fig. 
6-12). Because of the variability among cases, the ratio 
of septum to wall thickness is not a diagnostic marker 



Fig. 6-7. Dilated cardiomyopathy (endocar
dial Jibroelastosis) in a 2-month-old male in
fant. Levophase of a pulmonary angiogram. 
A Ventricular diastole; B ventricular systole. 
Virtually no change is observed in ventricu
lar size or in opacification whereas the 
change in the size of the left atrium is obvi
ous. The left atrium refills with contrast ma
terial during ventricular systole (mitral insuf
ficiency). The coronary arteries were found 
to be normal, thus excluding anomalous ori
gin of the left coronary artery, which pro
duces similar clinical and ventriculographic 
findings. 
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Fig. 6-8. Coronary arteries in dilated car
diomyopathy. A RAO view and B LAO view 
during a selective left coronary artery 
injection. The coronary arteries are dilated 
and stretched. In this instance the left coro
nary artery is dominant. The posterior de
scending artery (PD) is the branch distal to 
the atrioventricular node artery (A VNA). 
Subjectively, the velocity of the coronary 
blood flow appears more rapid than nor
mal; a hand injection requires more force for 
optimal visualization of the coronary ar
teries. LMCA = left main coronary artery; 
LAD = left anterior descending artery; 
LCX = left circumflex artery; D = diagonal 
artery; M = marginal artery; S = septal ar
tery. Note: This is an excellent example of a 
dominant left coronary artery (see Chap
ter 4). 



Fig. 6-9. M-mode echocardiogram in a teenage male with hyper
trophic cardiomyopathy. The septum is disproportionately thick
ened. The E-F slope of the mitral valve is 35 mm/sec (normal 
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> 60 mm/sec), a feature consistent with slow filling secondary 
to decreased left ventricular compliance. R V = right ventricle; 
PW = posterior wall of the left ventricle. 

I ITIITil Iff' I " II " I" " II II IrlllfI II " 11111 11 1 r" r 111 1 , 111 11 11111111 /11111 r I rr/ n rill III Ill! " IITf1I1Il fIl r n rn II /II 

Fig. 6-10. M-mode echocardiogram in an adult with hypertrophic 
cardiomyopathy. The septum is disproportionately thickened as 
compared to the left ventricular posterior wall (L VPW). Systolic 
anterior motion (SAM) of the anterior leaflet of the mitral valve 
is evident during ventricular systole. The markedly decreased 
E-F slope of the mitral valve during diastole is consistent with 
slow left ventricular filling (decreased left ventricular compliance). 

This finding is not indicative of mitral stenosis because (1) the 
posterior leaflet (open arrows) of the mitral valve moves posteri
orly away from the anterior leaflet during ventricular diastole 
and (2) the atrial "kick" (A) is evident on both the anterior 
and posterior leaflets. (Courtesy of Naftali Neuberger M.D., 
Brooklyn, N.Y.) 
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Fig. 6-11. M-mode echocardiogram of the aortic root showing 
mid systolic closure of the aortic valve in a patient with hypertrophic 
cardiomyopathy. Mid systolic closure (MSC) occurs in patients 
with left ventricular outflow tract obstruction. This echogram 
is from the patient in Figure 6-10. The anterior wall of the aortic 
root (Ao) appears thickened, probably because of slight inferior 
angulation of the transducer so that the summit of the thick 

for HeM. Decreased compliance of the LV is indicated 
by slow E-F slope of the mitral valve (Fig. 6-9). 

In patients with obstruction, systolic anterior motion 
(SAM) of the anterior leaflet of the mitral valve is also 
observed (Figs. 6-10, 6-13). SAM may be induced by the 
Valsalva maneuver or by amyl nitrite in patients without 
this finding at rest. SAM does not correlate with the severity 
of obstruction. 

The aortic valve echogram in HeM with obstruction 
reveals mid systolic closure, indicating mid systolic narrow
ing of the LV outflow tract and abrupt reduction in ejection 
velocity (Fig. 6-11). 

None of the findings detailed in the foregoing is specific 
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ventricular septum is imaged along with the anterior aortic wall. 
The thickness of the posterior aortic wall is normal. The diameter 
of the left atrium (LA) is increased. The echoes observed within 
the left atrium (open arrows) have been explained as originating 
from the openings of the pulmonary veins as they enter the left 
atrium. (Courtesy of Naftali Neuberger M.D., Brooklyn, N.Y.) 

for HeM. Inordinate septal thickness may also be encoun
tered in individuals with LV hypertrophy from other causes 
and also in those with RV hypertrophy. 

SAM has been observed in numerous other conditions, 
including aortic valve stenosis, aortic regurgitation, discrete 
and tunnel subaortic stenosis, Friedreich ataxia, ischemic 
heart disease, hypertensive heart disease and in infants with 
D-transposition of the great vessels and LV outflow tract 
obstruction. 

Infants of diabetic mothers may show all the features 
of HeM at birth (Fig. 6-14), but during the first year of 
life the echocardiographic findings disappear. Infants with 
type II glycogen storage disease (Pompe disease) and those 



Fig. 6-12. Two-dimensional echocardiogram in an 8-year-old boy 
with hypertrophic cardiomyopathy. A Long axis, diastole; B long 
axis, systole; C short axis, diastole; D short axis, systole. The 
septum (Sept.) and the left ventricular posterior wall (PW) are 

with mitochondrial myopathy (Fig. 6-15) also show very 
thick ventricular free wall and septum as well as slow 
E-F slope due to poor LV compliance. (See also Fig. 
6-19.) 

Doppler echocardiography shows a high velocity jet in
side the LV corresponding to the area of stenosis. The 
direction of this jet is similar to the direction of mitral 
insufficiency; and therefore these two hemodynamic distur
bances can not easily be distinguished. 

Radiological (Plain Film) Features 
The heart is usually normal in size. If the heart is enlarged 
the LV (Figs. 6-16, 6-17A) and LA are most prominent. 
If the compliance of the LV is poor or if there is mitral 
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both thickened. Cavitary obliteration occurs during ventricular 
systole. R V = right ventricle; Ao = aorta; LA = left atrium; 
LV = left ventricle. 

insufficiency, pulmonary venous hypertension will be pres
ent. The absence of dilatation of the ascending aorta in 
these cases may help to distinguish them from valvar aortic 
stenosis. 

Hemodynamics 
At catheterization the intraventricular gradient can be al
tered by increasing or decreasing arterial pressure, myocar
dial contractility or ventricular volume. Thus, the outflow 
gradient can be reduced (or abolished) by phenylephrine, 
squatting, hand grip and propranolol and increased by ni
troglycerin, amyl nitrite, Valsalva maneuver, post-extrasys
tolic contraction (Fig. 6-17B), isoproterenol and digitalis. 
Provocative interventional techniques are particularly im-



272 Cardiomyopathies 

Fig. 6-13. Two-dimensional echocardiogram in a young adult with 
hypertrophic cardiomyopathy. A with labels; B without labels. 
The septum is thickened. The left ventricular posterior wall (PW) 

portant in identifying patients with HCM who have no 
resting outflow gradient. Isoproterenol infusion, Valsalva 
maneuver and the post-premature ventricular contraction 
response are commonly used. The abnormal response of 
the arterial pulse pressure after an extrasystole is considered 
characteristic of HCM. In normal individuals an increase 
in the arterial pulse pressure occurs in the beat after the 
extrasystole; whereas in patients with HCM the pulse pres
sure of the post extrasystolic beat is decreased or unchanged 
(Fig. 6-17B). 

Additional hemodynamic features in HCM include ele
vation of the LV end-diastolic pressure and LA pressure. 

Contrast Studies 
Ventriculography (Fig. 6-18) reveals marked LV hypertro
phy with prominent papillary muscles, asymmetrical hy
pertrophy of the ventricular septum, a hyperkinetic ventri
cle, cavitary obliteration and, finally, an increase in the 
calculated ejection fraction. The ventriculographic findings 
in mitochondrial myopathy are similar (Fig. 6-19). 

If systolic obstruction is present at the outflow tract 
of the LV, it occurs at the point where the free edge of 
the anterior leaflet of the mitral valve is opposed to the 

is of normal thickness. This frame, obtained in mid systole, shows 
systolic anterior motion (SAM) of the anterior leaflet of the mitral 
valve. Ao = aorta; LA = left atrium. 

Fig. 6-14. M-mode echocardiogram in a newborn infant of a dia- ~ 
betic mother showing the features of hypertrophic cardiomyopathy. 
In panel A the ventricular septum is disproportionately thickened. 
The right ventricular cavity is represented by a slit between the 
RV wall (RVW) and the septum. The left ventricular posterior 
wall (PW) is also thicker than normal. The mitral valve E-F 
slope is decreased. Systolic anterior motion (SAM) of the anterior 
leaflet of the mitral valve is evident. The septum is relatively 
nonreflective, especially the anterior half. This finding may be 
due to abnormal orientation of muscle fibers such that more are 
parallel to the echo beam or due to abnormal tissue composition. 
Panel B reveals mid systolic closure (MSC) of the aortic valve. 
A follow-up echocardiogram of this subject at age 6 months was 
normal. LV = left ventricle; R VOT = right ventricular outflow 
tract; Ao = aortic root; LA = left atrium. 
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Fig. 6-15. M-mode arc-scan from the aortic valve to the left ventri
cle, demonstrating massively thickened myocardium in an infant 
with mitochondrial myopathy. Midsystolic closure of the aortic 
valve and systolic anterior motion of the anterior leaflet of the 
mitral valve are not evident. Nevertheless, a mild intraventricular 

Fig. 6-16. PA and lateral chest roentgenograms in an 8-year-old 
boy with hypertrophic cardiomyopathy, showing marked left ven
tricular enlargement with rounding and elevation of the apex of 
the heart on PAfilm. On the lateral film the left ventricle projects 
excessively behind the inferior vena cava. Rounding of the left 
heart border on the frontal-plane view (A) as well as obliteration 
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pressure gradient was found at cardiac catheterization. The arrow
heads indicate opening and closing of the aortic valve. LA = 
left atrium; PW = left ventricular posterior wall; LV = left ventri
cle; SEPT = ventricular septum. For the left ventriculogram 
see Fig. 6-19. 

of the retrostemal clear space on the lateral film (B) suggest 
right ventricular enlargement. However, the left ventricular angio
gram showed that the left ventricular enlargement was responsible 
for the plain film findings. Even though a double density is present 
within the cardiac silhouette, the left atrium is not enlarged. The 
pulmonary vascularity is normal. 

B 



Fig. 6-17. Hypertrophic cardiomyopathy. A PA chest roent
genogram in a 22-year-old man with hypertrophic cardiomy
opathy. In contrast to Fig. 6-16. this film shows the typical ap
pearance of left ventricular enlargement (elongation of the left 
heart border and projection of the cardiac apex below the left 
hemidiaphragm). Absence of dilatation of the ascending aorta 
favors subaortic stenosis rather than aortic valvular disease. The 
ventriculogram from this patient is found in Fig. 6-18. B Dynamic 
obstruction of the left ventricular outflow tract in a 15-year-old 
boy with hypertrophic cardiomyopathy (HCM). Pressure tracings 
in the left ventricle (L V) and the brachial artery (BA) demonstrate 
a marked pressure difference between the LV and the BA (peak 
systolic gradient = 75 mm Hg). After a premature ventricular 
contraction the left ventricular systolic pressure rises markedly. 
while the systolic pressure and the pulse pressure in the brachial 
artery do not rise. Augmentation of the intraventricular pressure 
gradient is a result of post extrasystolic potentiation of cardiac 
contractility. This phenomenon is characteristic of HCM. 
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interventricular septum. This abnormal systolic apposition 
of the anterior leaflet of the mitral valve may be demon
strated by angiography and echocardiography. The normal 
systolic motion of the mitral valve leaflets is restricted by 
the septal thickening that causes angulation of the LV and 
displacement of the papillary muscles from their usual 
alignment. producing abnormal traction on the chordae 
tendineae and mitral leaflets. Restriction of the posterior 
motion of the mitral leaflets also impairs their coaptation 
and may result in mitral insufficiency. 

~ 

\ A 

~ ~ \ 
~ i\ 

U '" 1t:; \" r--.... "'" "'-r-
, ..... I"- ....J :--r-.~ --

\ \v" \ \1 .r.J f.I 1\ A 
V V 

B 

Biventricular Angiography for the Assessment of 
HeM Biventricular angiography is a useful method for 
assessing the thickness of the septum in HeM (Figs. 6-
20 and 6-21). The triangular shape of the ventricular sep
tum observed on the LAO projection of a biventricular 
angiogram (Fig. 6-2OC) has been regarded as specific for 
HeM. However, the authors have observed this finding 
in individuals with HeM, in those with normal ventricles 
(Fig. 6-22C) and in patients with hypertrophy from other 
causes. Biventricular angiography in the RAO view tends 
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Fig. 6-18. Left ventriculogram in a 22-year-old man with hyper
trophic cardiomyopathy. A and B RAO views; C and D LAO 
views. Left ventricular hypertrophy is indicated by the marked 
thickening of the left ventricular wall and by the coarse trabecula
tions (feathery appearance) observed during diastole (A and C). 
During systole (B and D) the hypertrophied papillary muscles 

Tome into apposition (the "kissing" effect), thus closing off the 
ventricular sinus (cavitary obliteration). The left ventricular cavity 
is normal in size during diastole. Mild mitral insufficiency occurs 
during systole. This ventriculogram is from the patient in Fig. 
6-17A. 
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Fig. 6-19. Frontal projections of a left ventriculogram in an infant 
with mitochondrial myopathy mimicking hypertrophic cardiomy
opathy. A Diastole; B systole. The ventricular cavity is normal 
in size during diastole. Hypertrophied muscle walls and papillary 

Fig.6-20. Appearance of the ventricular septum during biventricu
larangiography in the LAO view. A represents the normal configu
ration; B represents hypertrophy from causes other than hyper
trophic cardiomyopathy (HCM), and C represents the triangular 
appearance that some consider diagnostic for HCM. The authors 
have found configuration B in patients with HCM and 
configuration C in normal individuals and in patients with left 
ventricular hypertrophy from other causes. R V = right ventricle; 
LV = left ventricle. 

muscles are apparent during diastole. Cavitary obliteration occurs 
during systole. This ventriculogram is from the patient in Fig. 
6-15. 

, 
" " ... ..... ...... 

I 
I , 

I 

... _' 

, , , , 

B 

c 



278 Cardiomyopathies 

A 

" I , 
I 
I 
I , 
I 

\ 

\ PA \ 
, I 

\ A. I 
, '''-of 
~./ \ 

\ \ , , 
I \. 

~ , , 
\ 
\ 
\ 
\ 
\ 
\ 
\ , , , , 

\ 
I 

'.... I '--_, I 
..... _--- , , 

" "- ' ... .... ) .. -
Normal Ventricles and Aortic Stenosis 

C 

'-- ... ..... .. ..... 

Right Ventricular Enlargement 
B 

Asymmetric Septal Hypertrophy 

Fig. 6-21. Ventricular morphology observed on biventricular angi
ography in the RAO view. In normal hearts (A) the ventricles 
are superimposed during systole and diastole except for the out
flow tracts. In right ventricular dilatation (B) the left ventricle 
projects within the silhouette of the right ventricle. In hyper-

to identify individuals with HCM. Three patterns were 
observed in a study by the authors (Figs. 6-21 to 6-23): 
(1) In patients with normal ventricles or with LVH or 
RVH, complete overlap of the ventricles during systole 
made it impossible to differentiate the chambers (Fig. 6-
22A and B). (2) In individuals with RV enlargement, the 
LV can be identified through the enlarged RV, which com
pletely encompasses the LV cavity. (3) In patients with 
HCM, both ventricular chambers are seen to move away 
from each other during systole, permitting visualization 
of the interventricular septum (Fig. 6-23B). This separation 
of ventricular cavities and visualization of the interventricu-

trophic cardiomyopathy (C) the ventricles separate during ven
tricular systole so that the ventricular septum is sharply outlined. 
PA = pulmonary artery; LV = left ventricle; R V = right ventricle; 
AO = aorta. 

lar septum during systole in the RAO view is considered 
by the authors to be characteristic of HCM. 

Green et al. have reported that the caudocranial LAO 
view provides excellent definition of the ventricular septum 
and LV free wall. SAM of the mitral valve was also demon
strated on this projection. 

Coronary arteriography in individuals with HCM ordi
narily does not demonstrate any intrinsic coronary artery 
disease. However, the vessels are usually dilated and tortu
ous in severe cases (Fig. 6-24). Neovascularity of the ven
tricular septum has been observed by the authors. 
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Fig. 6-22. Biventricular angiogram in patient with normal ventri
cles. RAO views during A diastole and B systole; C LAO view 
during ventricular systole. In A and B the ventricles overlap 
and cannot be distinguished except for the outflow tracts. In C 
the septum is triangular. R V = right ventricle; LV = left ventricle. 

Treatment 
Medical treatment consists of administration of beta ad
renergic blockers (e.g., propranolol), which reduce the rate 
of cardiac contraction. Thus, functional obstruction of the 
LV outflow tract may be reduced as well as tension of 
the LV wall. Verapamil is beneficial in some patients, per
haps by improving the diastolic filling rate. However, this 
drug causes deleterious, and at times fatal, effects in a 
small percentage of patients, possibly due to peripheral 
vasodilatation. Cardiac inotropic agents (e.g., digoxin, iso
proterenol), are contraindicated. Diuretics are avoided 
since they may reduce LV volume, thus increasing the 

degree of LV outflow tract obstruction. Atrial fibrillation 
is treated without delay because of the need for the atrial 
contribution to myocardial filling in HCM. 

Surgical treatment usually involves removal of septal 
muscle tissue. A transaortic approach is the method of 
choice. Complications include complete heart block and 
the creation of an interventricular septal defect. Even 
though the outflow gradient is often reduced, arrhythmias 
are still common, and sudden death may occur. 

C 
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Fig. 6-23. Biventricular angiogram during ventricular systole in 
hypertrophic cardiomyopathy. A LAO view; B RAO view. A The 
septum is thickened but does not show a triangular configuration. 

Fig. 6-24. Coronary arteries in hypertrophic cardiomyopathy. A 
Frontal view and B lateral view during a selective left coronary 
artery injection. The vessels are dilated and tortuous. In some 
cases neovascularity is evident in the septum. Compare with Fig. 

Restrictive Cardiomyopathy 

Restrictive cardiomyopathy may be caused by fibrosis of 
the endocardium or by an infiltrative process that impairs 
diastolic function. The most severe form of restrictive car
diomyopathy is caused by endomyocardial fibrosis (EMF). 
Becker disease, Davies disease, Jamaican myocarditis and 
the Lamer hypereosinophilic syndrome probably represent 
a spectrum of the same disorder culminating in EMF. 
Thrombotic endocarditis (endocardial synechiae), which 
occurs rarely after mitral valve replacement, also may prog
ress to EMF. Infiltrative diseases that may produce similar 

B The ventricles have rotated so that the ventricular septum is 
sharply outlined between the ventricular cavities. Compare with 
Fig. 6-22B. LV = left ventricle; R V = right ventricle. 

6-8. LMCA =left main coronary artery; LAD = left anterior 
descending artery; LCX = left circumflex artery; PD = posterior 
descending artery. 

hemodynamic alterations include sarcoidosis, amyloidosis, 
and hemochromatosis-hemosiderosis. 

The restrictive presentation is due to a rigid myocardium 
that fails to relax in diastole. Constrictive pericarditis or 
pericardial or myocardial neoplasm also limits cardiac fill
ing and therefore may present with similar features. See 
chapter 9 for a comparison between constrictive pericarditis 
and restrictive cardiomyopathy. 

Plain films in restrictive cardiomyopathy show no con
sistent characteristic features. The heart may be normal 
in size or even markedly enlarged. Signs of pulmonary 
venous hypertension may be present. The characteristic 

B 



Fig. ~25. Intraventricular calcification in a patient with endomyo
cardial fibrosis. Apex four-chamber view of a 2-D echocardio
gram. A with labels; B without labels. The apex of the left ventricle 
(L V) is filled by a V -shaped calcific density (arrow), corresponding 
to the V -shaped calcification noted on the plain films (Fig. ~ 

hemodynamic feature of restrictive cardiomyopathy is an 
early diastolic dip and late plateau, reflected in the pressure 
waves of the affected atrium and ventricle. The end-dia
stolic pressure is elevated. On ventriculography the ventri
cle may fail to relax in diastole. The ejection fraction is 
also reduced, but the ejection rate may be relatively normal. 
Ventriculography may also show insufficiency of the mitral 
or tricuspid valve. The coronary arteries are normal. Differ
entiation of restrictive cardiomyopathy from constrictive 
pericarditis may be difficult or even impossible at times 
so that the distinction can be made only at thoracotomy. 

Endomyocardial Fibrosis 

Endomyocardial fibrosis (EMF) is a major form of heart 
disease among young Africans, first described by Davies 
in 1948. Laffier observed extremely elevated eosinophil 
counts in the blood in patients with acute endomyocardial 
necrosis; in some of these the disease progressed to early 
death. Others developed endomyocardial thrombus fol
lowed by hyaline fibrosis of the endocardium. Andy et 
al. confirmed that eosinophilia preceded the onset of 
chronic EMF by many months. These studies suggest that 
the eosinophilic endocarditis described by Lamer and the 
EMF of Davies may be acute and chronic forms of a single 
disease. A similar disorder has been described by Beck~r 
in light-skinned Europeans and Americans, although eo
sinophilia was not present. The etiology is not known. Mi
crofilaria are suspected to cause eosinophilia in Lamer en
docarditis, but other possible causes are schistosomes and 
various viral organisms. 

EMF is characterized by thickening and fibrosis of the 
endocardium of either or both ventricles. The inflow tract, 
apex, papillary muscles and chordae tendineae are predomi-
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26). The mitral valve prosthesis is not visualized, probably because 
of shadowing behind the calcified mass. A calcific density in the 
left ventricle may also represent a calcified thrombus, tumor or 
fibrous tissue. R V = right ventricle; LA = left atrium; RA = 
right atrium. 

nantly affected. In some cases the apex is completely filled 
by a mass of fibrous tissue and thrombus, while the outflow 
tracts are relatively spared. The fibrotic layer may be as 
much as 10 mm thick in the R V and 20 mm thick in 
the LV. Septa of fibrous tissue may extend into the rela
tively normal myocardium. The hemodynamic abnormali
ties resulting from EMF are (1) decreased ventricular com
pliance, (2) mitral or tricuspid valvar insufficiency and (3) 
partial obliteration of either or both ventricular chambers 
by the mass of fibrous tissue. 

Clinical Features 
Progressive fatigue, dyspnea On exercise, edema and ascites 
are frequently encountered. Pulmonary and systemic em
bolization are known to occur in the European form of 
the disease but are uncommon in the African form. Death 
due to LV failure or arrhythmia usually occurs 3 to 4 
years after the onset of symptoms. 

Signs of right or left heart failure will be predominant, 
depending on the degree and extent of involvement of either 
ventricle. Murmurs of mitral or tricuspid insufficiency or 
both and gallop rhythms are prominent features on physical 
examination. The electrocardiogram may be normal or may 
show ventricular hypertrophy or T-wave changes. 

Echocardiography 
The echocardiogram shows intense echoes associated with 
involvement of the endocardium of the RV free wall, both 
sides of the ventricular septum and the LV free wall. 
Obliteration of the apex of the R V or LV may be recognized 
on 2-D echocardiography (Fig. 6-25). The motion of the 
ventricular septum may be paradoxical. One or both atria 
may be dilated. The presence of pericardial effusion is easily 
documented if present. 
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Fig. 6-26. Endomyocardial fibrosis in a 46-
year-old woman. A P A view and B lateral 
view showing typical "mitral heart" configu
ration. The left atrium, right ventricle and 
right atrium are enlarged. The pUlmonary 
artery is dilated. The aorta is inconspicuous. 
Pulmonary vascular redistribution with mild 
interstitial changes is consistent with moder
ate pUlmonary venous hypertension. Intra
ventricular calcification (arrow) in a patient 
with a prosthetic mitral valve might indicate 
thrombosis and intracavitary synechiae or 
calcified endomyocardial fibrosis. 
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Radiological (Plain Film) Features 
With predominantly left-sided EMF the findings are similar 
to those of pure mitral stenosis (enlargement of the LA, 
RV, RA and pulmonary venous hypertension) (Fig. 6-26). 
Even though mitral insufficiency is prominent on physical 
examination, the left ventricle is not enlarged because of 
restriction to dilatation by the fibrotic tissue lining the 
LV cavity. 

With EMF of the RV, the RA is enlarged, as are the 
superior and inferior venae cavae. Hepatomegaly is also 
evident. The diaphragms may be elevated by abdominal 
ascites. The lungs may show undercirculation. In either 
type (right or left ventricular involvement) diffuse intracavi
tary calcification may be observed (Fig. 6-26). This type 
of calcification differs from the linear calcification of the 
endocardium associated with ischemic heart disease (Fig. 
4--41). 

Hemodynamics 
In cases with predominantly R V involvement the RA pres
sure is elevated. The R V diastolic pressure is also elevated. 
An early diastolic dip in the pressure wave of the R V 
(the "dip-plateau" configuration) is apparent in this disease 
as well as in constrictive pericarditis (Fig. 9-9). 

In cases of LV involvement the diastolic dip-plateau 
wave form is noted in the LV. The LV end-diastolic pres
sure, pulmonary capillary wedge pressure, pulmonary ar
tery pressure and the R V systolic pressure are elevated. 
The R V diastolic pressure and the RA pressures may be 
normal. 

Contrast Studies (Fig. 6-27) 
The characteristic findings in advanced cases of EMF of 
the LV are amputation or obliteration of the LV apex by 
the fibrous mass. The fornix, or subvalvular region, may 

Fig. 6-27. Endomyocardial fibrosis. Left ventricular angiogram 
(A diastole; B systole) and surgical specimen (C). The apex of 
the left ventricle is obliterated by a mass of fibrous tissue. Only 
the outflow tract dilates during diastole. The distance between 
the papillary muscles is the same during systole and diastole, 
indicating adiastole of the ventricular chamber. The mitral valve 
prosthesis had been placed approximately 10 years previously. 
The patient died about 2 weeks after myocardial decortication 
(C). The diagnosis of endomyocardial fibrosis was confirmed at 
autopsy. Angiographically these findings are characteristic for 
endomyocardial fibrosis; however, similar findings may be en
countered rarely after mitral valve replacement secondary to api
cal thrombosis and synechiae. A neoplasm may also produce 
similar findings. Coronary arteriography will reveal neovascular
ity if the tumor is vascular. This angiogram is from the patient 
in Fig. 6-25 and Fig. 6-26. (Surgical specimen courtesy of George 
Robinson, M.D., Bronx, N.Y.). 

c 
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also be involved. The papillary muscles are held in close 
apposition by the dense fibrous tissue, resulting in adiastole, 
or absence of ventricular dilatation during diastole. The 
outflow tract is usually the only part of the ventricle that 
dilates. Severe mitral insufficiency and LA enlargement 
are characteristic. In EMF of the RV, cavitary obliteration 
with adiastole, tricuspid insufficiency and RA enlargement 
are associated. The coronary arteries are normal with both 
types. Absence of neovascularity militates against a diagno
sis of suspected intracardiac tumor. 

Treatment 
Medical treatment includes rest and diuretics. Anticoagu
lants may prevent embolization in the European form of 
the disease. Surgical treatment consists of excision of the 
massive fibrotic endocardium and papillary muscles (Fig. 
6-27C). The atrioventricular valve in the predominantly 

Fig. 6-28. Two-dimensional echocardiograms in a patient with 
amyloidosis proven at autopsy. A Parasternal long-axis view; B 
apex four-chamber view; C apex two-chamber view. The ventricu
lar septum is thickened. Speckling ofthe myocardium is conspicu
ous. In the apical views a linear pattern of increased echo density 
is noted in the ventricular septum. (Courtesy of Dr. Balendu 
C. Vasavada, and Dr. Howard Friedman, Brooklyn, N.Y.). 

affected ventricle is replaced. The other atrioventricular 
valve is preserved, if possible. 

Infiltrative Cardiomyopathies 

Amyloidosis, sarcoidosis and hemochromatosis produce 
deposits within the muscle of the heart. Each may present 
as a dilated cardiomyopathy if contractile function is pre
dominantly impaired or as a restrictive cardiomyopathy 
if ventricular compliance is the dominant abnormality. 

Amyloid and sarcoid infiltration will cause a stippled 
or "sparkling" appearance of the myocardium on 2-D echo
cardiography (Fig. 6-28). Evaluation of wall thickness, sys
tolic ejection rate and diastolic filling rate by echocardiog
raphy and nuclear angiography will help to elucidate the 
hemodynamics. 
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Fig. 6-29. Right ventriculogram in a patient with arrhythmogenic 
right ventricular dysplasia. A Diastole, B systole. A localized aneu
rysm in the inflow portion of the right ventricular wall (arrows) 
becomes especially prominent during systole. The trabeculations 

Arrhythmogenic Right Ventricular Dysplasia 

This entity, consisting of a specific cardiomyopathy gener
ally limited to the RV, was first described by Fontaine 
in 1976. The entity is characterized by global dilatation 
or focal aneurysms of the RV free wall. At surgery, excess 
subepicardial fat is observed over the RV, together with 
adipose and fibrous tissue between the muscle cells of the 
affected myocardium. The process may extend into the 
adjacent ventricular septum and LV wall. 

Affected individuals present with ventricular premature 
beats, left bundle-branch block or paroxysms of ventricular 
tachycardia singly or in a combination. 

The plain films may show R V dilatation or a localized 
bulge in the outflow tract. On M-mode echocardiography 
the RV may be enlarged, 2-D echocardiography may reveal 
areas of hypokinesis or outpouching of the R V wall. Right 
ventriculography (Fig. 6-29) shows localized wall motion 
abnormalities or aneurysms of the free wall in the inflow 
portion, apex, or outflow tract. Trabeculations in the wall 
of such aneurysms indicate the presence of myocardium, 
thus differentiating these abnormalities from examples of 
partial Uhl anomaly. The coronary arteries are normal 
on selective angiography. 

Surgery is indicated if arrhythmias are refractory to 
treatment. Epicardial mapping during induced ventricular 
tachycardia at the time of surgery shows that the abnormal 
activation arises over the area of abnormal myocardium. 
Incisions are made in the wall of the R V to interrupt the 

in the wall of the aneurysm indicate the presence of myocardium. 
Thus, partial Uhl anomaly is excluded. The coronary arteries 
were normal on selective coronary arteriography. At operation 
subepicardial fatty infiltration was found. 

course of the abnormal activation. A radical approach con
sists of complete excision and reimplantation of the R V 
wall, while preserving the coronary artery supply. 

Uhl Anomaly 

Uhl anomaly or the "parchment right ventricle" of Osler 
consists of hypoplasia or aplasia of the entire R V myocar
dium. The epicardium and endocardium of the wall of 
the RV lie adjacent to each other with no intervening car
diac muscle. The myocardium of the septum is normal, 
but at the junction of the septum and the R V wall the 
myocardium ends abruptly. The coronary arteries are nor
mal. The RA and R V are markedly dilated. A right-to
left shunt may occur at the atrial level and may be accompa
nied by cyanosis. 

The electrocardiogram shows RA and LV hypertrophy. 
On plain films Uhl anomaly may simulate Ebstein anomaly, 
cardiomyopathy, pericardial effusion, congenital tricuspid 
insufficiency with short chordae tendineae or idiopathic 
dilatation of the RA. M-mode echocardiographic findings 
are similar to those associated with Ebstein anomaly. The 
R V is dilated, the tricuspid valve closes later than normal 
(normally, tricuspid closure occurs no later than 0.03 sec
onds after mitral closure). A relatively normal position 
of the tricuspid valve in instances of the Uhl anomaly tends 
to differentiate that disorder from the Ebstein anomaly. 
On 2-D echocardiography in instances of Uhl anomaly 
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the tricuspid valve is attached normally and not displaced 
distally as in the Ebstein anomaly. On angiography i.l;.~ 

R V is dilated and akinetic. Absence of trabeculae correlates 
with the absence of myocardium within the R V free wall. 
The attachment of the tricuspid valve is at the atrioven
tricular groove, while in Ebstein anomaly the tricuspid 
valve is attached within the RV cavity, causing a second 
notch along the diaphragmatic surface on the frontal view 
of the right ventriculogram. This second notch is present 
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7 Congenital Heart Disease 
Hugo Spindola-Franco, Bernard G. Fish, 
and Robert Eisenberg, 

The classification of heart disease in children presents some 
practical difficulties. In general usage; the term congenital 
has come to mean those structural abnormalities of the 
heart due to faulty embryogenesis, regardless of etiology. 
Some congenital heart diseases thus designated may not 
be detectable until later in childhood; some may not be 
detected until adulthood; and some may not become clini
cally apparent at any time. Conversely, infective heart dis
orders may be acquired in utero and thus be present at 
birth. The traditional approach is to classify heart disease 
in children as congenital or acquired, regardless of the 
presence or absence of disease at birth. In general, that 
approach will be followed in this work. 

In the underdeveloped nations of the world, rheumatic 
heart disease, the most common form of acquired heart 
disease, is still the predominant problem. In the developed 
nations the use of penicillin for the treatment and prophy
laxis of streptococcal infections has reduced the incidence 
of rheumatic heart disease dramatically. As a result, con
genital heart defects are more commonly encountered than 
infective heart disease. 

Etiology of Congenital Heart Defects 

Factors that predispose toward congenital heart defects 
may be toxic, metabolic, infective or hereditary. Toxic 
agents demonstrated to be associated with heart defects 
include alcohol and various drugs (e.g., dilantin, thalido
mide). Maternal diabetes also has been shown to be related 
to an increased incidence of congenital heart defects. Mater
nallupus erythematosus is associated with congenital heart 
block. Rubella is known to produce peripheral pulmonic 
stenosis as well as intracardiac defects. Many types of heart 
disorders have been shown to have a Mendelian inheritance 
pattern in some family groups; atrial septal defect, ventricu
lar septal defect, mitral valve prolapse and hypertrophic 

cardiomyopathy are examples. Inherited syndromes, such 
as Noonan Syndrome, Holt-Oram syndrome and Ellis van 
Creveld Syndrome may also be associated with heart de
fects. Most of the chromosomal defects include congenital 
heart disease. Turner syndrome, Down syndrome, trisomy 
13-15 (Bartholin-Patau syndrome) and trisomy 17-18 (tri
somy E) are most common. These factors are mentioned 
in the descriptions of the entities below. 

Incidence of Congenital Heart Defects 

The incidence of congenital heart disease is in the area 
of7 /1000 live births. The incidence of individual malforma
tions is difficult to assess and varies appreciably with age. 
Studies by Mitchell et al. and by Ober et al. provide consid
erable data on the incidence in the newborn period. Sponta
neous closure of ventricular septal defects on the one hand 
and death of some babies with complex cardiac lesions 
at the other extreme significantly change the incidence and 
relative frequency of individual lesions during the first year 
of life. In the newborn the most common causes of early 
difficulty (heart failure or cyanosis or both) are hypoplastic 
left heart syndrome, transposition of the great arteries, pul
monary atresia with intact ventricular septum, atrioven
tricularis communis (A-V communis, atrioventricular ca
nal), tetralogy of Fallot, ventricular septal defect, total 
anomalous pulmonary venous return, truncus arteriosus, 
cardiomyopathy (e.g., endocardial fibroelastosis, anoma
lous origin of the left coronary artery, transient left ven
tricular dysfunction), and patent ductus arteriosus (prema
ture infants). The most common acyanotic lesions present 
in childhood, in approximate order of frequency, are ven
tricular septal defect, patent ductus arteriosus, coarctation 
of the aorta, isolated pulmonic valvar stenosis, aortic valvar 
stenosis and atrial septal defect. The only common cyanotic 
lesion in children is tetralogy of Fallot and its variants. 

289 
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On occasion, children survive with unoperated transposi
tion of the great arteries, tricuspid atresia, single ventricle, 
persistent truncus arteriosus, A-V communis and pulmo
nary atresia. 

Classification of Congenital Heart Defects 

Congenital heart disease may be classified in many ways. 
However, giving primary consideration to the radiological 
presentation, a classification conceived by the authors ap
pears rational, functional and practical (Table 7-1). 

The authors have separated the cardiac disorders into 
six groups. The first four are defined by the hemodynamic 
abnormalities that are common to each group. The final 
two, abnormalities of the great vessels and abnormalities 
of visceroatrial situs, relate to the anatomy of the disorder. 
Many lesions have a variable presentation, depending on 
severity and the presence or absence of associated defects. 
As an example, uncomplicated tricuspid atresia occurs as 
a form of obstruction to the right side of the heart with 
cyanosis and decreased pulmonary vascularity. When 
transposition of the great vessels is also present, pulmonic 
stenosis is usually less severe, and pulmonary vascularity 
may be increased as with admixture lesions. Atresia of 
the mitral valve is classified as a left-sided obstructive le
sion, but affected infants may have cyanosis and pulmonary 
overcirculation suggesting also an admixture lesion. 

Terminology Used Frequently to Describe 
Congenital Heart Defects 

Definitions of the hemodynamic abnormalities (e.g., left
to-right shunt, right heart obstruction) are included, with 
a brief presentation of hemodynamic data used to quanti
tate the severity of the lesions. Terms used to describe 
cardiac malpositions and abnormalities ofvisceroatrial situs 
are described briefly here and in detail in the appropriate 
section. 

Situs and Atrioventricular Connections 
Situs refers to the position of the viscera and the atria 
within the body. Situs solitus is normal and indicates that 
the right atrium is on the right and the left atrium is on 
the left. The situs of the lungs corresponds to the situs 
of the heart (thoracic situs). The liver, stomach and spleen 
are usually concordant, the liver being on the right and 
the stomach and spleen being on the left (abdominal situs 
solitus). A mirror-image of thoracic and abdominal situs 
solitus is called situs in versus. Rare cases are reported in 
which the thoracic situs is different from the abdominal 
situs (thoracoabdominal discordance). When one refers to 
the thoracic situs one refers only to the position of the 
atria. The ventricles mayor may not be concordant with 
their respective atria. Normal connections are called atrio-

Table 7-1. Classification of Congenital Heart Defects 

1. Systemic-to-pulmonary communications 
(L --+ R shunts) 
Increased pulmonary blood flow without cyanosis 

2. Admixture lesions 
Transposition complexes, truncus arteriosus and total 

anomalous pulmonary venous return 
Increased pulmonary blood flow with cyanosis 

3. Right heart obstruction 
Valvular, subvalvular, extracardiac with or without sec

ondary R --+ L shunt 
Normal to decreased pulmonary blood flow (with or 

without cyanosis) 
4. Left heart obstruction 

Valvular, subvalvular (discrete; muscular), extracardiac 
Normal pulmonary vasculature or pulmonary venous 

hypertension pattern without cyanosis (Infants may 
be cyanotic) 

5. Abnormalities of the great vessels (rings, slings, etc.) 
Pulmonary vasculature normal unless associated with 

circulatory disturbances 
6. Cardiac malpositions and abnormalities of visceroatrial situs 

Pulmonary vasculature variable 
Specific entities are predictable on the basis of other 

plain film findings 

ventricular concordance, whereas reversed connections are 
called atrioventricular discordance. Situs solitus with 
atrioventricular concordance means that the right atrium 
is on the right and connects with the right ventricle. In 
situs solitus with atrioventricular discordance the right
sided right atrium connects to a left ventricle. Atrioven
tricular discordance is also called ventricular inversion. The 
atrioventricular valves follow their respective ventricles; 
thus the anatomical left ventricle carries a mitral valve, 
while the anatomical right ventricle has a tricuspid valve. 

Left and Right Heart 
The left heart in situs solitus normally includes the pulmo
nary veins, the left atrium, the left ventricle and the aorta. 
If the ventricles are inverted the anatomical right ventricle 
is on the left side, becoming part of the physiological left 
heart. The right heart normally includes the superior and 
inferior vena cava, right atrium, right ventricle and pulmo
nary arteries. Again, whichever ventricle is in the position 
to receive systemic venous (unoxygenated) blood and to 
pump the blood into the lungs is part of the physiological 
right heart or pulmonary circuit. The chambers that carry 
pulmonary venous blood (oxygenated blood) and pump 
into the aorta constitute the physiological left heart or 
systemic circulation. In situs inversus the structures are 
reversed. The physiological left heart (pulmonary veins, 
left atrium, left ventricle, aorta) is on the right, and the 
right heart (great veins, right atrium, right ventricle, pul
monary artery) is on the left. In situs inversus with ventricu
lar inversion the anatomical left ventricle becomes part 
of the right heart, and the anatomical right ventricle be
comes part of the left heart. 



Right Heart Obstruction 
According to the definitions just recorded, right heart ob
struction might involve the pulmonary arteries (isolated 
or multiple pulmonic branch stenosis), the main pulmonary 
artery (supravalvar pulmonic stenosis), the pulmonary 
valve, (valvar pulmonic stenosis), the right ventricular out
flow tract (infundibular pUlmonic stenosis or atresia), the 
right ventricle (anomalous muscle bundle), the tricuspid 
valve (tricuspid stenosis or atresia) or the right atrium 
(neoplasms). 

Table 7-5, in Section 3 of this chapter, is a list of the 
entities causing right heart obstruction. Hemodynamically 
these result in elevation of pressure proximal to the obstruc
tion. If obstruction is severe and a communication exists 
between the right and left heart (e.g., ventricular septal 
defect, foramen ovale), a right-to-Ieft shunt occurs, allow
ing blood to bypass the lungs. It is readily apparent that 
obstruction to the right side of the heart may thus result 
in pulmonary undercirculation and cyanosis. 

Left Heart Obstruction 
Obstruction of the left side of the heart may involve the 
aortic arch (coarctation of the aorta), ascending aorta (su
pravalvar aortic stenosis), aortic valve (valvar aortic steno
sis), left ventricular outflow tract (membranous or muscular 
subaortic stenosis), left ventricle (endocardial fibroelasto
sis), mitral valve (mitral stenosis, parachute mitral valve), 
left atrium (cor triatriatum), or the pulmonary veins (pul
monary venous thrombosis, stenosis, or atresia). Table 7-
7, in Section 4, is a list of entities causing left heart obstruc
tion. Physiological consequences of severe left heart ob
struction are reduction in systemic blood flow and develop
ment of pulmonary venous hypertension. During infancy 
high pressure in the left atrium may stretch the foramen 
ovale so that a left-to-right shunt results. 

Left-to-Right Shunt 
Left-to-right shunt indicates flow of blood from the left 
heart into the right heart. Left-to-right shunts result in 
pulmonary venous blood (oxygenated blood) returning to 
the pulmonary circulation. Thus pulmonary blood flow 
is augmented (pulmonary overcirculation). If a communi
cation exists between chambers of the left and the right 
heart at the same level, blood flows from the left heart 
into the right heart because the pressures are normally 
higher in the left heart. The shunt will be reversed only 
if an additional abnormality (e.g., pulmonic stenosis or 
high pulmonary resistance) is associated. 

A left-to-right shunt can be found at the atrial level 
(e.g., atrial septal defects, anomalous pulmonary venous 
return), the ventricular level (ventricular septal defect, cor
onary arteriovenous fistula), the great vessel level (patent 
ductus arteriosus, aorticopulmonary window) or in the 
periphery (arteriovenous malformations). Table 7-3, in 
Section 1, is a list of entities causing left-to-right shunt. 

In situs solitus the left heart is on the left, the right 
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heart is on the right, and a left-to-right shunt is directed 
from the left side of the body to the right side of the body. 
Thus, in this instance a physiological left-to-right shunt 
is also an anatomicalleft-to-right shunt. In situs inversus 
the left heart is on the right side of the body; in this situation 
a shunt from the left heart to the right heart is an anatomi
cal right-to-Ieft shunt, although the shunt behaves physio
logically as if it were left to right. It is important to distin
guish the concept of a physiologicalleft-to-right shunt from 
that of an anatomicalleft-to-right shunt. The direction of 
flow of the shunt, apparent on angiography, has different 
physiological consequences that depend upon the situs. 

A left-to-right shunt is identified at catheterization by 
the appearance of oxygenated blood in a chamber where 
it is not expected to be (an "oxygen step-up"). As an exam
ple, if on sampling in the right atrium the oxygen saturation 
is found to be 70% and saturation in the right ventricle 
is 80%, a left-to-right shunt at the ventricular level is 
strongly suspected. The differential diagnosis of this oxygen 
step-up includes ventricular septal defect, coronary arte
riovenous fistula, or ruptured sinus of Valsalva communi
cating with the right ventricle. An ostium primum atrial 
septal defect may also produce an oxygen step-up in the 
right ventricle because it is so close to the tricuspid valve 
that oxygenated blood may stream directly from the left 
atrium into the right ventricle without mixing in the right 
atrium. Left-to-right shunts at other levels are indicated 
by oxygen step-ups in the right atrium or pulmonary artery. 
Of course, once a step-up develops it will be carried over 
into the subsequent chambers. As an example, given a left
to-right shunt at the atrial level, the oxygen step-up will 
be detected in the right atrium and carried over to the 
right ventricle and pulmonary artery. If a second shunt 
is present a further step-up may be encountered. 

Normal oxygen saturations and normal intracardiac 
pressures are listed in Table 7-2, along with minimum 
oxygen step-ups that would indicate left-to-right shunts. 
Note that a small oxygen step-up normally occurs between 
the superior vena cava and the right atrium; thus a step
up of 12% is required to identify a shunt at the atrial 
level. Smaller oxygen step-ups are required to diagnose 
shunts at the ventricular and great vessel level. See below 
for quantitation of left-to-right shunts. . 

Right-to-Left Shunt 
A right-to-Ieft shunt indicates flow from the right heart 
into the left heart, resulting in desaturation of the systemic 
circulation. For a right-to-Ieft shunt to occur a communica
tion between the two sides must be present as well as an 
additional disorder (e.g., tricuspid atresia, pulmonic steno
sis, increase of pulmonary resistance). As an example, blood 
flows from left to right through an uncomplicated ventricu
lar septal defect; however, if pulmonic stenosis or increased 
pulmonary vascular resistance is also present, blood will 
flow from right to left through the ventricular septal defect. 
Right-to-Ieft shunts can occur at other levels as well. They 
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Table 7-2. Normal Intracardiac Pressures and Oxygen Saturations 

Superior vena cava 
Inverior vena cava 
Right atrium 

Right ventricle 

Pulmonary artery· 

Pulmonary wedge 
(Left atrium) 

Left ventricle 

Aorta· 

Infants 

a wave = 3-6 
v wave = 2-4 
mean = 0-4 

15-25 
1-5 

15-25 (12-20) 
10-16 

a=3-5 
v=4-7 
m=3-6 
65-S0 
0-5 

65-S0 (60-65) 
45-60 

Children 

a=3-7 
v=2-5 
m=2-5 

15-30 
2-5 

15-30 (10-20) 
5-10 

a=3-7 
v = 3-15 
m= 5-10 
SO-110 
5-12 

SO-110 (7O-S0) 
65-75 

* Systolic 
---(mean) 
Diastolic 

t One set of data t Two sets of data 

are identified in the catheterization laboratory by desatura
tion of the chamber into which the shunt occurs and of 
subsequent chambers as well. 

Bidirectional Shunts 
Bidirectional shunting is frequently observed if a ventricu
lar septal defect is associated with moderate pulmonic ste
nosis. During cardiac catheterization, sampling will reveal 
an oxygen step-up in the right side of the heart as well 
as systemic desaturation. Bidirectional shunting can occur 
at other levels as well if the pressures are equal on the 
two sides of a defect. Bidirectional shunting is present at 
the atrial level in transposition of the great vessels with 
atrial septal defect and at the great vessel level in aortico
pulmonary window with high pulmonary resistance. 

Venous Admixture 
An admixture lesion is one in which mixing of systemic 
and pulmonary venous blood occurs, because all the blood 
flows through a single chamber. Transposition complexes, 
truncus arteriosus, single ventricle, atrioventricularis 
(A-V) communis, double-outlet right ventricle, total anom
alous pulmonary venous drainage and criss-cross heart are 
included in this group. Because of mixing of the two venous 
streams, desaturation of the arterial circulation occurs 
along with pulmonary overcirculation. The oxygen satura
tion of the systemic circulation is determined by the relative 
amount of pulmonary and systemic venous return. If pul
monary blood flow is unobstructed the oxygen saturation 
will be high and clinical cyanosis may not be visible. Never
theless, blood studies will demonstrate desaturation. On 
the other hand, if pulmonic stenosis or elevation of pulmo-

Adults 

a = 2-10 
v =2-10 
m=O-S 

15-30 
O-S 

15-30 (9-16) 
4-12 

a = 3-15 
v = 3-15 
m= 1-12 
90-140 

3-12 

90-140 (70-105) 
60-90 

O2 Sat (%) 

65-75 
65-S0 

65-S0 

63-75 

63-75 

97-100 

97-100 

97-100 

Minimum 
Step-Up 

{
S-IO% Satt 

RA 6-7% Satt 
1.9 Vol% O2 contentt 

{
6-S% Satt 

RV 4-5% Satt 
0.9 Vol% O2 contentt 

PA{3% Satt 
0.5 Vol% O2 contentt 

Desaturation 
94% or lower 

94% or lower 

94% or lower 

nary resistance reduces pulmonary blood flow, then the 
oxygen saturation will be low and cyanosis evident. 

Uncomplicated Dextrotransposition of the Great Vessels 
Dextrotransposition of the great vessels (D-TGA) is consid
ered to be an admixture lesion because it occurs with cyano
sis in combination with pulmonary overcirculation. Never
theless the hemodynamics are unique because of the 
abnormal connections. Consequently the concepts of left 
heart, right heart, left-to-right shunt, and right-to-Ieft shunt 
require some explanation. 

With D-TGA the two sides of the heart are connected 
in parallel so that pulmonary venous blood returns to the 
left atrium and is pumped back to the lungs by the left 
ventricle (physiologic left-to-right shunt). The systemic ve
nous blood returns to the right atrium and right ventricle 
and is recirculated to the body (physiologic right-to-Ieft 
shunt). The two streams might be termed systemic circula
tion and pulmonary circulation. The right heart (right 
atrium and right ventricle) is part of the systemic circula
tion, while the left heart (left atrium and left ventricle) 
is part of the pulmonary circulation. Under these circum
stances blood flowing from the right atrium into the left 
atrium through an atrial septal defect constitutes an ana
tomic right-to-left shunt, which augments pulmonary blood 
flow. Conversely, blood that flows from the left atrium 
to the right atrium defines an anatomicalleft-to-right shunt, 
which returns oxygenated blood to the systemic circuit. 
In these instances the concept of effective pulmonary blood 
flow is very important. Effective pulmonary blood flow 
may be defined as the unoxygenated blood that crosses 
from the systemic circulation into the pulmonary circula-



tion to enter the lungs. An equal and opposite left-to-right 
shunt must coexist so that oxygenated blood is returned 
to the systemic circuit. If this bidirectional shunt is small 
(poor mixing) the patient will be severely cyanotic and 
acidotic. If the shunt is adequate, oxygen supply to the 
systemic circulation allows activity and growth. 

Quantitation of Blood Flow, Size of the Shunt 
and Vascular Resistance 

Systemic and pulmonary blood flow are calculated by 
means of the Fick equation: Cardiac output (Os) is equal 
to the amount of oxygen consumed per unit time by the 
subject (V02), divided by the amount of oxygen extracted 
from each liter of blood. 

(I) Os (liters/min) 

where Cao2 = oxygen content of arterial blood and CVo2 
= oxygen content of mixed venous blood. Mixed venous 
blood is obtained from the pulmonary artery in individuals 
without left-to-right shunts. In those with left-to-right 
shunts systemic venous blood is sampled in the chamber 
proximal to the shunt. 

Similarly pulmonary blood flow (Op) is calculated by 
the formula: 

(II) 

where CpV02 = pulmonary venous oxygen content and 
Cpao2 = pulmonary artery oxygen content. Normally, pul
monary blood flow (Op) is equal to systemic blood flow. 

If a left-to-right shunt is present the oxygen step-up 
will raise pulmonary artery O2 content and narrow the 
pulmonary arteriovenous difference. The calculated pulmo
nary blood flow will then be greater than the systemic 
blood flow by the amount of the left-to-right shunt. 

(III) 

For description of complex defects with bidirectional 
shunting a concept designated effective pulmonary blood 
flow (Oep) is used to define the amount of mixed venous 
blood that eventually reaches the lungs to be oxygenated. 

Effective pulmonary blood flow is calculated by this for
mula: 

(IV) 

where CpV02 = O2 content of pulmonary venous blood 
and Cmvo2 = O2 content of mixed systemic venous blood. 
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Resistance 
This term is defined as the ratio of driving pressure to 
blood flow: 

P 
R=

F 

where R = resistance, P = mean driving pressure (or pres
sure difference across the system) and F = flow rate. 
Depending upon the units used, resistance may be ex
pressed in Wood units (WU = mmHg -;- liters/min) or 
as absolute resistance units (dyne/cm2 -;- cm3/sec) or dyne 
. sec . cm-5. WU are converted to absolute resistance 
units (ARU) by multiplying by a factor of 80. 

WU X 80 = ARU 

Calculations for the various representations of vascular 
resistance follow: 

(PA-LA) 
Rp = .0........--:-. --'-

PA 
Rpt=-.-

Qp 

Qp 

SA-RA 
Rs=-~.--

SA 
Rst=-.-

Qs 

Qs 

Rp OS PA OS PA -==x-.-=-.-x= 
Rs SA Qp Qp SA 

Where Rp = pulmonary artery resistance (also called 
pulmonary vascular resistance); Rpt = total pulmonary 
resistance; Rs = systemic arterial resistance (also called 
systemic vascular resistance); Rst = total systemic resis
tance; P A = mean pulmonary artery pressu~e; LA = mean 
left atrial pressure; SA = mean systemic arterial pressure; 
RA = mean right atrial pressure; and Rp/Rs = resistance 
ratio. 

Both flow and resistance can be normalized to body 
surface area so that results obtained for different-sized chil
dren and adults can be compared. This is done by dividing 
Os and Op by the body surface area (BSA) in square meters 
(M2). The data obtained are often called indexes (e.g., Os/ 
BSA = cardiac index, Op/BSA = indexed pulmonary blood 
flow, Rs/BSA = systemic resistance index). A normal total 
systemic resistance in an adult is about 1130 ± 178 dyne 
. sec· cm·5 ARU (18 ± 2 WU). Normal total pulmonary 
resistance is approximately 205 ± 51 ARU (2.6 ± .7WU), 
and normal pulmonary artery resistance is 67 ± 23 ARU 
(0.8 ± 0.3 WU). The resistance ratio (Rpt/Rst) should 
be less than 0.25. Pulmonary artery resistance is considered 
to be increased mildly when pulmonary artery resistance 
is greater than one third of systemic arterial resistance 
or >4-5 WU. Pulmonary artery resistance is severely in-
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creased when it is greater than 950 ARU (12 WU) or 
two thirds to three fourths of systemic resistance. 

Another method of evaluating shunts is consideration 
of the ratio of pulmonary to systemic blood flow, or Qpl 
Qs. The formula for Qp/Qs appears complicated, but can 
be simplified as follows: 

(V) 
Qp _ V02 Csao2 - Cmv02 
Qs - CpV02 - Cpa02 X V02 

If V 02 is canceled: 

(VI) 
Qp Csa02 - Cmv02 
Qs = CpV02 - Cpa02 

In this equation O2 saturations can be substituted for O2 
content. Thus this formula is useful in laboratories where 
micro O2 contents may not be easily available, or if oxygen 
consumption has not been measured. Note that the factors 
of equation V include the Fick calculation of pulmonary 
blood flow (equation II) and the reciprocal of the Fick 
calculation of systemic blood flow (equation I): 

(VII) 
Qp Sat O2 sa - Sat O2 mv 

Qs Sat 02PV - Sat O2 pa 

Where Sat O2 sa = arterial O2 saturation; Sat O2 mv = 
mixed venous O2 saturation; Sat O2 pv = pulmonary vein 
O2 saturation and Sat O2 pa = pulmonary artery O2 satura
tion. 

A shunt that results in a pulmonary-systemic flow ratio 
of 1.5: 1 or less is considered a small shunt. A ratio of 
2: I is designated a moderate shunt, and above 2.5: 1 the 
shunt is large. On the other hand, pulmonary flow-systemic 
flow ratios less than 1: 1 indicate the presence of a right
to-left shunt. On plain films a shunt less than 1.5: 1 is 
difficult to recognize. Above Qp:Qs = 1.8: 1, pulmonary 
overcirculation is evident on plain films. Qp: Qs greater 
than 2: 1 causes pulmonary overcirculation and enlarge
ment of the cardiac chambers. The anatomical level of 
the shunt is then assessed by examining the size of the 
left atrium, left ventricle and aorta. If the shunt is at the 
atrial level the left atrium will be decompressed and thus 
will not be prominent. Instead, the right atrium, right ven
tricle and pulmonary artery are enlarged, while the aorta 
is normal or small. In the presence of a ventricular level 
shunt the left atrium will be enlarged by the excess pulmo
nary venous return and will be prominent on plain films. 
The left ventricle, right ventricle and pulmonary artery 
may also be enlarged, while the aorta is normal or small. 
If the shunt is at the great-vessel level (e.g., patent ductus 
arteriosus [PDA]) the shunted blood passes through the 
left atrium, left ventricle and ascending aorta. Thus these 
left-sided chambers may all be prominent. Although the 
size of the aorta is stressed as an important sign in the 

differentiation of PDA from VSD, it is often unreliable, 
especially in infants and young children. In addition, LA 
enlargement may not always be evident on plain films of 
the chest in patients with VSD or PDA. 

Indicator-Dilution Method 
Indocyanine green dye is an indicator used in quantitating 
cardiac output and in identifying shunts. The dye is sensed 
by drawing blood through the cardiac catheter past a cu
vette with one sensor that is sensitive to the color of the 
dye and one sensitive to the color of hemoglobin. The rela
tive intensity of the two colors is used to calculate the 
concentration of dye in the blood. The area under the curve 
of concentration versus time can be used to quantitate car
diac output. The shape of the curve can be used to identify 
shunts if the injection site and the sampling site are known. 
As an example, if green dye is injected into the superior 
vena cava during sampling in the pulmonary artery, the 
dye should appear in the pulmonary artery about 7 seconds 
later, reach a peak and decline logarithmically. About 12 
seconds later the dye should reappear, after circulating 
through the body and returning through the heart (Fig. 
7-1). 

If a left-to-right shunt is present, the dye will be carried 
back to the right side of the heart immediately after it 
flows through the lungs. The recirculated dye will then 
be carried out to the pulmonary artery and will appear 
as a deflection on the logarithmic downward slope of the 
curve of concentration. This phenomenon is called early 
recirculation or early reappearance of green dye. The height 
of the secondary peak can be used to estimate the size of 
the shunt. Other combinations of site of injection and site 
of sampling are used to localize shunts. In the presence 
of a right-to-Ieft shunt the green dye will be carried from 
the right side of the heart almost immediately into the 
left side, without traversing the lungs. If the injection is 
in a vein and the site of sampling is in the arterial circula
tion, a peak of concentration will be noted before the onset 
of the normal curve--designated early appearance. Again, 
the height of the peak can be used to estimate the size 
of the right-to-Ieft shunt. 

Hydrogen Electrode 
The hydrogen electrode is also used to identify left-to-right 
shunts. If hydrogen gas is breathed by the subject it will 
be absorbed into the pulmonary venous blood. If a platinum 
electrode is in the right side of the heart during the inhala
tion a voltage will be produced if the hydrogen is carried 
into the right side by a left-to-right shunt. The location 
of the shunt is determined by moving the electrode from 
chamber to chamber during successive inhalations. The 
most proximal chamber in which a change in voltage occurs 
is considered to be the one into which the left-to-right 
shunt flows. Although the hydrogen electrode is very sensi
tive to shunts, its use is limited because of its inability to 



Fig. 7-1. A normal green dye curve, curves observed with left
to-right shunts and curves observed with right-to-left shunts. These 
curves are made by drawing blood from an artery after injection 
of green dye into a vein. The arrows mark the time of injection 
and the normal appearance time. The concentration curve nor
mally reaches a peak 6--10 seconds after its appearance and then 
descends logarithmically. After about 12-14 seconds a recircula
tion curve interrupts the downslope of the initial curve. With a 
left-to-right shunt early recirculation occurs, causing a bump on 
the downslope of the curve before the normal recirculation curve 
(early recirculation). This is because ofthe blood that immediately 
reenters the pulmonary circulation without circulating through 
the systemic bed. In patients with large left-to-right shunt the 
downslope of the curve is entirely displaced, remaining higher 
than normal throughout, and never developing a logarithmic de
scent. Valvar insufficiency also tends to spread out the curve so 
that cardiac output and shunts can not be reliably detected in 
face of insufficiency. A right-to-Ieft shunt is indicated by early 
appearance of the green dye producing a bump on the buildup 
slope. This bump is caused by venous blood that bypasses the 
lungs. 

quantitate shunts and because of the flammability of hydro
gen gas. 

Angiocardiography for Recognition of Shunts. 
Contrast studies are definitive in establishing the location 
of shunts. The injection is made into the chamber from 
which the shunt flows. The size of the shunt can be roughly 
estimated by comparing the relative density of the contrast 
medium in the receiving chamber. 
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Chapter 7, Section I 
Systemic-to-Pulmonary Communications 

Systemic-to-pulmonary communications represent car
diac lesions that result in left-to-right shunts at the atrial, 
ventricular or great vessel level (Table 7-3). Atrial level 
shunts are defects that cause return of pulmonary venous 
blood to the right atrium or systemic veins. Total anoma
lous pulmonary venous return, an admixture lesion, is also 
included here because of its embryological similarity to 
partial anomalous pulmonary venous return. Defects such 
as ruptured sinus of Valsalva into a cardiac chamber and 
coronary arteriovenous fistulas may cause shunts at any 
level of the heart and are included here as well. 

Atrial Level Communications 

Atrial Septal Defect 
Atrial septal defect (ASD) is a common congenital heart 
lesion with an approximate incidence of 10%. ASD is the 
most frequent congenital shunt in adults. [Parenthetically, 
a bicuspid aortic valve is the most common congenital 
heart lesion in adults. Ventricular septal defect (VSD) is 
the most common heart disorder in children, but is uncom
mon in adults. The reason may be a high incidence of 
spontaneous closure of VSD in childhood.] 

The various types of ASD are classified according to 
their location: (1) fossa ovalis defects (ostium secundum 
ASD), (2) endocardial cushion defect (ostium primum 
ASD), (3) superior caval defect (sinus venosus ASD), (4) 
common atrium, (5) inferior caval ASD, and (6) coronary 
sinus ASD. ASD may be associated with other left-to-right 
shunts (e.g., VSD, patent ductus arteriosus, double-outlet 
right ventricle without pulmonic stenosis), right-sided ob
structive lesions (e.g., pulmonary atresia, tricuspid atresia, 
tricuspid stenosis, Ebstein malformation, tetralogy of Fal
lot), left heart obstruction (e.g., coarctation of aorta, hypo
plastic left heart syndrome, left ventricular fibroelastosis), 
and transposition complexes. ASD is virtually always pres
ent in cases of partial or total anomalous pulmonary venous 
drainage. The association of mitral stenosis and ASD is 
called Lutembacher's syndrome (described with mitral 
stenosis). 

ASD may occur as a familial defect with or without 
one of the following recognizable syndromes: 
• The Upper Limb-Cardiovascular Complex. This com
plex comprises the association of cardiovascular malforma
tions (generally septal defects) and bony anomalies (most 
frequently of the thumb and the radius). The Holt-Oram 
syndrome, Duane syndrome and ventriculoradial dysplasia 
are considered a part of this complex. 
• Holt-Oram Syndrome (Figs. 7-2 to 7-4). This syndrome 
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Table 7-3. Systemic-to-Pulmonary Communications 
Left-to-Right Shunts 
Increased Pulmonary Blood Flow Without Cyanosis 

1. Atrial level communications 
Atrial septal defect 

Ostium secundum 
Ostium primum 
Sinus venosus 

Partial anomalous pulmonary venous return with ASD 
Scimitar syndrome 
Rupture of sinus of Valsalva into right atrium 
Left ventricular-right atrial communication 
Coronary arteriovenous fistula into right atrium or coronary 

sinus 
Other, uncommon, types of ASD 

2. Ventricular level communications 
Isolated ventricular septal defect 

Infracristal 
Supracristal 
Muscular 
Inlet 

Ventricular septal defect with aortic insufficiency 
Endocardial cushion type of ventricular septal defect (including 

some inlet VSDs) 
Levotransposition of the great arteries with ventricular septal 

defect without pulmonic stenosis 
Double-outlet right ventricle with subaortic ventricular septal 

defect without pulmonic stenosis 
Coronary arteriovenous fistula into right ventricle 
Rupture of sinus of Valsalva into right ventricle 

3. Great vessel level communications 
Patent ductus arteriosus 
Aorticopulmonary window 
Ductus arteriosus sling 
Anomalous origin of either coronary artery from the pulmo

nary artery'" 

* These defects are classified here as left-to-right shunts; however, their 
behavior reflects myocardial ischemia rather than a left-to-right shunt. 

consists of familial ASD, cardiac arrhythmias, and malfor
mations of the hand (one or both thumbs). The syndrome 
is transmitted in an autosomal dominant inheritance pat
tern. The cardiac lesion is usually a secundum ASD, but 
VSD or patent ductus arteriosus or both have been de
scribed. The thumb may be short, hypoplastic or absent 
(Fig. 7-2); it may possess an accessory phalanx (triphalan
gism), with the distal phalanx turning inward. The thumb 
is nonapposable and resembles the other fingers (Fig. 7-
3). Other bony anomalies include phocomelia, hypoplasia 
of the bones of the shoulder and pectoral musculature (Fig. 
7-4), hemivertebra, spina bifida, scoliosis and Sprengel de
formity. The radius may be hypoplastic or joined to the 
ulna. The thenar eminence may be hypoplastic. The karyo
types are normal. 



Fig. 7-2. Absence of the thumb in Holt-Oram syndrome. The 
radius and carpal bones are also absent. Radial deviation of the 
hand is noted. Both siblings, the father and the paternal grandfa-

• Duane Syndrome. In this congenital ocular anomaly, 
abnormal function of the lateral recti muscles results in 
congenital deficiency of ocular abduction, impairment of 
adduction, retraction and superior or inferior deviation of 
the globe on abduction and narrowing of the palpebral 
fissure on adduction. In addition, these patients may exhibit 
the cardiac and skeletal features of the Holt-Oram syn
drome. 
• Ventriculoradial Dysplasia. This syndrome is character
ized by absence or hypoplasia of the radius and VSD. Pa
tients may also have abnormalities of the thumb similar 
to those associated with the Holt-Oram syndrome. 
• Ellis van Creveld Syndrome. Occurring in Amish (Men
nonite) kindreds, this syndrome includes polydactyly, ab
normalities of the carpal and metacarpal bones and absence 
of the atrial septum (common atrium), with or without a 
cleft mitral valve. 
• Pierre Robin Syndrome. This syndrome includes micro
gnathia, cleft palate and glossoptosis. One variety also ex
hibits clubfoot, ASD and persistence of the left superior 
vena cava; this type may be inherited as an X-linked reces
sive gene. Karyotypes are normal. 
Anatomical Types of Atrial Septal Defect. Fossa Ova lis 
ASD (Ostium Secundum Defect). This entity is the most 

Fig. 7-3. Triphalangism of the thumb in Holt-Oram syndrome. 
The thumb has an accessory phalanx and turns inward. It is 
nonapposable and resembles the other fingers. This patient had 
a secundum atrial septal defect. 
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ther had atrial septal defects. This baby had an atrial septal defect 
and a patent ductus arteriosus. 
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common form of ASD and is the type most frequently 
associated with other heart defects and with the syndromes 
described before. ASD at the fossa ovalis may result from 
(1) an enlarged or stretched foramen ovale, (2) a short 
valve of the foramen ovale causing enlargement of the os
tium secundum, (3) fenestration in the valve of the foramen 
ovale, (4) absence of the valve of the foramen ovale (com
mon atrium), and (5) herniation or aneurysm (or both) 
of the free edge of the valve of the foramen ovale with 
associated incompetence. A short valve of the foramen 
ovale is by far the most common form of secundum ASD. 
Second in frequency is the fenestrated or perforated ASD. 
The other forms of ostium secundum ASD are rare. 
Inferior Caval ASD. This unusual defect overrides the infe
rior vena cava, which thus drains directly into both atria. 
The pulmonary veins also empty into both atria. The eu
stachian valve tends to be attached to the anulus ovalis. 
A large Chiari network may obscure the lower pole of 
the defect. 
Sinus Venosus ASD (also known as Superior Caval ASD 
or High ASD). The defect is independent of the fossa ovalis 
and is located high in the interatrial septum, underlying 
the orifice of the superior vena cava (SVC). The defect is 
often accompanied by partial anomalous pulmonary venous 
return. The right superior pulmonary vein usually drains 
into the SVC, the middle pulmonary vein empties into 
the right atrium (RA) and the right inferior pulmonary 
vein opens normally into the left atrium (LA). On occasion 
the right middle or inferior pulmonary veins may open 
into the SVC (see Figs. 7-10C, 7-11D). A persistent left 
SVC may be present. The ostium of the SVC is adjacent 
to the defect and may straddle the atrial septum, draining 

Fig. 7-4. Phocomelia in Holt-Oram syn
drome. This l-year-old boy had an atrial sep
tal defect and multiple muscular ventricular 
septal defects. 

into both atria. If straddling is marked, cyanosis may be 
evident. Even in patients without clinical cyanosis a right
to-left shunt may be detected at cardiac catheterization. 
Coronary Sinus ASD. This abnormality is rare, apparently 
occurring only as part of a developmental complex. The 
complex includes ASD, persistent left SVC terminating 
in the left atrium and absence of the coronary sinus. The 
coronary veins drain individually into the corresponding 
atria. A right-to-Ieft shunt is part of the disorder and gener
ally results in cyanosis. A left-to-right shunt through the 
ASD is also present. 
Persistent Left Superior Vena Cava. A true persistent left 
SVC (persistent left anterior cardinal vein) drains into the 
coronary sinus and RA through the vein of Marshall (Fig. 
7-5). A persistent left SVC draining into the coronary sinus 
is a benign and not uncommon anomaly in the absence 
of other defects. However, when the left SVC drains di
rectly into the LA, cyanosis may develop because of the 
resulting right-to-Ieft shunt; this anomaly is rare and is 
usually associated with other cardiac malformations (e.g., 
ASD, common atrium, endocardial cushion defect, absence 
of coronary sinus, and situs ambiguus especially polys ple
nia). Rarely the right SVC may be absent. When this occurs 
the persistent left SVC and right innominate vein form a 
mirror image of the normal venous system. This defect 
is one of the numerous anomalies of venous connections 
that can occur with abnormalities of visceroatrial situs. 
Rarely, a persistent left SVC may drain into the left pul
monary veins. 
Ostium Primum ASD. This disorder forms part of a group 
of anomalies called endocardial cushion defects (ECDs), 
ranging from the simplest form (ostium primum defect) 
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Fig. 7-5. Persistent left superior vena cava. Position of a catheter 
in a persistent left superior vena cava in the frontal view (A) 
and the lateral view (B) and the angiographic appearance in the 
frontal view (C) and the lateral view (D). The catheter traverses 
the inferior vena cava, right atrium, coronary sinus (CS) and 
persistent left superior vena cava. The coronary sinus and left 
superior vena cava are posterior structures on the lateral view. 
Injection in the left superior vena cava shows drainage into the 
right atrium via the coronary sinus. On the lateral view the right 
ventricle (R V) is opacified. Persistent left superior vena cava was 
an associated finding in this patient with tetralogy of Fallot and 
trisomy 22. RA = right atrium. 
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to the most severe type (atrioventricularis communis). 
ECDs may be classified into four major groups: (1) ostium 
primum defect with normal atrioventricular (A-V) valves; 
(2) ostium primum defect with cleft anterior mitral leaflet 
or malformed mitral valve; (3) ECD with cleft mitral valve 
and cleft or malformed tricuspid valve (septal leaflet); and 
(4) atrioventricularis communis (common atrioventricular 
canal or A-V communis). (See also description of endocar
dial cushion defects.) 
Clinical Features Children with ASD of the ostium secun
dum type are usually asymptomatic. The diagnosis gener
ally is suspected by detection of a murmur. A right ven
tricular heave, a systolic ejection murmur, fixed splitting 
of the second heart sound, and a diastolic "flow rumble" 
of the tricuspid valve are often present. On occasion, infants 
may have congestive heart failure and recurrent pneumo
nia. Some children show intolerance to exercise and a ten
dency to respiratory infections. In adults with ASD, atrial 
dysrhythmias and right-sided heart failure are common. 
Cyanosis may develop in adults secondary to right-sided 
heart failure or increased pulmonary vascular resistance. 

The usual electrocardiographic findings in patients with 
an ostium secundum ASD consist of an RsR' in VIand 
broad S wave in Vs (incomplete right bundle-branch block), 
right axis deviation and hypertrophy of the right ventricle 
(R V), indicating R V diastolic overload. In patients with 
a high ASD (sinus venosus) an ectopic atrial pacemaker 
(abnormal P wave axis) may occur. Left axis deviation 
of the QRS complex (counterclockwise frontal vector loop) 
is uncommon with ostium secundum defects, but is ob
served in most patients with ostium primum ASD. Thus, 
left axis deviation is useful it} differentiating ostium primum 
defects from ostium secundum ASD. 
Echocardiography M-mode echocardiography shows evi
dence of R V enlargement and paradoxical or asynchronous 
septal motion (Fig. 7-6). These findings are not specific, 
since they may occur with other conditions such as pul
monic or tricuspid insufficiency, anomalous pulmonary ve
nous drainage, Ebstein anomaly, congenital absence of the 
pericardium, congestive cardiomyopathy and type B W olff
Parkinson-White syndrome. Two-dimensional echocardi
ography from the subxiphoid window is most sensitive in 
detecting secundum ASD because the atrial septum is per
pendicular to the echo beam in this view (Fig. 7-6B and 
C). Contrast echocardiography (saline or indocyanine green 
dye) may be helpful in diagnosing a large ASD (Fig. 7-
7). Doppler echocardiography also demonstrates the left
to-right shunt across an ASD (Fig. 2-48). Echocardiogra
phy is very useful in differentiating ostium primum ASD 
from ostium secundum defects (Figs. 7-8 and 7-9) (see 
description of echocardiographic findings in the section, 
Endocardial Cushion Defects). 
Radiological (Plain Film) Features Pulmonary overcircu
lation is present with moderate to large shunts (Fig. 7-
10). The heart may be enlarged in its transverse diameter. 
The RA and RV are dilated while the LA is not enlarged 
except in rare instances in which mitral valve disease coex-

Fig. 7-6. Echocardiography in patients with ASD. A Paradoxical 
motion of the ventricular septum and right ventricular enlarge
ment in a patient with an atrial septal defect. The ventricular 
septum moves anteriorly during ventricular systole (arrow) rather 
than posteriorly. Paradoxical motion of the ventricular septum 
occurs with atrial septal defect and with other abnormalities that 
cause right ventricular volume overload (pulmonary or tricuspid 
regurgitation or both) or pulmonary hypertension. Paradoxical 
septal motion may also occur with congestive cardiomyopathy, 
left bundle-branch block and type B Wolff-Parkinson-White syn
drome. B Two-dimensional echocardiography from a location 
medial to the apex in a 6-year-old boy with secundum ASD. 
The defect is in the middle of the atrial septum in the area of 
the foramen ovale (arrow). Doppler sample volume in the right 
atrium near the defect demonstrates continuous flow into the 
right atrium (left-to-right shunt) (see Fig. 2--48). C Two-dimen
sional echocardiogram from the same location in a one-year-old 
boy with sinus venosus ASD. The foramen ovale is intact, being 
represented by a bright echo in the middle of the atrial septum. 
The defect (arrow) is far superior and posterior next to the wall 
of the atrium. A frequent finding with sinus venosus ASD is 
partial anomalous pulmonary venous return of part or all of the 
right lung to the superior vena cava. In addition the superior 
vena cava may override the interatrial septum to a greater or 
lesser extent, sometimes resulting in a right-to-Ieft shunt. R V = 
right ventricle; RA = right atrium; LA = left atrium; LV = 
left ventricle; AML = anterior leaflet of the mitral valve. (Frame 
B courtesy of Henry Issenberg, M.D., Bronx, New York.) 

ists. The pulmonary artery is dilated, but the aorta is nor
mal or small. If pulmonary vascular obstruction develops 
the central pulmonary arteries dilate considerably and the 
interlobar pulmonary arteries taper abruptly (pruned-tree 
appearance) (see Fig. 1-22). The RV dilates even further 
on such occasions. 
Hemodynamics The catheter easily crosses the atrial sep
tum. The position of the catheter as it crosses may help 
in identifying the location of the defect. With fossa ovalis 
defects the catheter crosses at the midpoint of the atrial 
septum; in sinus venosus defects the catheter crosses high 
in the atrium; and in ostium primum defects the crossing 
of the catheter occurs just above the tricuspid valve, and 
the catheter may even appear to enter the left ventricle 
(LV) directly from the RA. A "step-up" in oxygen satura
tion is usually detected within the RA, but may occur at 
the SVC-RA junction in sinus venosus defect with right 
partial anomalous pulmonary venous return (P APVR). 
Additional step-ups within the innominate vein, SVC or 
inferior vena cava (IVC) would suggest other forms of 
P APVR. In ostium primum defects, and in a few secundum 
defects, the step-up may appear to occur in the RV because 
of streaming from a low ASD directly into the RV. Calcula
tions of the size of the shunt, may be difficult, since no 
chamber contains mixed venous blood. The level of SVC 
O2 saturation may be used, or a weighted average of SVC 
and IVC (SVC X 2 + IVC). In spite of large left-to-right 
shunts the pressures in the R V and main pulmonary artery 
(MPA) usually are normal in children. In adults, pressures 
in the R V and MP A may be elevated, and the shunt may 
be bidirectional or right to left. With ostium primum ASD 
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and mitral insufficiency the regurgitant flow through the 
mitral valve is directed across the ASD, adding to the 
volume load on the right side (LV-to-RA shunt). Thus 
the shunt is likely to be very large, and pulmonary hyper
tension is more likely in individuals with ostium primum 
defects. 
Contrast Studies The levophase of the pulmonary angio
gram or right ventriculogram (Fig. 7-11) is diagnostic and 
is helpful in estimating the size of the atrial left-to-right 
shunt. With secundum ASD, both atria opacify simultane
ously. The SVC and IVC may opacify later by reflux. With 
sinus venosus ASD and PAPVR, the SVC opacifies before 
the RA. If present, other forms of PAPVR can be recog
nized readily. On the LAO view with axial angulation, 
an injection directly into the LA will reveal the position 
of the ASD. Left ventriculography is important for recogni
tion and evaluation of suspected ECDs. This subject is 
discussed in the section, Endocardial Cushion Defects. 
Treatment Surgical closure of an ASD is indicated in in
fants and children who are symptomatic (rare). Elective 
surgery is indicated in asymptomatic children and adults 
if the shunt is greater than 1.5: 1. The surgical mortality 

Fig. 7-7. Contrast echocardiogram in a patient with atrial septal 
defect. A four-chamber view is best for this study. A is the apex 
four-chamber view prior to injection of green dye. Part of the 
atrial septum is not visualized (open arrows). "Dropout" of echoes 
is not necessarily diagnostic of atrial septal defect. Dropout may 
also occur because the septum is parallel rather than perpendicu
lar to the echo beam and reflects poorly. On the subxiphoid view 
the atrial septum is perpendicular to the beam so that dropout 
of echoes is of more significance. During injection of 10 cc of 
green dye into an antecubital vein the right atrium and right 
ventricle fill with considerable density (B). During atrial systole 
(C) unopacified blood crosses the atrial septum (curved arrow), 
indicating an atrial septal defect. Throughout the injection, which 
lasts about 5 seconds, the right atrium repeatedly refills with 
contrast medium and then is partly deopacified. LA = left atrium; 
LV = left ventricle; RA = right atrium; R V = right ventricle. 

is under 1%, and the results are usually excellent. The 
size of the heart usually returns to normal following sur
gery. A persistently enlarged heart may be secondary to 
(1) residual defect or defects due to incomplete repair, (2) 
persistent arrhythmias of hemodynamic significance as a 
complication of surgery and (3) myocardial disease (car
diomyopathy of volume loading). 

Endocardial Cushion Defects 
The spectrum of endocardial cushion defects (ECDs) in
cludes (1) ostium primum ASD without cleft mitral valve; 
(2) ostium primum ASD with cleft mitral valve with or 
without mitral insufficiency; (3) ostium primum ASD with 
cleft mitral valve and involvement of the septal leaflet of 
the tricuspid valve; (4) endocardial cushion type of VSD 
with atrioventricular (A-V) valve abnormality; (5) atrioven
tricularis communis (also known as A-V communis, atrio
ventricular canal or A-V canal). Some authors (Titus and 
Rastelli) also include inlet VSD as a form of ECD. They 
call it ventricular septal defect of the A V canal type. 

The partial or incomplete form of ECD usually consists 
of an ostium primum ASD and a cleft mitral valve. In 
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Fig. 7-8. Ostium primum atrial septal defect. The arc scan from 
the aorta to the mitral valve shows an abnormal anterior position 
(open arrow) of the anterior leaflet of the mitral valve (AML) 
relative to the aortic root and ventricular septum. The anterior 
position of the anterior leaflet of the mitral valve results in narrow
ing of the left ventricular outflow tract, which is equivalent to 
the "gooseneck" deformity observed on angiography with ostium 

these defects, even though that portion of the ventricular 
septum contributed by the A-V canal is absent, the mitral 
and tricuspid valves are bound to the summit or crest of 
the muscular septum so that no interventricular communi
cation is present. The hemodynamics are those of ASD. 
If the mitral valve is incompetent the jet will be directed 
across the ASD into the RA, thus adding to the volume 
load in the RV (LV-to-RA shunt). 

Some authors use the term intermediate form of A-V 
canal to describe an ostium primum defect in which the 
cleft in the mitral leaflet extends across the top of the 
ventricular septum, leaving a small unguarded space. A 
left-to-right shunt mayor may not be present in this area; 
however, if surgery is undertaken it may be necessary to 
alter the operation in order not to bind the mitral valve 
to the ventricular septum. 

The A-V canal type of VSD (also called sinus VSD or 
inlet VSD) is uncommon. This type differs from the mem
branous VSD in that the aortic valve does not form one 
of its boundaries. It occurs more posteriorly than the mem
branous VSD, just below and in front of the A-V valves. 
The membranous septum forms the anterior superior bor
der of the defect and separates it from the aortic valve. 
The A-V valves may be normal or may show findings simi
lar to those occurring with A-V canal. A straddling tricus
pid valve may be associated. 

The complete form of A-V canal (A-V communis) is 
common. In this defect the inferior portion of the atrial 
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primum atrial septal defect (Fig. 7-16). The anterior mitral leaflet 
abuts against the ventricular septum during early diastole, but 
does not cross the ventricular septum. In patients with atrioven
tricularis communis (A-V communis) the mitral valve appears 
to cross the ventricular septum in the area of the ventricular 
septal defect (Fig. 7-12). Ao. = aorta; LA = left atrium; RVOT 
= right ventricular outflow tract. 

septum and the superior portion of the ventricular septum 
are absent. The mitral and tricuspid valves are represented 
by a primitive common A-V orifice, which is guarded by 
anterior and posterior leaflets, and two lateral leaflets. This 
valve mayor may not be competent. Rastelli et al. described 
three fairly distinct patterns of attachment of the anterior 
leaflet of the common A-V valve. In type A the anterior 
leaflet is divided into right and left segments and is attached 
to both sides of the ventricular septum by chordae ten
dineae. In type B the anterior leaflet is also divided but is 
not attached to the ventricular septum. Instead it is at
tached by chordae tendineae to an anomalous papill'ary 
muscle in the right ventricle. In type C, the anterior leaflet 
is not divided and floats freely, having no chordal attach
ments to the ventricular septum. The anterior leaflet may 
be attached to the walls of the ventricles or to anterior 
papillary muscles of each ventricle. 

Some cases of A-V communis will show a relatively 
hypoplastic LV or RV. Complete repair will be impossible 
if either ventricle is too small. 
Incidence and Associated Disorders In children who are 
otherwise normal ECDs are uncommon. Complete A-V 
canal occurs in Down syndrome as frequently as does VSD. 
Thus A-V canal is either the most frequent or second most 
frequent disorder identified in children with Down syn
drome. ECDs are often observed in cases of asplenia and 
polysplenia. With asplenia, A-V communis is often associ
ated with severe intracardiac defects such as pulmonary 
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Fig. 7-9. Ostium primum atrial septal defect. This 
is a two-dimensional echocardiogram in the long axis 
(A and B), short axis (C and D), and apex four-cham
ber views (E,E' and F). In the long axis view during 
systole (A), the anterior leaflet of the mitral valve 
(AML) is in its closed position and appears thickened. 
During diastole (B) the anterior leaflet of the mitral 
valve abuts against the ventricular septum. In the short 
axis view (C) during systole, the mitral valve (MV) 
is closed and appears as a linear density across the 
back of the left ventricle. During diastole the cleft 
anterior leaflet of the mitral valve divides as it opens 
(D). In the apex four-chamber view during systole (E 
with labels; E' without labels) the remnant of the atrial 
septum (AS) appears as a globular density projecting 
from the posterior wall of the atrium. The ostium 
primum portion of the AS (OP) is absent. The tricus
pid valve (tv) and mitral valve (mv) are tightly bound 
to the peak of the ventricular septum. In the absence 
of a membranous septum, both are attached at the 
same level, forming a line convex toward the apex 
of the heart. During diastole (F) the atrioventricular 
valves are open. Again the attachment of the atrioven
tricular valves to the peak of the ventricular septum 
(Sept.) militates against a ventricular septal defect. 

Ao. = aorta; LA = left atrium. 
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atresia and single ventricle. In polysplenia, ostium primum 
ASD is most common, although complex abnormalities 
also occur. The Ellis van Creveld syndrome in Amish fami
lies can include ASD or common atrium. (Common atrium 
is considered by some authors to be a form of ECD.) Other 
intracardiac defects that may be associated with ECD are 
ostium secundum ASD, pulmonic stenosis or atresia, patent 
ductus arteriosus, tetralogy of Fallot, double-outlet RV, 
and persistence of the left superior vena cava (SVC). 
Subaortic obstruction may occur in complete A-V canal 
and in ostium primum ASD because of tethering of the 
anterior leaflet to the ventricular septum or because of a 
discrete subaortic diaphragm. 
Clinical Features Some individuals with ostium primum 
ASD have clinical features similar to those associated with 
ostium secundum ASD. More often, the patient with an 
ostium primum defect has a very large left-to-right shunt 
and congestive heart failure. This is especially true if mitral 
insufficiency (LV-to-RA shunt) is associated. This shunt 
is designated obligatory because it is not dependent on 
pulmonary vascular resistance. 

On physical examination a right ventricular heave or 
combined heave is apparent. With significant mitral insuffi
ciency an apical thrill is felt. On auscultation a pulmonary 
ejection murmur, a widely split second sound, and a tricus
pid flow rumble are heard; a gallop mayor may not be 
present. A pansystolic murmur of mitral or tricuspid insuf
ficiency may be present. 

With A-V communis, heart failure usually occurs in 
early infancy because of the large left-to-right shunt. If 
A-V valve insufficiency is also severe, the heart f~ilure will 
be difficult or impossible to manage. A bidirectional shunt 
is usually present; however, the baby will not be obviously 
cyanotic unless there is associated pulmonic stenosis or 
elevation in pulmonary vascular resistance. The character
istic electrocardiogram for all types of ECD shows a supe
rior QRS axis (superior counterclockwise frontal vector 
loop) and an RsR' in lead VI (incomplete right bundle
branch block). A prolonged PR interval may also be pres
ent. The conduction defects may progress to complete right 
bundle-branch block or complete heart block or both. 
Echocardiography On M-mode, the characteristic feature 
of ostium primum ASD is the apparent anterior position 
of the mitral valve relative to that of the aortic root (Fig. 
7-8). The mitral valve appears to be attached in the middle 
of the aortic root instead of to the posterior wall as in 
normal persons. During diastole the mitral valve is ob
served to press closely against the ventricular septum. This 
relatively anterior position of the mitral leaflet may be the 
echocardiographic equivalent of the "gooseneck" deformity 
noted on LV angiography. Multiple mitral echoes and some 
vibrations may result in a shaggy appearance to the mitral 
leaflets. On scanning through the LV outflow tract the 
D-E (opening) motion of tricuspid and mitral valves may 
be present on the same tracing. The motion of the tricuspid 
valve occurs in front of the ventricular septum, and the 
mitral motion occurs posteriorly behind the ventricular 
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Fig. 7-10. Atrial septal defect. A and B are frontal and lateral 
plain chest roentgenograms in a l-year-old girl with ostium secun
dum atrial septal defect. Pulmonary overcirculation is present. 
The heart is enlarged. The right atrium, right ventricle and pulmo
nary artery are enlarged. The left atrium and left ventricle are 
not enlarged, and the aorta is inconspicuous. These plain film 
findings may be encountered with other shunts at the atrial level 
(e.g., other forms of atrial septal defect, including ostium primum 
atrial septal defect, left ventricular-to-right atrial communication, 
coronary arteriovenous fistula to the right atrium, aneurysm of 
the sinus of Val salva opening into the right atrium, partial anoma
lous pulmonary venous return). Frame C is a frontal chest film 
obtained from a 4-year-old boy with sinus venosus atrial septal 
defect and anomalous pulmonary venous return from the right 
lung. The curvilinear density within the cardiac silhouette on 
the right (arrow) represents the confluence of the right pulmonary 
veins as they enter the posterior wall of the superior vena cava 
at its junction with the right atrium (see also Fig. 7-11D). 



septum. On close inspection the two lines will be discon
tinuous in all views in cases of ostium primum ASD. In 
A-V communis the mitral and tricuspid echoes will con
tinue across the ventricular septum in some scanning angles 
(Fig. 7-12). 

As with ostium secundum ASD, the M-mode echocardi
ogram in ostium primum ASD may show dilatation of 
the R V and paradoxical motion of the ventricular septum. 
With severe mitral insufficiency and with A-V communis, 
both ventricles are dilated; thus, the septum may be station
ary or may move normally toward the LV during ventricu
lar systole. 

The 2-D echocardiogram is very useful in distinguishing 
the different types of ECDs. The remnant of the atrial 
septum projects into the atrial cavity posteriorly on the 
parasternal short axis view and on the apex four-chamber 
view (Fig. 7-9E and E'). The arch of the A-V valves is 
convex toward the ventricular apex. On the apex four
chamber view, both A-V valves insert at the same level 
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on the summit or crest of the ventricular septum (Fig. 
7-9E and F). The cleft in the mitral valve is observed on 
the short axis view of the LV cavity (Fig. 7-9D). In ostium 
primum ASD the A-V valves are tightly bound to the 
top of the ventricular septum (Fig. 7-9E and F), whereas 
with the complete forms a space may be identified between 
the A-V valves and the top of the ventricular septum (Fig. 
7-13). In some instances this space may not be obvious 
so that the echocardiographic distinction between partial 
and complete A-V canal is not always apparent. In type 
A, A-V communis, the chordae tendineae attach to the 
top of the ventricular septum. In type B the chordae appear 
to join and descend into the RV. In type C (free floating) 
no chordae are identified below the middle of the anterior 
leaflet. Echocardiography in VSD of the A-V canal type 
demonstrates findings of membranous VSD (e.g., LA en
largment, hyperkinetic LV). In addition, 2-D echocardiog
raphy may show a VSD posteriorly between the A-V valves 
on the apex four-chamber view and a cleft mitral valve 

C 
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Fig. 7-11. Atrial septal defect. A,B and C Films from a right ven
triculogram in a l-year-old infant with ostium secundum atrial 
septal defect (same patient as Fig. 7-IOA and B). Frame D is a 
film from the levophase in a boy with sinus venosus atrial septal 
defect (same patient as Fig. 7-toC). In A the dilated right ventricle 
is responsible for the straightening or slight convexity of the left 
heart border observed on the frontal plain film. The pulmonary 
arteries and peripheral branches are dilated (pulmonary overcir
culation). In B, the levophase, the left atrium (LA) and right 
atrium (RA) are opacified equally, and the interface that normally 
separates them is obliterated. In C, the lateral view of the levo
phase, the right and left ventricles are opacified equally. The 

left ventricle is retrodisplaced and rotated by the enlarged right 
ventricle so that the ventricular septum is clearly outlined in 
the lateral view. The dilated right ventricular outflow tract ac
counts for obliteration of the retrosternal clear space on the lateral 
chest roentgenogram. Frame D, a film from the levophase in a 
patient with sinus venosus atrial septal defect, reveals the conflu
ence of the right pulmonary veins as they join the superior vena 
cava at its entrance into the right atrium. Contrast material flows 
across the high atrial septal defect. The lucent line (arrows) below 
the atrial septal defect represents the top of the interatrial septum. 
R V = right ventricle; LV = left ventricle. 



Fig. 7-12. Atrioventricularis communis (A-V communis). A M
mode arc scan from the aortic root (Ao.) to the left ventricle 
(LV) shows the anterior leaflet of the common A-V valve (AL) 
projecting into the left ventricular outflow tract (L VOT) during 
diastole. Further toward the apex the A-V valve appears to cross 
the ventricular septum during diastole (arrows). The anterior leaf
let of the atrioventricular valve extends from the left ventricle 

on LV short axis view. The atrial septum is intact. The 
A-V valves mayor may not arch down into the ventricular 
cavities. 
Radiological (Plain Film) Features The findings are deter
mined by the size and level of the shunt. The potential 
hemodynamic disturbances that may be reflected on plain 
films are: 

1) Atrial level left-to-right shunt 
2) Ventricular level left-to-right shunt 
3) Mitral or tricuspid insufficiency 
4) LV-to-RA shunt 
5) Pulmonary hypertension, secondary to high pulmo-

nary blood flow or to high pulmonary resistance 
6) Pulmonic stenosis or atresia 
7) Congestive heart failure 
8) Combinations of the above (Figs. 7-14, 7-15) 
Associated anomalies may alter the hemodynamics so 

that plain film findings may not be diagnostic. Clinical 
data such as left axis deviation or presence of trisomy 21 
(Down syndrome) are helpful. For instance, if the plain 
film findings are those of ASD the clinical finding of left 
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across the peak of the ventricular septum into the right ventricle, 
opening superiorly and anteriorly. The echo beam encounters 
the left side of the atrioventricular valve initially (closed arrow). 
As the valve opens further, the right side of the leaflet, anterior 
to the septum (open arrow), comes into view. Multiple echoes 
lend a shaggy appearance to the atrioventricular valve. LA 
left atrium; R V = right ventricle. (Continued) 

axis deviation should lead to consideration of an ostium 
primum ASD rather than an ostium secundum defect. 
Hemodynamics On cardiac catheterization a characteristic 
finding is the ability to move the catheter freely from the 
RA directly into the LV, presumably without passing 
through the LA. The catheter passes from the RA to LA 
just above the diaphragm in the absence of the septum 
primum. 

In individuals with ostium primum ASD a left-to-right 
atrial level shunt is identified by O2 saturation studies. Fre
quently the oxygen step-up is sensed in the R V rather 
than in the RA because the shunted blood streams directly 
across the atrial defect and into the RV. If mitral insuffici
ency is present the regurgitant jet will be directed across 
the ASD, adding to the right-sided volume load (LV-to
RA shunt). Thus pulmonary blood flow may be markedly 

. elevated and pulmonary hypertension may be present. The 
LV -to-RA shunt is obligatory because it consists of shunt
ing from the high-pressure LV into the low-pressure RA. 
Therefore this shunt is not limited by changes in pulmonary 
resistance. 

A 
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Fig. 7-12 (Cont.). In B, from a different 
patient, the transducer is directed from the 
left sternal border through the break in the 
septum that corresponds to the ventricular 
septal defect. In this position the atrioven
tricular valve (open arrows) opens anteriorly 
and posteriorly away from the ventricular 
septum during diastole. This motion is char
acteristic of A-V communis. Note that this 
pattern is reminiscent of straddling of the 
atrioventricular valve. In other defects, 
straddling of the atrioventricular valve in
volves two factors: (1) anular override across 
the ventricular septum and (2) malattach
ment of chordae tendineae across the ven
tricular septum. With A-V communis the 
anulus of the common atrioventricular valve 
always crosses the top of the ventricular sep
tum, similar to anular override; however, 
chordae from the tricuspid portion of the 
valve only rarely attach within the left ventri
cle or vice versa. Therefore in A-V communis 
this pattern may be due to attachment of 
both leaflets of the atrioventricular valve to 
the peak of the ventricular septum, with the 
anterior common leaflet moving anteriorly 
and the posterior common leaflet moving 
posteriorly during diastole. 
R VW = right ventricular wall; L VW = left 
ventricular wall. 

Fig. 7-13. Two-dimensional echocardiogram in type A atrioven-. 
tricularis communis (A- V communis )--anterior common leaflet at
tached to the ventricular septum. A, Long axis view of the left 
ventricle during systole; B, long axis view of the left ventricle 
during diastole; C, apex four-chamber view during systole; D 
and E, subxiphoid four-chamber view during systole and diastole 
respectively. In A multiple echoes occur in the vicinity of the 
closed atrioventricular valve (arrow). During diastole (B) the left 
portion of the anterior leaflet of the common atrioventricular 
valve (arrow) is pressed tightly against the ventricular septum 
as in ostium primum atrial septal defect (see fig. 7-9). The ventri
cular septal defect is not demonstrated here. In the four-chamber 
views (C to E) the remnant of the atrial septum protrudes from 
the back wall of the heart, partially separating the two atria. 
The ostium primum atrial septal defect (arrow in C') occurs just 
above the common atrioventricular valve. In these same views 
during systole the chordal attachments between the anterior com
mon leaflet and the peak of the ventricular septum are evident. 
The ventricular septal defect (arrow in C') consists of the spaces 
between the chordae tendineae. During diastole (E) the anterior 
common leaflet swings toward the apex draping over the peak 
of the ventricular septum (conjoined arrows). The lateral leaflets 
are indicated by two small separate arrows. 

The four chamber views are the keys to differentiation of type 
A, B, and C of A-V communis. 

Ao. = aortic root; LV = left ventricle; LA = left atrium; 
R V = right ventricle; R VOT = right ventricular outflow tract. 
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Fig. 7-14. A-V communis with high pulmo
nary resistance in a l-week-old girl with cya
nosis. Bilateral pulmonary undercirculation 
is present, together with biventricular en
largement and right atrial enlargement. As 
pulmonary resistance decreased, the cyanosis 
resolved, and the baby developed pulmonary 
overcirculation and congestive heart failure. 



A 

B 
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Fig. 7-15. A-V communis without increase 
in pulmonary resistance. Frontal (A) and lat
eral (B) chest roentgenograms in a 3-month
old girl with Down syndrome. Pulmonary 
overcirculation and four-chamber enlarge
ment (globular heart) are present. The his
tory, the left axis deviation on the electrocar
diogram and these plain film findings 
constitute strong evidence for A-V com
munis. 
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Fig. 7-16. Endocardial cushion defect (Ostium primum atrial sep
tal defect) in a 5-month-old boy with Down syndrome. Left ven
triculogram in the frontal view in diastole (A) and systole (B) 
and in the lateral view in diastole (C) and systole (D). E is a 
frame from the levophase of a pulmonary arteriogram. In A and 
B the "gooseneck" deformity of the left ventricle is apparent. 
The cleft in the mitral valve appears as a nonopaque notch (ar
row). The serrations represent the tertiary chordae tendineae 

which attach the anterior leaflet of the mitral valve to the ventricu
lar septum. In the lateral view (C and D) no ventricular level 
shunt is identified. The left ventricle is retrodisplaced by the en
larged right ventricle. In E (levophase of a pulmonary angiogram) 
the pulmonary veins enter the left atrium normally. A jet of 
contrast medium (arrows), low in the atrial septum defines an 
ostium primum defect. 



E 

With A-V communis, shunting occurs at the atrial as 
well as the ventricular level. Insufficiency of the A-V valve 
may add to the volume load. Bidirectional shunting may 
occur with or without increase in pulmonary resistance. 
The pressures in the atria are equal, as are those in the 
ventricles. Coarctation of the aorta, patent ductus arterio
sus, pulmonic stenosis or pulmonary atresia may compli
cate the hemodynamics. 
Contrast Studies The characteristic angiographic finding 
in all forms of ECD, except isolated VSD of the A-V canal 
type, is the gooseneck deformity of the LV outflow tract 
(Fig. 7-16). This is best observed in the frontal and RAO 
views, appearing as a "scooping out" of the right border 
of the LV silhouette. The deformity is produced by the 
abnormal attachment of the left A-V valve to the crest 
of the shortened ventricular septum. Scallops or serrations 
are formed by the attachments of the chordae tendineae. 
The cleft of the mitral leaflet is a nonopaque notch pointing 
into the LV during systole. During diastole the anterior 
leaflet opens and is sharply delineated by the contrast me
dium in the LV outflow tract above it and the unopacified 
blood entering the LV below it. The LV outflow tract ap
pears narrow during systole and even more so during dias
tole. The atrioventricular septum, which normally forms 
part of the right border of the LV silhouette on frontal 
and RAO views, is not present in ECDs (for comparison 
with normal see Fig. 4-35A and B). On the lateral and 
LAO views during diastole the attachment of the superior 
segment of the cleft anterior leaflet of the mitral valve 
(or the anterior leaflet in A-V communis) is represented 
by a nearly horizontal curved line below the aortic valve, 
delineated by the contrast material above it and the un
opacified blood below it (Fig. 7-17). Conversely, the normal 
attachment of the anterior mitral leaflet is a vertical line 
in continuity with the aortic valve (see Figs. 4-35C and 
7-79A). 

The LAO view with cranial angulation or hepatoclavicu-
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lar view (four-chamber view) is very helpful in imaging 
the LV outflow tract. In addition, the A-V valve and its 
attachments are often demonstrated better in this view than 
on other projections. Mitral insufficiency is usually present 
and is directed through the ASD toward the RA. A ven
tricular level shunt is usually directed anteriorly into the 
RV cavity and is therefore best observed on lateral or LAO 
views. Separate streams of blood may be directed toward 
the RA and toward the RV. Simultaneous filling of the 
R V and RA suggests combined mitral insufficiency and 
VSD, whereas sequential filling of the RA and then the 
R V is consistent with mitral insufficiency (LV -to-RA 
shunt). In A-V canal type A (divided anterior leaflet at
tached to the septum) (Figs. 7-18, 7-19) the ventricular 
shunt passes under the anterior mitral leaflet and is divided 
into multiple jets by the chordae tendineae. In type C (undi
vided anterior leaflet) (Fig. 7-17) the anterior leaflet ap
pears on lateral, LAO and angulated views as an arch 

Fig. 7-17. A-V communis type C of Rastelli (undivided. free float
ing anterior leaflet). On the lateral view of the left ventriculogram 
the anterior leaflet of the common atrioventricular valve appears 
as a curved horizontal line below the aorta (Ao.). The leaflet 
(arrows) extends across the ventricular septum (SEPT) from the 
left ventricle (L V) into the right ventricle (R V), being delineated 
by contrast material above and unopacified blood entering the 
ventricles below. If the anterior leaflet were divided or attached, 
the curved line would be indented in the middle to form two 
arches. (The catheter enters the right atrium from the inferior 
vena cava, crosses the atrial septum into the left atrium, and 
its tip lies in the apex of the left ventricle.) 
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A B 
Fig.7-18. Chordal attachments in A-V communis type A. A Fron
tal view of the left ventricle in early diastole; B, frontal view of 
the left ventricle in late diastole; C, frontal view of the left ventricle 
in systole; D, lateral view during diastole; E, compound axial 
view with caudocranial angulation (four-chamber view) of left 
ventricle in diastole; F, same view as E, during systole. 

The standard frontal and lateral views demonstrate the findings 
of endocardial cushion defect, but may not be sufficient to differen
tiate the various types of deformities of the atrioventricular valve 
in A-V communis. In A and B a typical "gooseneck" deformity 
is demonstrated. During systole (0 the "cleft" (arrow) of the 
left half of the common atrioventricular valve is noted. These 
two radiological features are not specific for identification of any 
one type of endocardial cushion defect. The lateral view during 
diastole (D) also shows findings consistent with endocardial cush
ion defect. The atrioventricular valve (anterior common leaflet) 
opens toward the observer, forming a horizontal line below the 

that extends horizontally below the aortic valve, encom
passing the entire width of the A-V orifice. The attachments 
may be difficult to define. 

Obstruction to the LV outflow tract is often demon
strated best on the LAO angulated (cranial) view. A dis
crete subaortic diaphragm appears as a radiolucent line 
across the LV outflow tract. Tethering of a leaflet is indi
cated by restriction of motion of the anterior mitral leaflet; 
the leaflet mayor may not be thickened. 

A VSD of the inlet type (called A-V canal type by Neu
feld et al. and by Titus and Rastelli), should be differenti
ated from an endocardial cushion type ofVSD with involve
ment of the mitral and tricuspid valves. With the former, 
no gooseneck deformity is evident since this defect involves 
only the inlet portion of the ventricular septum and does 
not deform the tricuspid or mitral valve (Fig. 7-20). On 
angiography this defect appears some distance below the 
crista supraventricularis and membranous septum. In con
trast, a typical gooseneck deformity is observed with a 
VSD of the endocardial cushion type with cleft mitral and 
tricuspid valves. This VSD is located just below the crista 
supraventricularis (Fig. 7-21). 

aortic valve. Contrast medium is trapped within the left ventricu
lar outflow tract above the atrioventricular valve while unopaci
fied blood fills the left ventricle below the valve. During systole 
(not illustrated) the right atrium and right ventricle opacified 
simultaneously. 

It was not possible to determine the type of A-V communis 
from these studies. The compound axial LAO view with cranial 
tilt (hepatoclavicular view) (E and F) was necessary in further 
delineating anatomical detail. In F the anterior common leaflet 
is bound to the peak of the ventricular septum, so that contrast 
material passing from the left ventricle to the right ventricle is 
forced through multiple small channels formed by the chordae 
tendineae, the leaflets and the septum. During diastole (E) the 
gooseneck is formed by the abnormal opening motion of the ante
rior leaflet of the atrioventricular valve. Unopacified blood enters 
below the leaflet, while contrast agent remains within the left 
ventricular outflow tract above the anterior common leaflet. 

Treatment Ostium primum ASD and common atrium may 
be managed medically during infancy. These abnormalities 
are repaired by patching the atrial defect. The severity of 
mitral valve insufficiency significantly influences outcome. 
On occasion the mitral valve must be replaced at the time 
of initial surgery, or thereafter. 

Complete A-V canal often results in severe congestive 
heart failure. Banding of the main pulmonary artery (MPA) 
mayor may not be successful, as it controls only the ven
tricular level shunt and not the atrial shunt. If A-V valve 
insufficiency is severe, then MP A banding is unlikely to 
be of benefit. Complete repair in infants with severe A-V 
valve insufficiency is also unlikely to succeed. The A-V 
valve is often found to be poorly formed in these infants 
and may be dysplastic. If the infant survives to the age 
of 1 year then definitive repair may be undertaken. Factors 
that influence the outcome are (1) severity of A-V valve 
insufficiency, (2) relative size of the ventricles and (3) pul
monary vascular resistance. 

Postoperative findings include (1) residual mitral insuffi
ciency, (2) residual VSD, (3) complete heart block, (4) 
persistent pulmonary hypertension and (5) problems associ-
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ated with a prosthetic valve if used as part of the repair. 

Anomalous Pulmonary Venous Return 
In this developmental malformation the pulmonary veins 
enter the RA (or its tributaries) instead of the LA. Two 
forms are recognized-partial and total-depending on the 
number of the anomalous pulmonary veins. Partial anoma
lous pulmonary venous return (PAPVR) consists of a group 
of acyanotic defects that may cause mild symptoms or 
may not cause any symptoms. The radiological findings 
are similar to those of ASD. Total anomalous pulmonary 
venous return (TAPVR) is closely related embryologically, 
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but is an admixture lesion in which the newborn has cyano
sis and severe cardiac symptoms. The radiological features 
are variable, depending on the presence or absence of pul
monary venous obstruction. 
Partial Anomalous Pulmonary Venous Return This un
common disorder (0.4%-0.7% of postmortem studies) gen
erally involves one lung or a part of a lung. The right 
lung is more frequently involved than the left. 

P APVR of the right lung takes two forms. Commonly 
the anomalous veins join either the superior vena cava 
(SVC) or the RA, or both. A high ASD (sinus venosus) 
is usually present. The second type of anomalous connec-

D 
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Fig.7-20. Inlet type of ventricular septal defect. This is designated 
by Neufeld et al. and by Titus and Rastelli as a ventricular septal 
defect of the atrioventricular canal type. No gooseneck deformity 
is present on the frontal view (A). The jet of contrast medium 
representing the ventricular septal defect (arrow) is located some 

Fig.7-19. Chordal attachment in A- V communis type A. A lateral 
view of a left ventriculogram delineates a funnel-shaped jet of 
contrast medium below the aortic valve. The shape of the jet 
suggests that the ventricular septal defect is restricted in size 
because the anterior leaflet of the common atrioventricular valve 
is bound to the septum (septally attached anterior leaflet). 

distance below the crista supraventricularis and adjacent to the 
tricuspid valve on the frontal view. On the lateral view (B) the 
membranous septum is intact, and the shunt (arrow) is inferior 
(posterior) to it. 

B 
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tion involves all or part of the right lung, the anomalous 
veins forming a common vessel that perforates the dia
phragm to join the inferior vena cava (lVC) (scimitar syn
drome, vena cava bronchovascular syndrome). 

Anomalous return of the left lung may involve the entire 
left lung or only the left upper lobe. The anomalous veins 
from the left lung often enter a left-sided vertical vein that 
drains into the left innominate vein. The "vertical vein" 
probably represents a remnant of a persistent left SVC 
that has lost its connection with the coronary sinus. On 
occasion the anomalous veins drain into a persistent left 
SVC or directly into the coronary sinus (CS). An ASD 
at the fossa ovalis is usually associated. 

PAPVR is usually asymptomatic if the amount of shunt 
is small. In the presence of a large left-to-right shunt the 
clinical picture is indistinguishable from that of ASD. In 
the absence of associated ASD the second sound will be 
widely split, but will vary with respiration. This feature 

Fig. 7-21. Ventricular septal defect of the endocardial cushion 
type. A left ventricular angiogram in a I-month-old infant with 
a ventricular level communication without an atrial septal defect. 
A Lateral view during systole; B lateral view during diastole; C 
frontal view during diastole. During systole (A) the ventricular 
septal defect is visualized immediately below the crista supraven
tricularis. During diastole (B) the curved horizontal line repre
senting the open atrioventricular valve extends across the ven
tricular septum (arrows). The valve is outlined by contrast me
dium above it and unopacified blood below it. In the frontal 
view (C) a typical gooseneck deformity is demonstrated. 

is unusual, since only occasional individuals with P APVR 
have an isolated defect. The ECG findings are also similar 
to those associated with secundum ASD. The M-mode 
echocardiographic findings are similar to those with ASD 
(Fig. 7-6). On 2-D echocardiography, absence of normal 
pulmonary venous connections from one lung should lead 
one to the suspicion that partial anomalous pulmonary 
venous connection is present. Findings on plain films in 
individuals with P APVR are indistinguishable from those 
of ASD, except in cases of drainage of the right lung into 
the IVC (scimitar syndrome) and total unilateral anoma
lous pulmonary venous drainage of the left lung. These 
lesions are discussed subsequently. The hemodynamics are 
similar to those with ASD except that an O2 step-up will 
be present at the site of the anomalous connection. Injection 
of contrast material into the main pulmonary artery usually 
demonstrates the anomalous connections. In a few in
stances, selective injection into one pulmonary artery or 
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Fig. 7-22. Total unilateral anomalous pulmonary venous return 
of the left lung in a 3-year-old acyanotic girl. The frontal (A) 
and lateral (B) chest roentgenograms demonstrate pulmonary 

directly into the anomalous veins is necessary to confirm 
the diagnosis. Surgery for anomalous right pulmonary ve
nous return is part of the repair of ASD. A patch is used 
to redirect the pulmonary venous blood and close the ASD. 
Surgery for anomalous left pulmonary venous connection 
via a common trunk (the vertical vein) involves anastomosis 
of the venous trunk to the wall of the LA and ligation 
of the vein near its site of drainage into the innominate 
vein. If the left lung drains into the CS the repair requires 
excision of the roof of the CS and closure of the ASD so 
that the pulmonary venous blood returns with CS drainage 

overcirculation. The superior mediastinum is widened by the en
larged superior vena cava on the right and by the vertical vein 
that forms a distinct structure on the left side lateral to the aorta 

into the LA. This operation will result in mild hypoxemia; 
however, the passage of emboli to the systemic circulation 
and other complications associated with right-to-Ieft shunts 
do not occur. 
Total Unilateral Anomalous Pulmonary Venous Return of 
the Left Lung In this unusual anomaly the entire left lung 
drains into a vertical vein, which in turn joins the left 
innominate vein, ultimately draining through the SVC into 
the RA. The findings on plain films of the chest are similar 
to those in T APVR of the supracardiac type (in a patient 
without cyanosis) (Fig. 7-22). Widening of the superior 



and the pulmonary artery (arrows). On the lateral view the vertical 
vein and the dilated superior vena cava form an apparent mass 
anterior to the trachea (arrows). The appearance of the cardiovas-

mediastinum is caused by the vertical vein on the left and 
the dilated sve on the right. In addition, as in TAPVR, 
the vertical vein and the dilated sve create a "mass" den
sity anterior to the trachea on the lateral film of the chest. 
The widening and mass effect are less prominent than those 
associated with T APVR. Although total unilateral anoma
lous pulmonary venous return of the left lung is almost 
invariably associated with ASD a few reports refer to indi
viduals in whom this anomaly was an isolated lesion (Fig. 
7-23). 
Scimitar Syndrome Anomalous pulmonary venous drain-
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cular silhouette is grossly similar to the snowman configuration 
associated with total anomalous pulmonary venous return of the 
supracardiac type. (Patient in Fig. 7-23). 

age of the right lung into the Ive presents a unique appear
ance on plain films of the chest (Fig. 7-24A). The right 
lower and middle lobes drain downward via a common 
trunk, which joins the Ive at its junction with the RA 
Gust above or just below the diaphragm) (Fig. 7-24B). 
The vein of the right upper pulmonary segment mayor 
may not drain with the others. If the vein of the right 
upper lobe is separate it may drain normally into the LA 
or abnormally into the sve or azygos vein. In patients 
with this type of anomalous pulmonary venous connection 
the right lung is usually hypoplastic, and the heart is shifted 

B 
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Fig. 7-23. Total unilateral anomalous pulmonary venous return 
of the left lung. The levophase of a pulmonary angiogram reveals 
drainage of the left lung by way of a vertical vein (arrows) to 
the left innominate vein which in turn drains into the superior 
vena cava (SVC). No atrial septal defect was identified either 
at angiography or at surgery. The right pulmonary veins empty 
into the left atrium (LA), while the right atrium (RA) fills from 
the SVC. Ao = ascending aorta. 

into the right hemithorax (dextroposition). A pulmonary 
sequestration, supplied by systemic vessels from below the 
diaphragm, may be associated. An ASD is often present. 

On plain films of the chest the pulmonary venous trunk 
forms a gently curving density to the right of the heart, 
which gradually widens as it approaches the diaphragm 
(the scimitar sign) (Fig. 7-24). Dextroposition of the heart 
and radiological evidence for a mildly hypoplastic right 
lung are usually evident, while the left lung may show 
overcirculation. Frequently occurring pneumonias may ob
scure the radiological features; nevertheless, the presence 
of the scimitar syndrome must be suspected when dextropo
sition of the heart is noted. 
Pulmonary Sequestration Pulmonary sequestration is a rel
atively common pulmonary malformation that occurs as 
a solid or cystic mass in the lung or outside the lung. 
The entity consists of normal lung constituents (e.g., 
smooth muscle, bronchial epithelium, cartilage), but lacks 
the branching structure of normal airways. In most in
stances, pulmonary sequestration lacks communication 
with the adjacent pulmonary parenchyma. The vascular 
supply for sequestration arises from the systemic circula
tion; venous return may be to the pulmonary veins, the 
azygos vein, or the Ive. Some sequestrations are attached 
to the esophagus or stomach by way of ligaments or abnor
mal bronchi. Two distinct entities-intralobar and extralo
bar sequestrations-are recognized; however, many exam
ples fail to fit the standard descriptions because of an 
atypical vascular supply or gastrointestinal connections. 

Intrapulmonary (or intralobar) sequestrations usually 

occur within the posterior basal segments of the lung, more 
commonly on the left. The mass is surrounded by normal 
pulmonary parenchyma. Blood supply to the sequestration 
is by way of large arterial branches from the thoracic or 
abdominal aorta. The veins drain into the pulmonary veins 
or LA (left-to-Ieft shunt). Attachment or communication 
to the gastrointestinal system is not observed. Presentation 
is usually the result of bacterial infection later in childhood 
or adult life. 

In contrast, extralobar sequestration occurs outside the 
lung, and may occur below the diaphragm. The mass is 
invested with its own pleura. The arterial supply is by 
way of small local arterial branches, while the veins drain 
into the caval or azygos system (left-to-right shunt). Extra
lobar sequestrations may communicate with or may be 
attached to the stomach or esophagus via a patent bronchus 
or a fibrotic strand. 

Included in the group of malformations designated as 
sequestration are instances of a normal pulmonary segment 
with abnormal systemic arterial supply, normal pulmonary 
venous drainage and normal bronchus, as well as a normal 
lobe or lung with normal arterial connections but with 
the bronchus originating from the esophagus. Scimitar syn
drome is also considered by some authors to be a form 
of pulmonary sequestration because of the abnormal venous 
connections of the involved lung. 

Pulmonary sequestrations in infancy may be associated 
with pulmonary infection or, if arterial connections are 
large, with heart failure. Older children and adults may 
have infection or loud murmurs over the area of sequestra
tion. The plain roentgenograms of the chest demonstrate 
a mass in the posterior basal segments (Fig. 7-25A and 
B), more often on the left. Pneumonia or bronchiectasis 
may obscure the mass. Computerized tomography will de
lineate a lobulated or cystic mass as well as the "feeder" 
vessels. The diagnosis is established by aortography or digi
tal angiography (Fig. 7-25C and D). 
Total Anomalous Pulmonary Venous Return T APVR ac
counts for about 1 % of congenital cardiac lesions. In this 
anomaly, no connection exists between the pulmonary veins 
and the LA, since all the pulmonary veins enter the RA, 
either directly or by way of the SVC, vertical vein, coronary 
sinus (CS), portal vein or ductus venosus. The systemic 
circuit is supplied with blood by way of a right-to-Ieft (obli
gatory) shunt through an interatrial communication (ASD 
or patent foramen ovale). Darling et al. classified TAPVR 
into four types, according to the site of emptying of the 
pulmonary venous blood into the systemic venous system: 
(1) supracardiac, (2) cardiac, (3) infracardiac (infradia
phragmatic) and (4) combinations of these. In type 1 (su
pracardiac) the pulmonary veins form a confluence behind 
the heart (common pulmonary vein), which connects di
rectly to the SVC or, more commonly, to a vertical vein 
that drains through the left innominate vein into the sve. 
In type 2 (cardiac) the pulmonary veins drain directly into 
the RA or into the CS. In type 3 (infracardiac) the pulmo~ 
nary veins converge behind the heart to form a common 



Fig. 7-24. Scimitar syndrome. The frontal chest roentgenogram 
(A) demonstrates the typical curvilinear density (arrows ) in the 
right hemithorax formed by the anomalous pulmonary venous 
trunk as it descends to join the inferior vena cava at its junction 

pulmonary vein that descends through the diaphragm to 
join the portal system or the ductus venosus. 

Pulmonary venous obstruction (PYO) invariably occurs 
in type 3 (infracardiac), because of diversion of pulmonary 
venous return through the hepatic sinusoids after spontane
ous closure of the ductus venosus. PYO may also occur 
with type 1, as a result of compression of the vertical vein 
by the trachea and esophagus, and in type 2, because of 
compression of the arteries and veins of the left lower lobe 
by the enlarged and rotated heart. PVO may also be due 
to intrinsic narrowing of the common pulmonary vein. 

Disorders commonly associated with T APYR are patent 
ductus arteriosus, YSD, coarctation of the aorta and other 
anomalies of the aortic arch. T APYR is frequently part 
of the situs indeterminus complexes (asplenia, polysplenia, 
anisosplenia) and is accompanied by such major intracar
diac malformations as atrioventricularis communis and sin
gle ventricle (see section on abnormalities of visceroatrial 
situs). 
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with the right atrium. Because of marked dextroposition of the 
hei\rt, the vein projects through the heart rather than being para
cardiac as in other cases. (Continued) 

Clinical Features The clinical (and radiological) features 
may reflect pulmonary venous hypertension and inadequate 
pulmonary blood flow due to pulmonary venous obstruc
tion (mostly with type 3 T APYR) or pulmonary artery 
hypertension due to a large left-to-right shunt (usually with 
types 1, 2, or 4). Some infants will be in extremis with a 
large left-to-right shunt along with pulmonary venous ob
struction. 

In patients without PYO, cyanosis is mild and may be 
hardly apparent at rest. Congestive heart failure is the dom
inant feature on presentation. The cardiac impulse is right 
ventricular and hyperkinetic. The first heart sound is loud 
and the second sound is loud and widely split with no 
respiratory variations. A grade 2-3/6 systolic ejection mur
mur is usually heard at the upper left sternal border; it 
is due to increased pulmonary blood flow across the pulmo
nary valve. A gallop and middiastolic rumble are often 
heard. The electrocardiogram shows R Y and RA hypertro
phy. In the presence of PYO the clinical manifestations 

A 
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Fig.7-24 (Cant.). The levophase of a pulmo
nary angiogram (B) demonstrates drainage 
of the right upper and right middle lobes 
into the common pUlmonary trunk, while 
the right lower lobe vein (arrows) drains sep
arately into the left atrium. Note the position 
and rotation of the left ventricle (dextroposi
tion and dextrorotation). (Continued) 

B 

are more severe and begin earlier, usually within the first 
week of life. Respiratory distress and cyanosis may be 
prominent. No murmurs will be heard if pulmonary flow 
is severely obstructed. 
Echocardiography The R V and main pulmonary artery 
are markedly dilated. Signs of pulmonary hypertension are 
present (e.g., long RV pre-ejection period, short RV ejec
tion time, absence of pulmonary "a" kick, midsystolic clo
sure of the pulmonary valve). The LV may be displaced 
posteriorly so that only careful search demonstrates its 
presence. If a common pulmonary vein is present behind 
the heart it may be represented by an echo-free space behind 
the LA on M-mode. This finding is not diagnostic since 
the aorta and other mediastinal structures may produce 
the same appearance. On 2-D echocardiography the com
mon pulmonary vein may be visualized, and scanning may 
reveal its entry point into the right side of the heart. Massive 
dilatation of the CS is strong evidence for T APVR to that 
structure (Sahn et al.) (Fig. 7-26). Cross sections of the 
LA in numerous planes do not demonstrate any pulmonary 
veins draining normally. 

Radiological (Plain Film) Features On plain films of the 
chest, pulmonary overcirculation is the predominant pat
tern in patients with types 1 and 2 (Figs. 7-27 A and B, 
7-28, 7-29A and B). Pulmonary venous hypertension 
(PVH, congestive heart failure pattern) is invariably present 
in type 3 (Fig. 7-30). A mixed (overcirculation and PVH) 
pattern is often observed in cases of type 2 with drainage 
into the CS. A curious finding in patients with T APVR 
to the CS is underperfusion of the left lower lobe due to 
compression of the local arteries and veins (Fig. 7-29A). 
On occasion a PVH pattern is present in instances of type 
1 in which the vertical vein is compressed (obstructed) 
between the pulmonary artery and the left main bronchus. 
The vertical vein is usually anterior to these structures 
and therefore unobstructed. 

The heart is enlarged in types 1 and 2. The RA, R V 
and pulmonary trunk are dilated. The LV, LA and aorta 
are inconspicuous. 

Cardiomegaly and widening of the superior mediasti
num result in a "figure-of-eight," "snowman" or "cottage
loaf" configuration in patients with type 1 (Figs. 7-27, 



7-28). Widening of the superior mediastinum is due to 
dilatation of the vertical vein on the left side, and of the 
SVC on the right (Fig. 7-27C). Dilatation of these veins 
produces a "mass" effect anterior to the trachea on the 
lateral view (Fig. 7-27B and D). This finding aids in differ
entiating T APVR of the supracardiac type from truncus 
arteriosus. Truncus arteriosus may widen the superior me
diastinum on the frontal projection, but no mass effect is 
present on the lateral view. 

With rare cases of type 1, in which the common pulmo
nary vein drains directly into the SVC, unilateral (right
sided) widening of the superior mediastinum is noted. 
Rarely the confluence of the pulmonary veins, or "common 
pulmonary vein," may be intrapulmonary instead of me
diastinal. The course and location of this intrapulmonary 
channel differ from those of the scimitar syndrome 
(PAPVR of the right lung to the IVC). 

In patients with type 2 T APVR to the coronary sinus 
the dilated CS may simulate LA enlargement on the lateral 
film (Fig. 7-29B). 

In patients with type 3 the heart tends to be normal 

C 
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Fig. 7-24 (Cant.): Injection of contrast material into the right 
pulmonary artery (C) shows hypoplasia of this vessel. The intense 
capillary phase appearing simultaneously with intense opacifica
tion of the right pulmonary artery indicates slow washout of 
the contrast medium (prolonged transit time), consistent with 
high pulmonary resistance. 

in size (Fig. 7-30A and B). The combination of severe 
PVH and a normal heart size in a cyanotic infant is highly 
suggestive of T APVR type 3. Of course, other entities de
serve consideration, including the hypoplastic left heart 
syndrome, severe coarctation of the aorta, cor triatriatum, 
stenosis of pulmonary veins and the idiopathic respiratory 
distress syndrome of the newborn. 
Hemodynamics The classic features of T APVR are (1) 
high O2 concentration in the common pulmonary vein if 
it can be entered, (2) equal O2 saturation in all other cham
bers of the heart, (3) elevated pulmonary pressure, some
times greater than systemic in patients with pulmonary 
venous obstruction. Pulmonary flow is massively increased 
in patients without pulmonary venous obstruction, but it 
may be markedly reduced if the pulmonary veins are ob
structed. In some instances the ASD or foramen ovale is 
restrictive so that flow to the left side of the heart is inade
quate. 
Contrast Studies The levophase of injections of contrast 
medium in the RV (Fig. 7-27C) or in the pulmonary artery 
(Figs. 7-29C and D, and 7-30C) demonstrates the type 
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Fig. 7-25. Pulmonary sequestration in a 2-
month-old boy. Frontal (A) and lateral (B) 
chest roentgenograms demonstrate a mass 
in the posterior basal segment of the right 
lung. Pulmonary overcirculation and pulmo
nary venous hypertension are present. Fron
tal films from an aortogram during the arte
rial phase (C) and the venous phase (D) reveal 
arterial supply by way of a large vessel from 
the abdominal aorta. Three large veins drain 
into the left atrium. Opacification of the right 
ventricle and pulmonary artery occurred be
cause of simultaneous drainage into the infe
rior vena cava from the area of sequestration 
and because of an associated atrial septal de
fect. 

A 

D 



of TAPVR and the site of obstruction, if any. Left ventricu
lography reveals the size of the LV and aorta (which are 
usually small) and any associated abnormalities, if present. 
Treatment No palliative procedure is available for infants 
with TAPVR. Medical management may be of temporary 
benefit for some infants without pulmonary venous obstruc
tion. In most instances, complete repair in infancy is neces
sary. The use of deep hypothermia and circulatory arrest 
has produced a dramatic improvement in results. Repair 
of the infradiaphragmatic type is the most difficult. It re
quires lifting the apex of the heart for construction of an 
anastomosis between the common pulmonary vein and the 
back wall of the LA. T APVR to the coronary sinus is 
repaired by unroofing the coronary ostium so that it opens 
into the LA. The ASD is then closed (Figs. 7-29E and 
F). The supradiaphragmatic type is repaired by anastomosis 
of the common pulmonary vein to the LA (Fig. 7-28). 
Mixed types require combinations of these approaches. In 
neonates a functionally closed ductus arteriosus may reopen 
during or shortly after operation for T APVR. Conse
quently the ductus is usually ligated at the time of surgery, 
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Fig. 7-26. Two-dimensional echocardiography in total anomalous 
pulmonary venous return to the coronary sinus. An accesory cham
ber behind the heart is noted. In this case it represents the coro
nary sinus (CS) which is dilated by the pulmonary venous flow 
entering it. In T APVR of the supracardiac type the confluence 
of pulmonary veins occurs in a similar location behind the left 
atrium, but empties into a vertical vein which connects to the 
innominate vein and thence into the superior vena cava. LA = 
left atrium; LV = left ventricle; Ao. = aortic root; RPA = right 
pulmonary artery; DA = descending aorta. (Courtesy of Henry 
Issenberg, M.D., Bronx, New York.) 



328 Congenital Heart Disease 

A 

B c 



D 

.... Fig. 7-27. Total anomalous pulmonary venous return to the supe
rior vena cava (type 1, supracardiac). A PA and B lateral chest 
roentgenograms; C frontal film of the levophase of a right ven
triculogram; D lateral film of selective injection into the vertical 
vein (the vertical vein was catheterized in retrograde fashion via 
the SVC). On the frontal plain film, pulmonary overcirculation 
and a typical "snowman" configuration are evident. Widening 
of the superior mediastinum forms the top of the snowman and 
the heart forms the bottom of the snowman. The widening of 
the mediastinum is caUiled by dilatation of the vertical vein on 
the left and the superior vena cava on the right. The apparent 
mass anterior to the trachea in the lateral film is also caused 
by the anomalous veins. On the angiogram, pulmonary veins 
join to form a common pulmonary vein (CPV), behind the heart. 
This vein in turn drains into the vertical vein (VV), which joins 
the left innominate vein (LIV). The innominate vein drains into 
the superior vena cava (SVC). The right atrium is enlarged. On 
the lateral view (D) the vertical vein and the superior vena cava 
are anterior to the trachea, accounting for the mass in the lateral 
chest roentgenogram. 
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Fig. 7-28. Total anomalous pulmonary venous return to the supe
rior vena cava (type 1, supracardiac). Postoperative angiogram 
of the patient in Fig. 7-27 shows the common pulmonary vein 
to be anastomosed to the back of the left atrium. The vertical 
vein has been closed, achieving normal pulmonary venous drain
age. The superior mediastinum now appears normal. 
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Fig. 7-29. Total anomalous pulmonary venous drainage to the 
coronary sinus (type 2 of Darling) in a l-year-old giLl. A frontal 
and B lateral plain chest roentgenograms; C frontal film of a 
pulmonary angiogram; D film from the levophase of the same 
pulmonary angiogram; E and F early and late frames from a 
pulmonary angiogram after surgical correction. 

In A, prominent pulmonary overcirculation is evident. The 
pulmonary vessels are dilated but indistinct, indicating superim
posed pulmonary venous hypertension. The perfusion to the left 
lower lobe is decreased, because of compression of the pulmonary 
arteries and veins by the heart (see arrows, panel C). Marked 

cardiomegaly is noted with enlargement of the right atrium, right 
ventricle and pulmonary artery. The aorta is inconspicuous. The 
left atrium is not enlarged, while enlargement of the right ventricle 
and pulmonary artery causes a slight convexity of the left heart 
border. 

On the Illteral film (B), elevation and retrodisplacement of 
the left atrium by the dilated chambers of the right side of the 
heart and coronary sinus simulate left atrial enlargement. The 
left ventricle is also retrodisplaced by the large right ventricle. 
Obliteration of the retrostemal clear space is not readily apparent 
on the lateral plain film in this patient. (Continued) 



Atrial Level Communication 331 

B 



332 Congenital Heart Disease 

C D 

E F 

Fig. 7-29 (Cant.). In C the pulmonary arteries are dilated, with 
the right pulmonary branches slightly tortuous as a result of 
pulmonary overcirculation. Compression of the pulmonary arter
ies of the left lower lobe (arrows) delays pulmonary blood flow 
and accounts for decreased perfusion noted on the plain films. 
Marked enlargement of the right ventricle rotates the main pulmo
nary artery lateral to the left pulmonary artery, so that the left 
pulmonary artery projects medially (compare with the postopera
tive study, panel E). 

In D the pulmonary veins (PV) of the right lung drain into 
the coronary sinus (CS). The pulmonary venous return from 
the left lung is delayed by elevated pulmonary resistance due 
to compression of the pulmonary veins and arteries. 

E and F demonstrate return to normal physiological function. 
The lungs are now normally and symmetrically perfused, with 
drainage of both lungs occurring simultaneously. The relationship 
of the main pulmonary artery and its branches to surrounding 
structures is now normal. 



B 

Fig. 7-30. Total anomalous pulmonary ve
nous return below the diaphragm (type 3 of 
Darling), with obstruction to pulmonary ve
nous return in a cyanotic infant. A and B 
frontal and lateral plain chest roentgeno
grams. C 35-mm cine frame from the levo
phase of a pulmonary angiogram. The pul
monary vessels are normal in size, but they 
are indistinct because of perivascular 
edema-a finding consistent with severe pul
monary venous hypertension. The cardiovas
cular silhouette is normal in size. The differ
ential diagnosis on the basis of these films 
includes idiopathic respiratory distress syn
drome, cor triatriatum, pulmonary vein ste
nosis and various forms of the hypoplastic left 
heart syndrome (e.g., coarctation of the 
aorta, mitral atresia, aortic atresia). In C the 
pulmonary veins converge behind the heart, 
forming the common pulmonary vein, which 
descends below the diaphragm to join the 
portal vein. The common pulmonary vein 
is not obstructed. Obstruction of pulmonary 
venous drainage occurs because pulmonary 
venous blood is diverted through the hepatic 
sinusoids after closure of the ductus venosus. 
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Fig. 7-31. Ruptured sinus of Valsalva aneurysm into the right 
ventricular outflow tract. A and B RAO and LAO views of an 
aortogram. An aneurysm of the right sinus of Valsalva is evident 

whether or not it has been shown to be patent at cardiac 
catheterization. 

Postoperative complications include persistent obstruc
tion to pulmonary venous drainage secondary to narrowing 
of the anastomsis or kinking of a pulmonary vein, and 
dehiscence of the repair of the ASD. 

Rupture of Sinus of Valsalva into a Cardiac Chamber 
Discontinuity between the media of the aorta and the anu
Ius fibrosus of the aortic valve results in an aneurysm of 
a sinus of Valsalva. The wall of the aneurysm is composed 
only of collagenous tissue without elastic fibers, in contrast 
to the aortico-Ieft ventricular tunnel, which is invested with 
elastic tissue. With progressive enlargement, an aneurysm 
of a sinus of Valsalva may rupture into a cardiac chamber, 
producing an aorticocameral fistula (Fig. 7-31). The right 
sinus is involved most frequently, the posterior sinus is 
next in frequency of involvement, while the left sinus of 
Valsalva is rarely affected. The aneurysm usually ruptures 
into the RV or RA. Rupture into the LA or LV is uncom
mon. An aneurysm of the sinus of Valsalva is usually an 
isolated abnormality, but may be associated with VSD, 
bicuspid aortic valve and coarctation of the aorta. 

Rupture of a sinus of Valsalva into a cardiac chamber 
may also occur secondary to infective endocarditis or tuber
culosis. An aorticocameral fistula formed in this manner 
may be difficult to distinguish from a congenital aneurysm 
that has ruptured. Review of the clinical presentation may 
be helpful. 

The presence of an unruptured aneurysm may be an 
incidental finding on angiocardiography or autopsy. Rarely 

(An). The right ventricular outflow tract (R VOT) and pulmonary 
artery (PA) are opacified secondary to the large shunt through 
the ruptured anterior cusp. NC = noncoronary sinus of Val salva. 

an unruptured aneurysm may protrude into a cardiac 
chamber, producing various disorders (e.g., RV outflow 
tract obstruction, tricuspid insufficiency, cardiac ischemia 
due to compression of a coronary artery, and complete 
heart block). Calcification of the wall of large unruptured 
aneurysms has been described by Shapiro et al. 

Rupture into a cardiac chamber characteristically occurs 
during the third and fourth decades. If the resulting shunt 
is large the acute onset of pain in the chest and congestive 
heart failure is encountered. Physical examination demon
strates a continuous murmur, a hyperdynamic cardiac im
pulse and bounding pulses. Electrocardiography may show 
T wave changes, while later changes consistent with the 
overload pattern imposed by the defect are apparent. In 
addition, heart block is relatively common. On M-mode 
echocardiography an abnormal structure may be observed 
moving within the LV outflow tract or the R V outflow 
tract. Two-dimensional echocardiography may delineate 
the aneurysm and its opening into the affected cardiac 
chamber. Some findings are reminiscent of aneurysm of 
the right coronary artery or coronary arteriovenous fistula. 
If the fistula enters the RA, flutter of the tricuspid valve 
may occur during systole (systolic flutter of the tricuspid 
valve also occurs with LV-RA communication). Ifthe fis
tula enters the LV the mitral valve flutters during diastole 
as it does with aortic valve insufficiency. 

On plain roentgenograms of the chest during acute rup
ture of an aneurysm of the sinus of Valsalva, the predomi
nant finding will be pulmonary venous hypertension rather 
than pulmonary overcirculation. The heart is enlarged, but 
the cardiac configuration is nonspecific in appearance. Car-
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Fig. 7-32. Defects of the membranous sep
tum, including left ventricular-right atrial 
communication. Perry et al. have classified 
defects of the membranous interventricular 
septum (lVS) into five types: (A) a defect in 
the membranous interventricular septum and 
perforation of the tricuspid valve (TV) with 
adherence of the TV to the septal defect; 
(B) a defect in the membranous interven
tricular septum below the TV without per
foration of the TV (this type represents a 
membranous interventricular septal defect, 
the most common form of interventricular 
septal defect); (C) perforation of the TV 
without a septal defect; (D) a defect of the 
membranous interventricular septum with 
perforation of the TV without adherence of 
the TV to the interventricular septum and 
(E) a defect in the atrioventricular portion 
of the membranous interventricular septum 
with a normal TV. Only the first and last 
are left ventricular-right atrial communica
tions inasmuch as they allow blood to shunt 
directly from the left ventricle into the right 
atrium. Perry EL, Burchell HB, Edwards JE 
(1949) Congenital communication between 
the left ventricle and the right atrium: Coex
isting ventricular septal defect and double 
tricuspid orifice. Proc Staff Meet Mayo Clin 
24: 198-206. 

Tricuspid -
valve 
(med. leaflet ) 

diac catheterization demonstrates an oxygen "step-up" in 
the cardiac chamber into which the rupture occurred. The 
diagnosis is made by aortography (Fig. 7-31). 

At surgery the defect is usually closed from within the 
aortic root, but in some instances the best surgical approach 
is through the involved chamber. 

Left Ventricular-Right Atrial Communication 
LV-RA comunication is a rare lesion. Autopsies demon
strate an incidence of 0.08% of all congenital heart defects 
(Laurichesse et al.). In order to understand the anatomy 
of LV -RA communication it is necessary to study the mem
branous portion of the ventricular septum (Figs. 7-32, 
7-33, 7-34). Laurichesse et al. and Baron et al. have pro
vided understanding of the position and relationships of 
the membranous septum, showing that the tricuspid valve 
divides the membranous septum into an anterior portion 
(the membranous interventricular septum) and a posterior 
portion (the atrioventricular septum) (Figs. 7-33, 7-34). 
A defect in the membranous interventricular septum is 
the most common form of interventricular septal defect 
(IVSD) consisting of a communication between the two 
ventricles, whereas a defect in the atrioventricular septum 
allows communication directly from the LV to the RA. 
Perry, Burchell and Edwards have classified defects of the 

RV LV 

A 

membranous septum into five types (Fig. 7-32). (1) a defect 
in the membranous interventricular septum and perforation 
of the tricuspid valve with adherence of the tricuspid valve 
to the septal defect; (2) a membranous interventricular sep
tal defect without perforation of the tricuspid valve; (3) 
perforation of the tricuspid valve without a septal defect; 
(4) a defect of the membranous interventricular septum 
with perforation of the tricuspid valve, without adherence 
of the tricuspid valve to the ventricular septum and (5) a 
defect in the atrioventricular portion of the membranous 
septum with a normal tricuspid valve. Only the first and 
the last defects represent true LV-RA communications in
asmuch as they allow blood to shunt directly from the 
LV into the RA. An IVSD with perforation of a nonadher
ent tricuspid valve is not a direct LV-RA communication, 
although some blood may pass from the LV to the RA 
because of the direction of the jet. The anatomical features 
of a LV -RA communication differ considerably from those 
in the LV-RA shunt associated with endocardial cushion 
defect (ECD). The membranous ventricular septum is ab
sent or deficient in ECD, and the mitral and tricuspid 
valves are abnormal. The LV-RA shunt in ECD results 
from mitral regurgitation (through the cleft) that is directed 
across the atrial septal defect into the right atrium. 

The findings on auscultation with LV -RA communica-
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Fig. 7-33. The normal membranous septum and left ventricular
right atrial communications. 

A represents the two portions of the membranous septum. 
The membranous septum is divided into two portions by the 
insertion of the septal leaflet of the tricuspid valve. The atrioven
tricular portion of the membranous septum (A V Septum) is above 
the tricuspid valve, while the interventricular portion of the mem
branous septum (IV Septum) is below it. 

Band C are the usual forms of left ventricular-right atrial 
communication. In B a defect is present in the A V Septum, allow
ing blood to flow from the left ventricle to the right atrium. In 
C the defect is in the membranous IV Septum; however, the 
tricuspid valve is adherent and perforated, again allowing direct 
communication from left ventricle to right atrium. 

D is a case described by the authors and illustrated in this 
section (Figs. 7-35 and 7-36). In this case a typical defect in 
the A V Septum is associated with an aneurysm of the membra
nous IV Septum. 

E represents a defect in the membranous IV Septum associated 
with a perforated tricuspid valve that is not adherent to the defect. 
This defect does not represent a left ventricular-right atrial com
munication, but is, in fact, a membranous ventricular septal de
fect. Nevertheless, the right atrium receives blood directly from 
the left ventricle if the jet through the interventricular septal 
defect is directed toward the perforation in the tricuspid valve. 

F represents a defect in the membranous IV Septum with a 
wide commissure between the septal and anterior leaflets of the 
tricuspid valve (another form of interventricular septal defect 
with tricuspid insufficiency). This again is not a true left ventricu
lar-right atrial communication although the right atrium receives 
blood directly from the left ventricle. 

Defect in 
Membranous I V Septum 
plus Tricuspid Perforation 
with adherence of 
the leaf let 

C 

Defect in 
Membranous IV Septum 
plus Tricuspid Perforation 
without adherence of 
the leaflet 

E 

Defect in 
Atrioventricular Septum 
plus Aneurysm of 
Membranous I V Septum 

D 

Defect in 
Membranous IV Septum 
plus Wide Commissure 
between Septal and Anterior 
Leaflets of TV 

F 



A I nsertion of mitral valve 

Fig. 7-34. The two portions of the membranous septum and their 
relationship to the mitral, tricuspid and aortic valves. 

Panel A shows the right side of the septum. The ellipse repre
sents the membranous septum. The septal leaflet of the tricuspid 
valve (TV) crosses the membranous septum, dividing it into two 
segments. That portion of the membranous septum anterior (infe
rior) to the TV is the interventricular portion of the membranous 
septum (lVS), while the segment posterior (superior) to the TV 
is the atrioventricular portion of the membranous septum (A VS). 
The insertion of the mitral valve (MV) is slightly posterior to 
the membranous septum. 

B delineates the basal portion of the ventricular septum as 
observed from the left ventricular side. The membranous septum 

tion are reminiscent of VSD. A thrill and a pansystolic 
murmur are present at the left sternal border. The second 
sound is normally split; a third sound or flow rumble is 
heard. The electrocardiogram characteristically shows an 
rsR' pattern in lead VI usually with a normal QRS axis. 
In patients with large shunts right atrial enlargement may 
be evident on the electrocardiogram. 

The plain films demonstrate pulmonary overcirculation. 
Prominence of the RA, R V and pulmonary artery are pres
ent. The LA and LV may be mildly enlarged or may be 
normal in size. The aortic arch may be relatively incon
spicuous. Thus the findings on plain films are reminiscent 
of ASD rather than VSD (Fig. 7-35). A ball-like or glob
ular configuration has also been described (Kramer and 
Abrams). 

On echocardiography the tricuspid valve flutters during 
systole-a finding not specific for LV -RA communication, 
since it also occurs with rupture of an aneurysm of a sinus 
of Val salva into the RV. Doppler echocardiography identi-

interventricular 
septum 

Atrial Level Communication 337 

forms a triangle bounded superiorly by the aortic valve and inferi
orly by the muscular septum. Posteriorly the right fibrous trigone 
separates the membranous septum from the mitral valve. The 
dashed line represents the attachment of the TV on the other 
side. Note that a portion of the muscular septum is also included 
in the atrioventricular septum. Ao = aorta; MPA = main pulmo
nary artery; PV = pulmonic valve; SVC = superior vena cava; 
RA = right atrium; TV = tricuspid valve; R V = right ventricle; 
lVC = inferior vena cava; R = right sinus of Valsalva; NC = 

non coronary sinus of Valsalva; L = left sinus of Valsalva. After 
Baron MG, Wolf BS, Grishman A, Van Mierop LHS (1964) 
Aneurysm of the membranous septum. Am J Roentgenol 
91:1303-1313. 

fies a distinct jet into the right atrium. This finding does 
not differentiate LV-RA communication from VSD with 
tricuspid insufficiency (see Fig. 2-46). 

Cardiac catheterization demonstrates an oxygen step
up in the RA. If the defect is VSD plus tricuspid perfora
tion, then an additional step-up may be present in the ven
tricle. Left ventriculography is the optimum method of 
diagnosing LV -RA communications. Contrast material 
from the LV opacifies the RA and subsequently the R V 
and pulmonary arteries (Fig. 7-36). An aneurysm of the 
membranous ventricular septum may be demonstrated. A 
"gooseneck" deformity is not present. 

Surgery is indicated for large left-to-right shunts, but 
repair of small shunts may also be recommended to lower 
the risk of bacterial endocarditis. Surgical mortality is low. 
The defect is closed by way of an atrial incision. 

Congenital Coronary Arteriovenous Fistulas 
A coronary arteriovenous fistula represents an abnormal 

B 
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Fig. 7-35. Left ventricular-right atrial communication in a 7-
year-old boy. A and B Frontal and lateral plain chest roentgeno
grams. Mild cardiomegaly and pulmonary overcirculation are 
noted. The right atrium, right ventricle and pulmonary artery 
are prominent, while the left atrium and left ventricle are normal 
and the aorta is inconspicuous. These findings are reminiscent 
of an atrial septal defect. The ball-like or globular configuration, 
described in left ventricular-right atrial communication, is not 
observed here. 

communication from a coronary artery that may enter any 
cardiac chamber, a pulmonary artery, the coronary sinus, 
or the superior vena cava. The origins of the coronary 
arteries are normal. Either coronary artery may be in
volved, rarely both are affected. The general order of fre
quency of the receiving chamber or vessel, as reported by 
Ogden is the RV, RA, pulmonary artery, coronary sinus, 
coronary veins, LA and LV. Communication with the LA 
and LV is uncommon; even less common is a connection 
into the superior vena cava or a pulmonary vein. The fistu
lous connection may be single or multiple and may occur 
anywhere along the course of the coronary vessel. The 
coronary artery will be dilated and tortuous if the shunt 
is large. Aneurysms may occur in the affected artery proxi
mal to the fistulous connection. 

The embryogenesis has been attributed to persistence 
of the connections between the coronary capillaries and 
the trabecular chambers present in the embryo. Some fistu
las into a pulmonary artery may originate from an acces-

sory conus artery that arises from the left or right coronary 
artery. Electrocardiographic, plain film and hemodynamic 
findings are determined by the size of the shunt and the 
site of drainage of the fistulous connection. 
Clinical Features Most patients are asymptomatic, the 
most prominent clinical finding, however, is a continuous 
murmur. Infants with large shunts may have congestive 
heart failure. In these infants the murmur may not be char
acteristic. Affected adults may have angina, which may 
or may not be attributable to the anomaly. It is important 
to differentiate arteriovenous fistula from patent ductus 
arteriosus (PDA) because the surgical approach for correc
tion of the two disorders is different. Murmurs with coro
nary arteriovenous fistula are generally heard only over 
the front of the chest, whereas a murmur associated with 
PDA is often transmitted to the back. In addition, a mur
mur due to an arteriovenous fistula is likely to sound less 
harsh than that attributed to PDA. 

If the shunt is large the cardiac findings will be deter-
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Fig. 7-36. Left ventricular-right atrial communication. A and 
B Frontal and lateral films of a left ventriculogram. In the frontal 
film, blood from the left ventricle (L V) opacifies the right atrium 
(RA), and subsequently the right ventricle and pulmonary artery. 
In the lateral film a large aneurysm (A) of the membranous inter
ventricular septum fills with contrast medium during ventricular 
systole, but does not communicate with the right ventricle. Opaci
fication of the right ventricle occurs late, after the right atrium 
has filled. Thus an interventricular septal defect with tricuspid 
insufficiency is excluded. 

mined by the site of drainage. A combined R V and LV 
heave is felt in the presence of drainage into the right 
side of the heart. A LV heave is found with drainage into 
the left side of the heart. The pulses may be increased in 
amplitude. The electrocardiogram may be normal or may 
reflect the enlargement of the individual chambers affected 
by the site of drainage. 
Echocardiography Dilatation of a heart chamber depends 
on the site of drainage. The ostium of the affected coronary 
artery may be enlarged, and its course may be followed 
for a variable distance because of the large size of its lumen. 
Doppler echocardiography may identify the site of drainage 
of the fistula. 
Radiological (Plain Film) Features If the shunt is large, 
overcirculation will be present. In instances of drainage 
into the superior vena cava, coronary sinus or RA the 
plain film of the chest will be reminiscent of an ASD. 
The dilatation of the RA, R V and pulmonary artery tends 
to obscure the enlargement of the left-sided heart chambers. 
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If the fistula drains into the R V the radiological pattern 
will mimic a VSD (biventricular and LA enlargement). 
Drainage into a pulmonary artery will produce enlargement 
of the main pulmonary artery, LA and LV, similar to a 
PDA. With drainage into the LA, this chamber may be
come massively dilated. A fistula into the LV will simulate 
aortic insufficiency, aortico-Ieft ventricular tunnel or rup
tured sinus of Valsalva. 

One specific radiological feature that should suggest a 
coronary arteriovenous fistula is a bulge or bump on either 
the left or right border of the heart. This finding is especially 
likely in cases of fistula between the left circumflex artery 
and the coronary sinus. In such instances the bump is in 
the left A-V groove (Fig. 7-37). Rarely the affected coro
nary arteries become calcified, so that their tortuous course 
may be outlined on plain film. 
Hemodynamics An oxygen step-up occurs at the site of 
drainage if the shunt is significant, however, the shunt is 
seldom large enough to produce changes in pressures. 

B 
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B C 
.... Fig. 7-37. Arteriovenous fistula of the left circumflex artery into 

the coronary sinus in a 21-year-old woman. A and B Frontal 
and lateral plain chest roentgenograms. C LAO film of the aorto
gram. The heart is enlarged, with right atrial and right ventricular 
dilatation. A bump in the atrioventricular groove along the left 
heart border (arrows), which is less dense than the cardiac silhou
ette, represents the dilated left circumflex artery. On the lateral 
projection the dilated coronary sinus simulates left ventricular 

Contrast Studies Left ventriculography, aortography (Fig. 
7-37C) and selective coronary arteriography generally 
opacify the anomaly. All three are often necessary to fully 
delineate the origin, course and termination of a coronary 
arteriovenous fistula. 

Experience with infants with large shunts involving the 
right coronary artery has shown that left ventriculography 
often produces better opacification than aortography be
cause a more optimum volume of contast medium is in
jected into the LV by means of a pressure injector and 
because mixing is more complete (Fig. 7-38). If the left 
coronary artery is involved then aortography and selective 
coronary arteriography will be more accurate than left ven
triculography. With left ventriculography in instances of 
left coronary artery involvement, contrast in the LV will 
be superimposed on the fistulous artery, preventing defini
tion of the course and drainage. 

An incidental finding in patients with severe mitral ste
nosis is fistulous connection between a branch of the left 
circumflex artery and the LA appendage. Most such fistu-

enlargement. A bump in this location and a dilated coronary 
sinus in a patient with a continuous murmur are highly suggestive 
of this type of coronary arteriovenous fistula. 

The aortogram (C) demonstrates the markedly dilated and 
tortuous left circumflex artery (LCX), which connects to the coro
nary sinus (CS). Only the origin of the left anterior descending 
coronary artery (LAD) is opacified in this study. The LAD was 
outlined on cine aortography. 

lous connections end in a network of fistulous tracts. The 
shunt generally is small. Such communications are thought 
by some investigators to be due to erosion of the endocar
dium by thrombus; others have considered these to repre
sent neovascularity, associated with an organized thrombus 
in the LA appendage. The authors have observed these 
communications with and without atrial thrombi (Fig. 5-
38), and have also observed similar fistulas in the RA and 
RA appendage in patients with mitral stenosis and pulmo
nary hypertension. Thus the cause of these fistulous com
munications is unclear. 
Treatment Repair is recommended in large coronary arte
riovenous fistulas because of congestive heart failure. Al
though the role of surgery in small defects is not well 
defined, some are repaired to prevent bacterial endocarditis, 
acute myocardial infarction or rupture of a coronary artery 
aneurysm. A single communication may be ligated from 
outside the heart, while multiple entry sites are closed from 
inside the chamber during cardiopulmonary bypass. 
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A B 
Fig. 7-38. Arteriovenous fistula of the right coronary artery into 
the inlet of the right ventricle in a 4-month-old boy. A and B 
AP and lateral films of a left ventriculogram. The ascending aorta 
and the right coronary artery (RCA) are markedly dilated. Only 

Ventricular Level Communications 

The plain film findings with ventricular level communica
tions are the same regardless of its location in the ventricu
lar septum. The predominant radiological features are 
biventricular enlargement, left atrial enlargement, promi
nence of the pulmonary artery, a normal or small (incon
spicuous) aorta, and pulmonary overcirculation. Isolated 
ventricular septal defect (VSD) is the most common cause 
of left to right shunt at the ventricular level. Other defects 
that may produce a similar radiological appearance are 
listed in Table 7-3. A similar radiographic picture may 
also occur with some potentially cyanotic lesions (e.g., 
A-V communis, double-outlet right ventricle with subaortic 
VSD, and single ventricle) while cyanosis may not be clini
cally evident. In addition, many instances of shunts at the 
great vessel level do not cause obvious enlargement of the 
aorta, and therefore cannot be distinguished on the basis 
of plain films alone. Therefore, all these defects must be 
considered as well in interpretation of chest roentgeno
grams. Clinical data are of assistance in some instances. 

Discussed in this section is isolated VSD and VSD with 
aortic insufficiency. VSD occurring with other valvular de
fects or complex cyanotic defects will be discussed in those 
sections. 

a single fistulous tract is demonstrated. Opacification is excellent 
because of mixing of contrast medium in the left ventricle. Selec
tive injections into the RCA were diluted immediately by unopaci
fied blood, so that opacification was less than optimal. 

Isolated Ventricular Septal Defect 
Ventricular septal defect (VSD) is the most common con
genital heart malformation, with an incidence of approxi
mately 20%-30% of all congenital heart abnormalities. 
The defect is usually located in the membranous septum 
(infracristal, subaortic), but it may occur in the infundibu
lar septum (supracristal, subpulmonic), in the inlet portion 
of the septum (inlet VSD) or in the trabecular septum 
(muscular) (Fig. 7-39). The term perimembranous has been 
used by Soto et al. to designate defects that are contiguous 
with the central fibrous body but may extend into the 
subaortic region, the inlet region, or the trabecular septum. 
Used in this way the term was meant to connote a specific 
relationship of the conduction system posterior and inferior 
to this group of defects. The authors prefer the term mem
branous and describe extensions of the defects according 
to the area involved. VSDs vary in size from a few milli
meters to complete absence of the septum. Most are small. 
Spontaneous closure occurs frequently. VSD may be associ
ated with atrial septal defect, patent ductus arteriosus, 
coarctation of the aorta or discrete diaphragmatic subaortic 
stenosis. The defect also may be part of complex heart 
malformations such as tetralogy of Fallot, transpositions, 
truncus arteriosus, tricuspid atresia and endocardial cush
ion defects, or associated with noncardiac defects such as 



Fig. 7-39. The components of the ventricular septum from the 
right ventricular side. The muscular septum consists of three com
ponents, the inlet and infundibular portions are smooth, whereas 
the apical portion is trabeculated. The trabecular septum is the 
location of muscular ventricular septal defects ("swiss cheese" 
type), and the infundibular septum is the area where supracristal 
(subpulmonic, conal, or bulbar) ventricular septal defects occur. 
The membranous septum is posterior and inferior to the crista 
supraventricularis and extends across the anulus of the tricuspid 
valve (TV) into the right atrium. The membranous septum is 
limited posteriorly by the right fibrous trigone and the anterior 
leaflet of the mitral valve, and superiorly by the aortic valve. 
The muscular (trabecular) septum is below. The septal leaflet 
of the TV transects the membranous septum, dividing it into 
two portions-the interventricular and the atrioventricular. The 
interventricular portion is commonly referred to as the membra
nous septum and is the site where most ventricular septal defects 
occur. Membranous ventricular septal defects are also called infra
cristal, subaortic and high ventricular septal defects. The bundle 
of His courses approximately 2-3 mm below the inferior border 
of the membranous septum. MPA= main pulmonary artery. (For 
further information concerning the relationships of the membra
nous septum see Figs. 7-32 to 7-34.) 

tracheoesophageal fistula and renal anomalies. In addition, 
VSD may be a feature of some chromosomal syndromes 
(e.g., Down syndrome, trisomy D, trisomy E, cri du chat 
syndrome) and heritable disorders (Apert syndrome, Beck
with-Wiedemann syndrome, Conradi-Hiinermann syn
drome). 
Clinical Features The clinical findings, including the age 
of presentation, are determined by the size of the defect. 
Individuals with small defects are asymptomatic. A harsh 
pansystolic murmur is heard at the third to fourth left 
intercostal space. A thrill mayor may not be palpated. 
The cardiac impulse is normal. No sign of cardiac overload 
is present on electrocardiograms or roentgenograms of the 
chest. The maladie de Roger (tiny VSD with inordinately 
loud murmur) is included in this group of defects. 

Moderate-sized defects may be noted early in life with 
mild tachypnea or later with dyspnea on exertion. In addi
tion to the pansystolic murmur and thrill at the fourth 
left intercostal space, the second sound may be accentuated 
and a third sound or diastolic flow rumble may be heard 
at the apex (secondary to high flow across the mitral valve). 
The electrocardiogram shows LV hypertrophy and, on oc
casion, biventricular hypertrophy. 

In infants with congestive heart failure due to a large 
VSD the murmur may be soft and may be an ejection 
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murmur rather than pansystolic initially. A marked com
bined heave, a loud second sound and gallop rhythm are 
the predominant cardiac findings. Signs of systemic and 
pulmonary venous congestion (hepatomegaly, tachypnea) 
and decreased systemic perfusion (cool extremities, thready 
pulses) are also evident. Impaired growth and repeated 
pulmonary infections complicate the course. 
Natural History of Isolated Ventricular Septal Defect In 
patients with untreated VSD the clinical course may be 
divided into four groups with the development of (1) spon
taneous closure, (2) Eisenmenger syndrome, (3) infective 
endocarditis, and (4) infundibular stenosis with persistence 
of the VSD (acquired tetralogy of Fallot, "Gasul phenome
non"). 

The mechanisms for spontaneous closure include: (1) 
fibrous ingrowth with or without formation of aneurysm 
of the membranous septum; (2) adherence of the septal 
leaflet of the tricuspid valve to the rim of the defect, on 
occasion associated with perforation of the tricuspid leaflet 
(VSD and tricuspid insufficiency or LV-RA communica
tion); and (3) prolapse of an aortic cusp into the VSD. 
The last-named entity usually involves supracristal defects 
with deficient support of the aortic valve and results in 
aortic regurgitation. 

Eisenmenger syndrome occurs if a large VSD with pul-
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Fig. 7-40. Ventricular septal defect with a 
large left-to-right shunt in a 3 month old in
fant. AM-mode echocardiogram through 
the right ventricular outflow tract (R VOT), 
aortic root (Ao.) and left atrium (LA), which 
is enlarged. B is a view through the right 
ventricle (R V) and left ventricle (L V). The 
left ventricle is large for a baby of this age, 
and the shortening fraction is 40%, which 
is in excess of normal. The diameter of the 
right ventricle is relatively small; perhaps the 
right ventricle is displaced away from the 
echo beam by the dilated left ventricle. These 
findings also occur with patent ductus arte
riosus. 
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Ventricular septal defects are not gener
ally demonstrated on M-mode unless over
riding of the aorta or malalignment of the 
ventricular septum is present. 

IVS = interventricular septum; PW = 
posterior wall of the left ventricle. 

A 

monary hypertension is left untreated. The syndrome con
sists of changes in the pulmonary arteries that tend to 
narrow the small vessels and restrict blood flow through 
the lungs, thus limiting and eventually reversing the left
to-right shunt. According to Heath and Edwards the vascu
lar changes begin with medial hypertrophy and then pro
gress to fibrosis of the medial musculature and thickening 
of the intima, which further narrows and obliterates the 
lumina of the arterioles. Thereafter, atherosclerosis and 
chronic thromboemboli develop within the vessels. Later 
developments include saccular aneurysms of the arterioles, 
which may rupture into the alveoli to produce hemoptysis. 

Irreversible hypertensive changes may begin by the age 
of 12 to 18 months if pulmonary pressure remains near 
systemic pressure. Thereafter, even if pulmonary pressure 
is reduced by palliation or repair of the VSD, the vascular 
changes may progress. If repair is carried out in children 

with advanced vascular disease, the RV may fail, with death 
ensuing rapidly. Prevention of Eisenmenger syndrome by 
operation in infancy is necessary if long-term survival is 
to be expected. 

R V outflow tract obstruction may be acquired before 
or, rarely, after spontaneous or surgical closure of VSD. 
Histological studies of resected infundibular muscle in two 
patients demonstrated abnormal shape and orientation of 
cardiac muscle cells resembling the histological changes 
in idiopathic hypertrophic subaortic stenosis (lHSS). 

Infective endocarditis may develop before or after surgi
cal repair. In unoperated patients with VSD the vegetation 
characteristically forms inside the free wall of the RV cav
ity, opposite the VSD. This is also the location of a fibrous 
thickening of the endocardium that is presumed to be 
caused by shunted blood striking the wall of the heart 
(the jet lesion). 
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Echocardiography M-mode echocardiography is used to 
evaluate the extent of cardiac overload in patients with 
left-to-right shunts in infancy. A dilated LA and a hyper
contractile LV are identified with both VSD and patent 
ductus arteriosus (PDA) (Fig. 7-40). 

Comparison of systolic time intervals of the pulmonary 
valve and the aortic valve by M-mode is helpful in estimat
ing pulmonary artery pressure (Fig. 7-41). 

Except for malalignment VSDs (Fig. 7-42) and VSDs 
associated with Tetralogy of Fallot (see Fig. 2-16), isolated 
VSDs are not imaged by M-mode echocardiography. On 
the other hand, most moderate- to large-sized defects, and 
aneurysms of the membranous septum, can be imaged by 
2-D echocardiography (Figs. 7-43, 7-44, 7-45). Left-to
right shunts through small defects are identified by use of 
saline or green dye as contrast agent. The technique re
quires injection into the LA or LV. This technique might be 
useful when injection of a radiopaque medium is contra-

B 

indicated or in postoperative patients with a catheter in 
the LA. 

Ultrasound imaging of right-to-Ieft shunts, on the other 
hand, requires injection in a systemic vein. Thus, ultra
sound is an effective method of identifying the level of 
right-to-Ieft shunts in patients with reversed shunts second
ary to pulmonic stenosis or high pulmonary resistance. 

Doppler echocardiography appears to be useful in detec
tion of VSDs because of its ability to assess abnormal car
diac flow patterns. The left-to-right shunt is often best rec
ognized from the parasternal window in either the short
axis or long-axis view (Fig. 2-46). The Doppler sample 
volume is scanned across the RV outflow tract to detect 
a jet toward the transducer adjacent to the membranous 
septum. The velocity of the jet allows an estimate of the 
pressure difference between the ventricles. In patients with 
muscular defects the jet may be identified by placing the 
sample volume elsewhere in the right ventricle near the 
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Fig. 7-41. Ventricular septal defect with pulmonary hypertension. 
A and Bare M-mode echocardiograms through the aortic and 
pulmonary valves. The time lines are 10 msec apart. The aortic 
or left ventricular preejection period (LPEP) is 50 msec. The 
left ventricular ejection time (L VET) is 170 msec. The pulmonary 
or right ventricular preejection period (RPEP) is also 50 msec, 
and the right ventricular ejection time (R VET) is 180 msec. The 
systolic time intervals of the two semilunar valves are nearly 
identical. Thus equal pressures in the aorta and pulmonary artery 
are predicted. At cardiac catheterization the pulmonary artery 
pressure was at systemic level. 

Frame C is an M-mode echocardiogram through the pulmo
nary valve from another infant with pulmonary hypertension. 
Mid systolic closure (MSC) and absence of the atrial kick are 
signs of pulmonary hypertension. 



Fig.7-42. "Conoventricular malalignment" in an infant with ven
tricular septal defect and subaortic stenosis. The left ventricular 
outflow tract (L VOT) is narrowed by the conal septum, which 
is deviated toward the left. This M-mode arc scan reveals a break 
between the anterior wall of the aortic root (Ant. Ao.) and the 
ventricular septum (Septum). Echoes from the displaced conal 

ventricular septum, or even within the ventricular septum 
at sites of suspected defects. 
Radiological (Plain Film) Features With small shunts and 
normal pulmonary pressure plain films of the chest are 
normal. With moderate or large shunts the pulmonary vas
cularity is increased Fig. 7-46, the degree of overcirculation 
depending on the size of the VSD and the pulmonary vascu
lar resistance. Superimposition of congestive heart failure 
and pneumonia is frequently encountered with large shunts. 

The size of the heart may be normal, but often the 
heart is enlarged with moderate or large shunts. The LV, 
RV and LA are dilated. The pulmonary artery is promi
nent, while the aorta is small or normal in size. A reduction 
in the size of the heart and the degree of overcirculation 
may be observed on serial roentgenograms in patients with 
a closing VSD. Such patients should be distinguished from 
those who develop high pulmonary arterial resistance and 
a right-to-Ieft shunt (Eisenmenger syndrome). In the Eisen
menger group the films of the chest often show markedly 
dilated central pulmonary vessels, with abrupt decrease 
in caliber of the interlobar pulmonary arteries (pruned
tree appearance) (see Fig. 1-22). In long-standing cases 
aneurysmal dilatation of the main pulmonary artery may 
be present. Rarely, calcification of the pulmonary arteries 
may be noted. 
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muscle are probably mixed with the echoes of the anterior aortic 
root. At autopsy, conus tissue was observed inside the left ventri
cle, forming the upper margin of the ventricular septal defect. 

LA = left atrium; AML = anterior leaflet of the mitral valve; 
LV = left ventricle. 

Hemodynamics An oxygen saturation step-up at the ven
tricular level is observed in most cases of VSD. The size 
of the step-up correlates with the size of the left-to-right 
shunt. The left-to-right shunt and the ratio of pulmonary 
to systemic blood flow can be calculated from the oxygen 
consumption and the oxygen concentration in the blood 
of the chambers proximal and distal to the shunt (see sec
tion on Hemodynamics in the Introduction to this chapter). 
If the defect is small the shunt may be detectable only 
by hydrogen electrode. In patients with a large VSD the 
oxygen step-up may also be small or undetectable if the 
pulmonary resistance is high or if pulmonary stenosis is 
present. 

Pressures in the RV and pulmonary arteries (PA) are 
normal with small defects. With moderate-sized defects, 
R V and P A pressures may be normal or moderately ele
vated. With large defects, pressures in the R V and P A 
will approach or equal those in the LV and aorta. R V 
pressure will also be elevated in the presence of pulmonic 
stenosis. In such instances the P A pressure will be normal 
or low. In cases with RV pressure at or near systemic 
level, with or without infundibular stenosis, the shunt may 
be bidirectional or right to left. 
Contrast Studies Biplane (frontal-lateral, LAO-RAO) and 
compound axial left ventriculography delineates the size 



348 Congenital Heart Disease 

Fig. 7-43. Aneurysm of the membranous septum in a lO-year
old boy. The four-chamber view of the two-dimensional echocar
diogram (A) demonstrates an aneurysm (curved arrow) at the 
superior border of the ventricular septum next to the central 
fibrous body. The parasternal oblique view (B) also identifies the 
membranous aneurysm. A short axis view of the left ventricle 
just below the aortic valve during diastole (C) demonstrates the 
left ventricle (L V) and mitral leaflets. During systole (D) the 
ventricular septal aneurysm is evident. The curved arrow inside 

the left ventricle points toward the opening of the ventricular 
septal defect, while the arrowheads point toward the aneurysm. 
E and Fare M-mode echocardiograms through the right ventricle 
at the level of the membranous septum, just below the aortic 
valve and slightly toward the patient's right side. In E the motion 
of the tricuspid valve is present (tv). During systole the aneurysm 
(Aneur.) bulges anteriorly. F is a magnified image showing the 
motion of the aneurysm (Memb. Aneurysm) into the right ventri
cle (R V). mv = mitral valve. 
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Fig. 7-44. Two-dimensional echocardiography in a l-month-old 
infant with a membranous ventricular septal defect. A and A' 
Parasternal long axis view; Band B' parasternal short axis view 
across the left ventricular outflow tract just below the aortic 
valve; C and C' apex four-chamber view. In A the ventricular 
septal defect results in a lack of echoes (arrow) just beneath 
the aortic valve. In B the defect (arrow) is next to the tricuspid 
valve (tv) and immediately below the commissure between the 
noncoronary and the right coronary cusp. Compare B here with 
the same view in a patient with a supracristal ventricular septal 
defect (Fig. 7-51B). A supracristal ventricular septal defect opens 

into the outflow tract of the right ventricle, and is separated 
from the tricuspid valve by the conus muscle, occurring anteriorly, 
below the right coronary cusp near the pulmonary valve. In the 
apex four-chamber view (C and C') the ventricular septal defect 
is at the top of the ventricular septum. Dropout of echoes of 
the atrial septum in this view does not necessarily represent a 
defect in the atrial septum, but may occur because the atrial 
septum is parallel to the echo beam, reflecting poorly. 

Ao. = aorta; LA = left atrium; LV = left ventricle; R V = 
right ventricle; R VOT = right ventricular outflow tract. 



Fig. 7-45. Muscular ventricular septal defect. Apex four-chamber 
view of a two-dimensional echocardiogram in a 30-year-old 
woman. The defect (vsd) is in the trabeculated portion of the 
septum. LA = left atrium; LV = left ventricle; RA = right atrium; 
R V = right ventricle; mv = mitral valve; tv = tricuspid valve; 
p veins = pulmonary veins. Courtesy of Mark Stern, M.D. 

and location of the defect (infracristal, Figs. 7-47 and 
7-48; supracristal, Fig. 7-49; muscular or trabecular, Fig. 
7-50; and inlet septum, Fig. 7-20). Left ventriculography 
is also useful in the evaluation of associated abnormalities 
such as aneurysm of the membranous septum (Fig. 7-48), 
LV-RA communication, subaortic stenosis and coarctation 
of the aorta. A right ventriculogram may be necessary to 
delineate the R V outflow tract. An aortogram will reveal 
an associated prolapsing aortic cusp or patent ductus arte
riosus. 
Treatment The principal indications for primary repair of 
a large VSD in the first year of life are intractable congestive 
heart failure, failure to thrive and increasing pulmonary 
vascular resistance. Primary repair is considered superior 
to two-stage repair, which consists of initial PA banding 
followed by intracardiac repair and debanding of the pul
monary artery. The combined mortality of the two-stage 
repair is considerably higher than mortality of primary 
intracardiac repair. Furthermore, in some instances, heart 
failure persists because of inadequate pulmonary artery 
banding. In others, patients may develop a right-to-Ieft 
shunt and cyanosis if the band is too tight. Narrowing of 
the P A at its bifurcation may present serious difficulties 
at the time of debanding. 

For patients with an infracristal VSD (subaortic) a trans
atrial surgical approach is preferred. For a muscular VSD, 
right ventriculotomy is the procedure of choice, while a 
transpulmonary incision is considered the appropriate sur
gical approach for a supracristal VSD. 

Repair of a VSD is indicated in children beyond infancy 
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if a large left-to-right shunt persists (Qp/Qs greater than 
211) or if pulmonary resistance remains increased. Severely 
increased pulmonary resistance (Eisenmenger syndrome) 
is a contraindication to surgical closure of a VSD. 

Ventricular Septal Defect with Aortic Insufficiency 
Aortic insufficiency (AI) is an unusual abnormality associ
ated with VSD. In some cases one or two aortic cusps 
prolapse into the defect. Two concepts have evolved to 
explain prolapse of the aortic cusps: (1) Inadequate support 
of the structures of the aortic valve due to deficiency of 
conal musculature (this deficiency has been associated 
mainly with supracristal VSD; however, it has also been 
described in infracristal defects). (2) Congenital abnormal
ity of the sinus of Valsalva (this occurs more often with 
infracristal VSD). 

Healed bacterial endocarditis has been suspected in cases 
of VSD with AI without prolapse of an aortic cusp. In 
other such cases the aortic valve has been found to be 
bicuspid or myxomatous. The aortic valve has been known 
to prolapse in such a way as to reduce the shunt or com
pletely seal the defect. Nevertheless, the defect remains 
large and may be found at surgery in patients operated 
on for isolated AI. The AI is progressive in VSD and 
AI, and may continue to progress even after the VSD is 
closed. 

Clinically, patients with VSD and AI have a VSD with 
the added finding of a diastolic decrescendo murmur of 
AI along the left sternal border. In some individuals the 
AI murmur is not heard, even though significant regurgita-
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Fig. 7-46. Ventricular septal defect. A and 
Bare P A and lateral plain chest roentgeno
grams in a 7-month-old boy demonstrating 
cardiomegaly with left atrial and biventricu
lar enlargement. The main pulmonary artery 
is enlarged and the aorta is inconspicuous. 
Pulmonary overcirculation is present. C and 
D are frontal and lateral projections in a 
lO-year-old boy also with a ventricular septal 
defect and a significant left-to-right shunt. 
The findings are similar; however, biventri
cular enlargement is better defined in the 
older child. 

A 

B 
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~ Fig. 7-47. Large infracristal ventricular septal defect in a 9-
month-old girl (A-C) and Maladie de Roger (small ventricular 
septal defect) in a different patient (D). A and B are diastolic 
and systolic frames of the lateral projection of a left ventriculo
gram. C is an LAO view with cranial angulation of a second 
left ventriculogram. Both views indicate a large ventricular septal 
defect below the crista supraventricularis (CS). On the lateral 
view the right ventricular outflow tract narrows during systole, 
but is not obstructed (dynamic infundibulum). The axial view 
(C) also defines the location of the defect and excludes additional 
muscular defects. The arrows in frame A indicate the anterior 
leaflet of the mitral valve, which is in fibrous continuity with 
the aortic valve. D LAO view with caudocranial tilt demonstrates 
a small defect in the membranous septum, with a discrete jet 
of contrast medium. This view outlines the ventricular septum 
in its entirety and is especially useful for determining the location 
of ventricular septal defects and also for assessing associated ab
normalities of the left ventricular outflow tract and mitral valve. 

A 

Fig.7-48. Two patients with aneurysm of the membranous septum. 
A is from a 6-year-old girl who had a large VSD (proven at 
cardiac catheterization) and congestive heart failure during in
fancy. B is from a 13-year-old boy with valvar aortic stenosis, 
in whom the aneurysm was an incidental finding. The lateral 
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view of each left ventriculogram shows an outpouching of the 
membranous septum. In A a residual shunt (small VSD) remains. 
In B no VSD is evident. These examples demonstrate one mecha
nism of spontaneous closure of membranous ventricular septal 
defects. 

B 
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A 

Fig. 7~9. Supracristal ventricular septal defect. Injection into 
the left ventricle demonstrates a left-to-right shunt at the ventricu
lar level. 

A Frontal view during systole; B lateral view during systole; 
C lateral view during early diastole; D lateral view late in diastole. 
The right ventricular outflow tract opacifies densely while the 
apex and inflow tract remain unopacified. These findings are ap
preciated on the frontal and lateral projections. On the lateral 
projection during systole (B) the crista supraventricularis is partly 
obscured by contrast medium and appears below the defect. These 
changes may also occur with infracristal defects if the shunt is 
directed upward, obscuring the crista supra ventricularis and fill
ing the right ventricular outflow tract. On the lateral projection 
the contrast agent flows inferiorly from the right ventricular out
flow tract toward the apex during diastole (C and D). The LAO 
projection with cranial tilt may demonstrate a jet through or 
above the crista supraventricularis. If a supracristal ventricular 
septal defect is diagnosed, aortography is mandatory, since such 
patients often have a prolapsed aortic cusp and aortic insuffici
ency. 

E lateral projection of the aortogram in the same patient. 
The right (anterior) semilunar sinus is slightly deformed due to 
its prolapse into the VSD, and aortic regurgitation is present. 
The column of regurgitant blood is not uniform because it is 
diluted by unopacified blood from the right ventricle. 
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A B 
Fig. 7-50. Multiple muscular ventricular septal defects ("Swiss 
cheese" ventricular septum) in a l-year-old girl with fetal alcohol 
syndrome. During diastole (A) the anterior wall of the left ventri-

tion is present. In others the findings may be those of a 
small VSD even though the defect is large. This apparent 
discrepancy occurs because the shunt is limited by the pro
lapsed aortic cusp. Rarely, only a murmur of AI is heard. 

On M-mode echocardiography the appearance may be 
difficult to distinguish from that of a dilated sinus of Val
salva or an aneurysm of the membranous septum. On 
2-D echocardiography the prolapsed cusp may curve far 
inferior and anterior into the LV outflow tract or even 
across the septum into the R V outflow tract during diastole. 
During systole the portion of the cusp that covers the VSD 
mayor may not move (Fig. 7-51). On Doppler echocardi
ography the left-to-right shunt tends to be directed superi
orly in individuals with supracristal VSD and may be de
tected primarily in the pulmonary artery rather than in 
the RV outflow tract. Additionally, aortic insufficiency is 
found On examination of the LV outflow tract. 

Roentgenograms of the chest often show normal pulmo
nary vasculature even though the VSD may be large. The 
size of the shunt is limited by the prolapsed aortic cusp. 
In the presence of a significant degree of AI the LV and 
often the ascending aorta are dilated (Figs. 7-52, 7-53). 

Even though--an abnormality of the aortic valve is not 
recognized clinically or by echocardiography, AI must be 
suspected in any case of supracristal VSD, and aortography 
should be performed in search of the prolapsed leaflet (Figs. 
7-49E and 7-53). 

The VSD is repaired if the shunt is large or if AI is 
severe. At surgery the aortic valve must be repaired or 
replaced at the time of closure of the VSD. If significant 
AI remains after surgery, intractable LV failure may ensue. 

de is irregular (shaggy). During ventricular systole (B) contrast 
material passes through many crevices between the trabeculae 
carnae. 

Great-Vessel Level Communications 

These defects, listed in Table 7-3, result in left-to-right 
shunts into the pulmonary artery. Discussed in this section 
are patent ductus arteriosus and aorticopulmonary win
dow. Persistence of the fetal circulation (PFC syndrome) 
is also included in this section, because physiologic patency 
of the ductus arteriosus is an important feature of PFC 
syndrome. The shunt is right to left while the pulmonary 
resistance is increased, but reverses to a left-to-right shunt 
as pulmonary resistance decreases. Vascular rings (which 
often include a ductus arteriosus or ductus ligament) as 
well as a ductus arteriosus sling (a rare entity recently 
described by Binet et al.) are described in section 5 of 
this chapter, Abnormalities of the Great Arteries. 

Patent Ductus Arteriosus 
During fetal life the ductus arteriosus connects the main 
pulmonary artery near its bifurcation to the aorta just be
yond the origin of the left subclavian artery. Most of the 
blood from the RV flows through the ductus to the descend
ing aorta supplying the lower portion of the body and 
the placenta. Only a small amount of blood from the right 
ventricle passes to the lungs. The ductus arteriosus closes 
functionally SOOn after birth (muscular contraction). Ana
tomical closure (intimal proliferation and fibrosis) follows. 

Patent ductus arteriosus (PDA) in term babies more 
than I week of age is abnormal. In premature babies PDA 
is considered a physiological phenomenon that relates to 
immaturity of the ductal muscle rather than a congenital 
defect. Factors in addition to prematurity that tend to pro-
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A N 
Fig. 7-51. Two-dimensional echocardiograms in a patient with 
a supracristal ventricular septal defect and aortic insufficiency. 
A and A' are parasternal long axis views, and B is a parasternal 
short axis view just below the aortic valve. In A the ventricular 
septal defect is adjacent to the right coronary cusp, and a portion 
of the cusp protrudes through the defect (arrow). The arrow 
passes through the ventricular septal defect. In B the ventricular 
septal defect results in drop-out of echoes of a portion of the 
ventricular septum anteriorly just below the right coronary cusp. 
The ventricular septal defect is separated from the tricuspid valve 
by conus muscle. Here also the right coronary cusp is delineated 
faintly (arrow) as it protrudes through the defect into the right 
ventricular outflow tract. Compare this picture with the same 
view of a membranous ventricular septal defect (Fig. 7-44B). 
A membranous ventricular septal defect is next to the tricuspid 
valve immediately below the noncoronary cusp. 

Ao. = aorta; LV = left ventricle; R V = right ventricle; 
LA = left atrium. 

mote patency of the ductus are pulmonary disease and 
perinatal stress, which result in hypoxia and acidosis. Dur
ing delivery and in stressed neonates, pulmonary resistance 
remains high and flow through the ductus is right to left 
(persistance of fetal circulatory pathways, PFC). If the duc
tus remains patent as pulmonary resistance decreases after 
birth, flow through the ductus reverses so that a left-to
right shunt occurs. This results in volume overload in the 
pulmonary circulation and the left side of the heart. A 
large left-to-right shunt causes dilatation of the pulmonary 
arteries (pulmonary overcirculation) and enlargement of 
the LA, LV and aorta. 

Congestive heart failure (CHF) secondary to PDA often 
complicates the course in infants. In premature infants, 
CHF occurs during the first few days of life, usually at 
the same time as idiopathic respiratory distress syndrome 
(IRDS). In infants born with PDA at term, pulmonary 

resistance remains increased for a time, and onset of CHF 
is delayed. 

In older children a small to moderate PDA usually 
causes a typical continuous (machinery) murmur. If the 
PDA is large, high flow and pulmonary hypertension may 
lead to fixed changes of pulmonary arterioles, representing 
Eisenmenger physiology. 
Associated Defects Coarctation of the aorta and VSD often 
occur in association with PDA. Aortic and pulmonic steno
sis are less common. PDA often forms a part of complex 
heart defects (e.g., transpositions, tricuspid atresia, pulmo
nary atresia, hypoplastic left-heart syndrome, preductal 
coarctation of the aorta, interruption of the aortic arch). 
A right aortic arch is associated rarely with PDA; if so, 
the PDA is often left sided and forms a vascular ring. A 
right-sided PDA in association with a right aortic arch 
is very rare. In tetralogy of Fallot with a right arch and 

B 
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Fig. 7-52. Ventricular septal defect and aortic insufficiency. Fron
tal plain chest radiograph in a lO-year-old boy who had a previous 
history of ventricular septal defect with only a residual murmur 
of aortic insufficiency (same patient as in Fig. 7-53). The pulmo
nary vasculature is normal. The left heart border is elongated, 
and the apex projects below the left hemidiaphragm, indicating 
left ventricular enlargement. The ascending aorta is slightly en
larged. These features, in the context of the history, suggest a 
ventricular septal defect with a prolapsing aortic cusp. 

Fig. 7-53. Ventricular septal defect and aor
tic insufficiency. Lateral view of the aorto
gram in the patient in Fig. 7-52 demonstrates 
aortic insufficiency. The right (anterior) cusp 
protrudes through the ventricular septal de
fect, obliterating the defect. The prolapsed 
cusp (arrows) produces a separate density, 
simulating a fourth semilunar sinus or bi
lobed semilunar cusp. 



PDA, the ductus is left sided and extends between the 
left-sided innominate artery (mirror-image branching) and 
the left pulmonary artery. Another rare lesion associated 
with PDA is an anomalous origin of one pulmonary artery 
from the ascending aorta (hemitruncus). (See also section 
5 of this chapter, Abnormalities of the Great Vessels). 
Clinical Features The description of clinical features is 
divided into three sections to reflect the three distinct pre
sentations of PDA-in premature infants, in infants born 
at term and in older children and adults .. 
PDA in Premature Infants Patency of the ductus arteriosus 
in premature infants is considered to be a physiological 
phenomenon associated with an inadequate reponse of the 
muscle layer of the ductus to oxygen. In addition, the mus
cle layer of the pulmonary arterioles (media) is poorly de
veloped so that pulmonary resistance decreases almost im
mediately at birth. Onset of CHF secondary to a left-to
right shunt is usually within the first few days of life, often 
simultaneous with idiopathic respiratory distress syndrome 
(IRDS), which is also common in premature babies. The 
respiratory symptoms secondary to CHF may be indistin
guishable from the respiratory symptoms of IRDS. A mur
mur mayor may not be present. A presumptive diagnosis 
of PDA in association with IRDS is made by the findings 
of a hyperkinetic cardiac impulse and bounding peripheral 
pulses, and by a large heart on plain films of the chest. 
Echocardiography with Doppler studies is especially useful 
in this age group as the clinical findings may not be obvious 
(Fig. 7-54; also see Fig. 2-50). A description of echocardio
graphic findings follows clinical features ofPDA in children 
and adults below. 
PDA in Infants Born at Term Patency of the ductus arte
riosus in term babies, especially beyond a few days of life, 
is no longer considered a simple physiological phenomenon. 
The cause of persistent patency is unknown and is being 
studied actively; however, no single specific mechanism 
has been recognized. Babies with rubella embryopathy and 
those born at high altitudes have a greater than normal 
tendency toward PDA. Isolated PDA accounts for about 
10% of all congenital heart defects, but PDA also may 
occur in combination with almost every other congenital 
heart defect. In contrast to its effects on premature infants 
who develop heart failure very early, a widely patent ductus 
may produce a large left-to-right shunt and CHF some 
time after the neonatal period in term babies (characteristi
cally at age 6-12 weeks). The murmur of PDA in infants 
differs from that occurring in older children, being heard 
usually only in systole. The murmur may be heard predomi
nantly in the front in infants rather than in the back as 
it is in older children. As in other age groups, a large 
left-to-right shunt through a PDA results in bounding 
pulses, a dynamic cardiac impulse and sometimes in CHF. 
PDA in Children and Adults In older children and adults 
a continuous, machinery, murmur is heard beneath the 
left clavicle and over the left side of the back. A moderate 
left-to-right shunt is associated with a LV heave. A large 
PDA with pulmonary hypertension usually produces a bi-
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ventricular heave. Bounding pulses are characteristic of 
PDA with large left-to-right shunt, but also may occur 
with other disorders such as arteriovenous fistulas and aor
tic regurgitation. 

Long-term high pulmonary blood flow and pulmonary 
hypertension may lead to the Eisenmenger physiology in 
older children and adults with PDA. The continuous mur
mur is absent. In its place may be the descrescendo murmur 
typical of pulmonary valve insufficiency. The second sound 
is loud, and a right ventricular heave is present. Differential 
cyanosis may be evident. Thus the left hand and both feet 
may be cyanotic, whereas the right hand and head are 
relatively acyanotic. 
Echocardiography Echocardiography in infants with mod
erate to large PDA usually demonstrates LA enlargement 
(increased LA/ Ao ratio) and a hyperkinetic LV (Fig. 7-
54). In addition to LA/ Ao ratio greater than 1.3/1 (Fig. 
7-54) Johnson et al. have suggested the use of the ratio 
of the pre-ejection period to the left ventricular ejection 
time (LPEP /LVET .;; 0.24) as a positive finding for the 
presence ofPDA in premature infants, based on the finding 
that LPEP is short in these babies. Heitz et al. reported 
a reversal of the ratio of LPEP /RPEP (LPEP /RPEP < 
1). Again, LPEP is shortened because diastolic pressure 
is less than normal. Additionally, the RPEP may be in
creased because of an elevation in pulmonary pressure and 
resistance. Systolic time intervals are especially useful in 
premature infants who are on respirators with fluid restric
tion so that the LA may not be dilated. On Doppler echo
cardiography continuous flow is detected in the pulmonary 
artery as well as reversal of flow in the abdominal aorta 
throughout diastole (see Fig. 2-50). In children and adults 
with small PDA continuous flow into the pulmonary artery 
recognized by Doppler examination may be the only echo
cardiographic finding. Echocardiography can identify other 
defects such as VSD, truncus arteriosus and aorticopulmo
nary window, which may have clinical features similar to 
PDA. Recognition of a coarctation of the aorta in an infant 
with signs of PDA will allow appropriate repair at the 
time of ductal ligation. 
Radiological (Plain Film) Features Cardiomegaly is pres
ent with moderate to large shunts. The LA and LV are 
enlarged. Dilatation of the aorta proximal to the PDA 
may be helpful in distinguishing PDA from VSD (Fig. 
7-55), but in infants the ascending aorta is often not dis
cernible on roentgenograms of the chest, and therefore it 
cannot be used to distinguish PDA in this age group. In 
older children and adults a dilated aorta is a meaningful 
sign if present. The pulmonary trunk and pulmonary arte
ries are dilated (pulmonary overcirculation). Aneurysm and 
calcification of the ductal wall may occur in adults (Fig. 
7-56). The ductus may occasionally be aneurysmal in in
fants as well. 

Aneurysmal dilatation of the ductus may also occur 
in the presence of a ductus arteriosus that is not patent. 
If a ductal aneurysm is suspected on plain films, angiogra
phy is indicated to establish the diagnosis, since aneurysms 
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A 
Fig. 7-54. Patent ductus arteriosus in a 1-week-old premature 
infant weighing 1200 g. 

A The M-mode echocardiogram through the root of the aorta 
(Ao.) and left atrium (LA) shows a large diameter of the left 
atrium compared to that of the aorta. Using the leading edges 
of the aorta and left atrium, the LA/ Ao. ratio is 1.5: 1 (normal 
<1.3:1). 

B The tracing through the left ventricle (L V) and right ventri
cle (R V) shows a large diastolic dimension with a large shortening 
fraction (40%), indicating a volume overloaded left ventricle. 
In C, the same view from a different patient, fluttering of both 
leaflets of the mitral valve probably indicates high flow across 
the valve during diastole. 

R VOT = outflow tract of the right ventricle; AML = anterior 
leaflet of the mitral valve; PML = posterior leaflet of the mitral 
valve. 
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Fig. 7-55. Patent ductus arteriosus in a 4-
year-old boy. The frontal and lateral chest 
roentgenograms demonstrate pulmonary ov
ercirculation and cardiomegaly. The left ven
tricle and left atrium are enlarged, the aortic 
arch is prominent, and the main pulmonary 
artery is dilated. (Same patient as Fig. 7-
58.) 



Fig. 7-56. Calcified aneurysm of a patent 
ductus arteriosus in a 44-year-old woman. 

A The frontal plain chest roentgenogram 
shows pulmonary overcirculation and car
diomegaly, with left ventricular enlargement. 
The ascending aorta is prominent. The aneu
rysmal ductus arteriosus projects over the 
aortic arch and proximal descending aorta. 
In contrast to calcification of the aortic arch, 
which occurs mainly in the upper wall, calci
fication of the ductus arteriosus occurs 
chiefly along the inferior border. 

B An LAO view of the aortogram in the 
same patient demonstrates the aneurysmal 
patent ductus arteriosus and the large left
to-right shunt into the main pulmonary ar
tery. 
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Fig. 7-57. Treble-clef configuration of the catheter in patent duc
tus arteriosus. 

A The venous catheter enters the heart from the inferior vena 
cava and passes through the right atrium, right ventricle and 
main pulmonary artery. The catheter then traverses the ductus 
arteriosus to enter the descending aorta. 

B Frontal view of a pulmonary angiogram in a child with a 
patent ductus arteriosus. A negative jet (arrow) in the dome of 
the main pulmonary artery represents unopacified blood entering 
the pulmonary artery by way of the ductus. 

are complicated by rupture, embolism or infection. Ductal 
aneurysm should be differentiated from a "ductus bump," 
which is a normal variant caused by transient dilatation 
of the ductus arteriosus in the postnatal period (24-48 
hours). 

In the presence of PDA with Eisenmenger physiology, 
dilatation of the pulmonary trunk and right and left pulmo
nary arteries occurs with constriction of the interlobar pul
monary arteries (pruned-tree appearance). Other features 
include enlargement of the RV, a normal-sized or small 
ascending aorta, and calcification of the pulmonary arteries. 
Rarely hypertrophic osteoarthropathy may develop with 
Eisenmenger syndrome. 
Hemodynamics The catheter easily traverses the ductus, 
forming a treble-clef configuration on AP fluoroscopy (Fig. 
7-57 A). In patients with left-to-right shunt via PDA, car
diac catheterization will demonstrate an oxygen step-up 
in the main pulmonary artery. The size of the ductal shunt 
cannot be accurately calculated because of sampling error 
due to inadequate mixing (or streaming) in the pulmonary 
arteries. Pulmonary artery pressures mayor may not be 
elevated. 
Contrast Studies (Fig. 7-58) In children with isolated 
PDA with classic continuous (machinery) murmurs and 
no sign of associated defect and in premature infants with 
characteristic clinical and echocardiographic findings, the 
ductus is often closed surgically without angiography. If 
doubt exists about the diagnosis, angiography is necessary 
to demonstrate the ductus and to define associated defects. 

In cases with other defects in addition to PDA, espe
cially in complex cases and in those in which pulmonary 
resistance is increased, the ductal shunt may be bidirec
tional or right to left. Clinical findings and even oxygen 
saturation may not be reliable to determine presence or 
absence of associated PDA in those cases. It may be neces
sary to inject contrast material on the right side if a left
to-right ductal shunt is not present on the aortogram. In 
cases of VSD the ventricular level shunt often obscures 
the ductus on the left ventriculogram. A separate aorto
gram is necessary in these cases to exclude an associated 
PDA. 
Treatment In premature infants, ductal closure may be 
promoted by improvement in oxygenation, correction of 
acidosis and fluid restriction. If these methods fail, or if 
the left-to-right shunt is contributing to respiratory decom
pensation, pharmacological closure may be attempted with 
prostaglandin inhibitors such as aspirin and indomethacin. 
If the ductus remains open or reopens thereafter, or if 
prostagandin inhibitors are contraindicated, surgical clo
sure can be performed fairly safely in even the smallest 
premature infants. 

In term babies, prostaglandin inhibition is generally un
successful, and spontaneous closure is unlikely after a few 
months of age. Surgical closure is performed if the left
to-right shunt produces symptoms or if it complicates other 
defects such as a large VSD. 

In older children, PDA is surgically closed to prevent 
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A B 
Fig. 7-58. Patent ductus arteriosus in a 4-year-old boy (patient 
in Fig. 7-55). A and B are frontal and lateral views of the left 
ventriculogram. The catheter was passed from the inferior vena 
cava into the right atrium and then through the foramen ovale 

progressive pulmonary hypertension if the shunt is large 
and to prevent bacterial endocarditis even if the shunt is 
small. The risk in closing a PDA during childhood is very 
low. In adults, on the other hand, the ductus may be calci
fied or aneurysmal so that surgical repair represents a sig
nificant risk. Under these circumstances a small asymp
tomatic ductus in an adult may be observed without sur
gery. 

A recent innovation for closure of the ductus arteriosus 
consists of insertion of a plug using a combined venous 
and arterial catheter technique. This method might be espe
cially useful in cases in which other forms of closure are 
inappropriate because of a patient's clinical condition. Clo
sure of a ductus by any technique is contraindicated in 
patients with Eisenmenger physiology, because acute right 
heart obstruction and acute or chronic right heart failure 
generally will supervene. 

Persistence of the Fetal Circulation (PFC Syndrome) 
This syndrome of persistence of the fetal circulation (PFC) 
occurs in infants born at term or near term. It is character
ized by tachypnea and cyanosis associated with abnormal 
postnatal persistence of pulmonary hypertension and a 
right-to-Ieft shunt through the foramen ovale or the ductus 
arteriosus or both. Some affected infants die from pro
gressive systemic hypoxia; others survive with complete 
resolution of the pulmonary hypertension. 
Clinical Features The clinical presentation includes R V 
decompensation, cyanosis and pulmonary undercirculation 

and left atrium into the left ventricle. The ductus arteriosus con
nects the ductus diverticulum to the left pulmonary artery near 
the bifurcation of the main pulmonary artery. 

on chest roentgenography. A murmur of tricuspid insuffi
ciency may be present. 

In addition to R V failure and a right-to-Ieft shunt, LV 
failure may also complicate the course. An important pre
disposing factor in this syndrome is chronic fetal distress, 
which may cause hypertrophy of the pulmonary arteriolar 
musculature. Gestational diabetes may be an example of 
this. Perinatal asphyxia, aspiration, hyperviscosity, hypo
calcemia, hypoglycemia and acidosis also contribute. The 
differential diagnosis of respiratory distress and cyanosis 
in newborn infants at term includes pulmonary disease 
(e.g., meconium aspiration, congenital diaphragmatic her
nia, airway obstruction), disturbance of the central nervous 
system, hematological disorders (e.g., methemoglobine
mia), congenital heart disease, hyaline membrane disease 
and PFC syndrome without an anatomic heart defect. The 
most important of these entities to exclude are congenital 
heart defects, some of which may be palliated temporarily 
by prostaglandins, but which require immediate referral 
to a cardiac center for definitive diagnosis and treatment. 

An important differential feature that may distinguish 
cyanosis due to lung disease from that due to a heart defect 
is the response to correction of metabolic disturbances and 
to the administration of oxygen. In the PFC syndrome 
the pulmonary resistance is often reduced by these mea
sures so that oxygenation occurs. In the absence of response 
to oxygen a vasodilator such as tolazoline (Priscoline) may 
be administered to reduce pulmonary vascular resistance. 
These therapeutic measures are carried out in rapid se-
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quence in many nurseries. Failure to raise arterial concen
tration of oxygen is evidence for the presence of a cyanotic 
congenital heart defect, although severe PFC may respond 
poorly or have a delayed response. Echocardiography is 
usually sufficient to identify cyanotic heart defects. Use 
of echocardiography in nurseries outside of cardiac centers 
will facilitate early management of PFC by identifying 
those babies who require sUbspecialty referral. Follow-up 
observations for signs of pulmonary hypertension and for 
R V and LV failure are helpful. 
Echocardiography The signs of pulmonary hypertension 
follow: Comparison of systolic time intervals of the pulmo
nary valve and the aortic valve on M-mode echocardiogra
phy will aid in recognition of high pulmonary resistance. 
Normally the pulmonary or right ventricular pre-ejection 
period (RPEP) is shorter than the aortic or left ventricular 
pre-ejection period (LPEP). In addition, the pulmonary 
(right ventricular) ejection time (RVET) is normally longer 
than the aortic (left ventricular) ejection time (LVET). 
As the pressures in the pulmonary artery approach systemic 
levels the pre-ejection periods and ventricular ejection 
times of the two ventricles become equal-that is, the 
RPEP becomes longer and the R VET becomes shorter 
(Fig. 7-59A-B). The ratio of RPEP/RVET to LPEP/ 
L VET tends to exaggerate these changes and is used by 
Hirschfeld et al. in their studies to correlate systolic time 
intervals with pulmonary artery pressure. Persistence of 
abnormal pulmonary systolic time intervals in spite of treat
ment in infants with PFC is a poor prognostic sign. Other 
signs of high pulmonary resistance are absence of the pul
monary "a kick" and mid systolic closure ofthe pulmonary 
valve. 

Signs of myocardial failure include R V failure, indicated 
by an increase in the RV diameter 7-59C. On 2-D echocar
diography the ventricular septum bulges into the LV, and 
the atrial septum bulges into the LA. LV failure, if present, 
produces dilatation ofthe LV along with a decreased short
ening fraction and ejection rate (velocity of circumferential 
fiber shortening) and enlargement of the LA. 

Location of right-to-Ieft shunt may be determined by 
injection of small amounts of saline, green dye, or the 
baby's own blood through a venous catheter. With PFC 
the contrast agent should appear first in the RA and then 
immediately proceed to the LA, indicating an atrial level 
right-to-Ieft shunt. Shunts at the atrial level also occur 
with cyanotic heart defects (e.g., total anomalous pulmo
nary venous drainage, Ebstein anomaly of the tricuspid 
valve). A shunt at the ventricular level or an isolated great 
vessel level shunt should not occur with PFC. The presence 
of either should suggest another diagnosis. During injection 
of contrast material, tricuspid insufficiency secondary to 
R V failure might also be recognized by its negative washout 
effect. 

Establishing the absence of a cyanotic congenital heart 
defect: The presence of all valves and chambers, with nor
mal spatial relations and intact septa, is usually enough 
evidence of an anatomically normal heart. Total anomalous 
pulmonary venous return (T APVR), which produces echo-

cardiographic findings similar to those of PFC, may be 
difficult to distinguish from PFC. Demonstration of the 
openings of the pulmonary veins into the LA by 2-D echo
cardiography excludes T APVR (see also description of 
TAPVR). 
Radiological (Plain Film) Features The pulmonary vascu
lar pattern reflects precapillary hypertension (high pulmo
nary vascular resistance). The main pulmonary artery may 
reach huge proportions, projecting over the apex of the 
left hemithorax (Fig. 7-60) and may simulate a thymic 
density. The proximal pulmonary arteries are dilated, 
whereas the interlobar vessels are attenuated. Thus the 
periphery of the lungs appears undercirculated. A curious 
feature in some patients is a dotted appearance of vessels 
on end. The mechanism and the appearance of the pulmo
nary vascularity are different from those occurring with 
right-sided obstruction, which causes a typical pattern of 
undercirculation. The heart is enlarged, on occasion mark
edly so. The RA and R V are the chambers involved. 

Except for the appearance of the pulmonary vessels, 
these plain film findings may suggest severe pulmonic steno
sis, pulmonary atresia with intact ventricular septum and 
tricuspid insufficiency, or Ebstein anomaly. Hypoplastic 
left heart syndrome and total anomalous pulmonary venous 
drainage may be difficult to distinguish because the same 
heart chambers are enlarged in both entities (RA, RV, 
main pulmonary artery); however, pulmonary venous hy
pertension (postcapillary hypertension) is generally present 
with hypoplastic LV rather than precapillary hypertension. 
D-transposition may be excluded because of differences 
in the patterns of pulmonary circulation. If a baby with 
a congenital heart defect also has PFC syndrome, distinc
tion on plain chest films may be impossible. 
Hemodynamics At catheterization severe pulmonary hy
pertension is found with right-to-Ieft shunting via the fora
men ovale and ductus arteriosus. The amount of right
to-left shunting depends on the severity of the increase 
in pulmonary resistance and the level of the systemic pres
sure. 
Contrast Studies Pulmonary angiography demonstrates a 
large pulmonary trunk and a right-to-Ieft ductal shunt. 
The proximal pulmonary arteries taper abruptly, while the 
interlobar vessels are attenuated and may be tortuous. The 
peripheral vessels appear sparse. The ductus arteriosus is 
usually huge, often with the same dimensions as the de
scending aorta. Aortography or left ventriculography 
shows dilution of the contrast medium in the descending 
aorta during ventricular systole because of the right-to
left shunt through the ductus (Fig. 7-61). On cine aortogra
phy the descending aorta fills intermittently. No congenital 
heart defect is identified. 
Treatment Relief of pulmonary arteriolar spasm is essen
tial to treatment. Oxygen is administered by headbox, by 
nasal prongs or by endotracheal intubation, with constant 
positive airway pressure. Vasodilators such as tolazoline 
(Priscoline) are administered as bolus injections or as in
travenous infusions. In addition, abnormalities of sodium, 
potassium, glucose, calcium and pH must be corrected, 



Fig. 7-59. M-mode echocardiograms in a 
one-day-old infant with persistent fetal circu
lation. 

A Aortic valve for systolic time intervals 
(LPEP = 65 msec, LVET = 180 msec); B 
pulmonic valve for systolic time intervals 
(RPEP = 65 msec, RVET = 210 msec, 
RPEP/RVET = .31); C right and left ven
tricular cavities; D Tricuspid valve. 

The purpose of the echocardiogram is: 
1) to exclude the diagnosis of cyanotic con
genital heart defects, 2) to evaluate severity 
of pulmonary hypertension, and 3) to evalu
ate left ventricular function. 

In this patient the aortic valve is posterior 
and toward the right and the pulmonic valve 
superior and leftward. Thus, normal orienta
tion of the great arteries excludes dextrotran
sposition of the great arteries. The systolic 
time intervals of the left ventricle are normal. 
The right ventricle has a long RPEP/RVET 
(normal 0.16 to 0.30) indicating elevation of 
the pulmonary resistance. Flattening of the 
atrial kick ("a") on the pulmonic valve trac
ing (B) also indicates elevation of the pulmo
nary resistance. (Continued) 
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RA 

Fig. 7-59 (Cont.). In C the right ventricular 
cavity (R V) is slightly dilated, and the right 
ventricular free wall (R VW) is hyperkinetic. 
Left ventricular (L V) contractions are nor
mal. The ventricular septum is thickened, 
suggesting some intrauterine stress. In D 
presence of the tricuspid valve (tv) excludes 
the diagnosis of tricuspid atresia. A 2-dimen
sional study (not shown) confirms normal 
cardiac anatomy and dilatation of the right 
ventricle. Contrast echocardiography dem
onstrated a right-to-Ieft shunt at the atrial 
level. RA = right atrium. 



Fig. 7-60. Persistent fetal circulation 
in a l-day-old baby. The chest roent
genogram demonstrates marked un
dercirculation with moderate cardio
megaly. The main pulmonary artery is 
markedly enlarged, almost reaching 
the left thoracic apex. The right atrium 
is also enlarged. The rounding of the 
cardiac apex in this case is due to right 
ventricular hypertrophy and dilata
tion. 

Fig. 7-61. Persistent fetal circulation in the patient in Fig. 
7-60. A lateral view of the left ventriculogram reveals a normal
sized left ventricle that is retrodisplaced by a markedly enlarged 
right ventricle. The wide sweep of the right coronary artery con
firms right ventricular dilatation. The ascending aorta and bra
chiocephalic vessels are densely opacified, while the descending 
aorta beyond the ductus is only faintly opacified because of dilu
tion resulting from the right-to-Ieft shunt through the ductus 
arteriosus. Mitral insufficiency may have been induced by the 
catheter. Pulmonary pressure was at systemic levels. Right-to
left shunts at the atrial and ductal levels were observed. No ana
tomical cardiac defect was noted. Incidentally, note the presence 
of four brachiocephalic vessels, the third being the left vertebral 
artery, which originates directly from the aorta rather than from 
the subclavian artery. 
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while the body temperature and degree of hydration are 
maintained. 

Cardiac inotropes such as dopamine are administered 
if ventricular dysfunction is a significant factor. During 
resolution, pulmonary resistance decreases and the right
to-left shunt resolves. The ductus arteriosus may remain 
patent for a short time, causing a large left-to-right shunt 
and congestive heart failure. 

Aorticopulmonary Window 
Aorticopulmonary septal defect or fenestration (AP win
dow) is a relatively rare malformation of the great arteries 
that results from faulty formation of the truncoconal sep
tum. The defect consists of a communication between the 
ascending aorta and the main pulmonary artery. The defect 
is usually large, but it may be only a few millimeters in 
size. 

AP window may be classified into three types according 
to its location (Mori et al.) (Fig. 7-62): type I, proximal 
defect; type II, distal defect; and type III, total defect. 
In type I the defect involves the ascending aorta and the 
main pulmonary artery above the origin of the coronary 
arteries. In type II the defect is between the left posterior 
wall of the ascending aorta and the main pulmonary artery 
at the origin of the right pulmonary artery. Type III AP 
window affects the entire length of the main pulmonary 
artery from above the semilunar valves to the junction 
of the right pulmonary artery. 

An AP window of type III and truncus arteriosus must 
be differentiated. In AP window two distinct anatomical 
semilunar valves are present, the ventricular septum is usu
ally intact, and neither great vessel overrides the ventricular 
septum. In truncus arteriosus only a single semilunar valve 
is present, with a ventricular septal defect, and the common 
trunk overrides the ventricular septum. 

Associated congenital heart defects are not uncommon 
(25%). These include patent ductus arteriosus (PDA), 
coarctation of the aorta, atresia of the aortic arch, right 
aortic arch, subaortic stenosis, ventricular septal defect 
(VSD), tetralogy of Fallot, bicuspid or fenestrated aortic 
valve, pulmonic stenosis, atrial septal defect, mitral insuffi
ciency, coronary arterial anomalies and anomalous origin 
of the right pulmonary artery from the ascending aorta. 
The association of distal AP septal defect, aortic origin 
of the right pulmonary artery, intact ventricular septum, 
PDA and interruption or coarctation of the aortic isthmus 
has been reported sporadically and may represent a new 
syndrome (Berry et al.). 
Clinical Features Individuals with an AP window and a 
large left-to-right shunt usually develop symptoms of con
gestive heart failure in the neonatal period or early in in
fancy. The pulses are bounding, reminiscent of PDA. The 

murmur is heard loudest anteriorly at the base of the heart. 
In the neonate and even in older children with high pulmo
nary resistance the murmur may be systolic rather than 
continuous. The electrocardiographic findings are similar 
to those occurring in patients with a large PDA. In the 
presence of pulmonary hypertension the clinical features 
of AP window mimic those of PDA or VSD with pulmo
nary hypertension. A greater tendency for bidirectional 
shunting exists, however, with an AP window. 
Echocardiograpby Recent reports indicate that 2-D echo
cardiography (short axis view at the level of the great ves
sels) can image a break in the AP septum in instances of 
AP window (Fig. 7-63). Echocardiographic demonstration 
of two semilunar valves excludes the diagnosis of truncus 
arteriosus. Other echocardiographic features are similar 
to those observed with PDA and VSD (enlarged LA, di
lated hyperkinetic LV, and signs of pulmonary arterial hy
pertension). 
Radiological (Plain Film) Features Roentgenograms of the 
chest reflect the size of the left-to-right shunt. The pulmo
nary vasculature may be normal if the defect is small or 
markedly overcirculated if the defect is large. With large 
defects, pulmonary venous hypertension is an associated 
feature (Fig. 7-64A). The LV and LA are enlarged, and 
the pulmonary arteries are dilated. The ascending aorta 
may be dilated, but may not be discernible on plain films 
of the chest. 
Hemodynamics In patients with AP window, manipula
tion of the catheter into the aorta from the main pulmonary 
artery is difficult. If the catheter crosses the AP window 
it passes directly up into the ascending aorta. This feature 
is in contrast to the ease with which a catheter can be 
passed into the descending aorta from the pulmonary artery 
in a downward direction through a PDA (Fig. 7-57). The 
hemodynamics are virtually indistinguishable from those 
encountered in a patient with a large PDA. A bidirectional 
shunt is more likely with AP window than with PDA. 
Contrast Studies Retrograde biplane aortography is the 
most useful technique to accurately delineate the size and 
type of AP window and to distinguish it from PDA. How
ever, the high risk of the arterial approach in sick infants 
often forces a venous approach. Therefore one should be 
familiar with the findings on pulmonary arteriography and 
ventriculography. Two semilunar valves must be identified 
to exclude truncus arteriosus. If the semilunar valves can
not be demonstrated on aortography, then ventriculogra
phy may be necessary. Fig. 7-64 illustrates the findings 
on pulmonary arteriography, left ventriculography and aor
tography. 
Treatment Closure with a transaortic patch during total 
cardiopulmonary bypass constitutes the preferred surgical 
method for repair of AP window. 



Proximal 
defect 

Fig. 7-62. Types of aorticopu/monary window. Type I is a proxi
mal defect in the aorticopulmonary septum; type II is a distal 
defect; and type III consists of total absence of the aorticopulmo
nary septum from the semilunar valves to the origin of the right 
pulmonary artery. 
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Fig. 7-63. Two-dimensional echocardiograms in a patient with 
aorticopulmonary window. A Parasternal short axis view of the 
aortic valve (Ao) and pulmonic valve (PV). Thus presence of 
two semilunar valves excludes the diagnosis of truncus arteriosus. 
LA = left atrium; AS = atrial septum; R VO = right ventricular 
outflow tract. B The same view as A, but tilted superiorly just 
above the aortic valve. The aorticopulmonary window is just 
proximal to the bifurcation of the left (L) and right (R) pulmo-

., 

nary arteries. C A subxiphoid view showing the ascending aorta 
(Asc) and the main pulmonary artery (PA). Again the large aorti
copulmonary window is evident (arrows). Reprinted with permis
sion from Rice Ml, Seward IB, Hagler Dl, Mair DD, Tajik 
Al (1982) Visualization of aortopulmonary window by two-di
mensional echocardiography. Mayo Clin Proc 57:482-487. (Cour
tesy of Mary 1. Rice, M.D.) 



B 

Fig. 7-64. Aorticopulmonary window in a 6-month-old boy. The 
frontal chest roentgenogram (A) shows pulmonary overcirculation 
and congestive heart failure with cardiomegaly. The left ventricle 
is enlarged. 

Angiographicfindings in type II (distal) aorticopulmonary win· 
dow. On injection in the main pulmonary artery (B and C) there 
is intermittent dilution of contrast material in the right pulmonary 
artery, while the left pulmonary artery remains opacified through
out the injection. This finding of intermittent de-opacification 
of the right pulmonary artery by unopacified blood from the 
aorta indicates presence of an aorticopulmonary window rather 
than a patent ductus arteriosus. A ductus arteriosus differs from 
aorticopulmonary window in that it connects the left pulmonary 
artery near its origin or the main pulmonary artery at its bifurca-
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tion. Therefore, a patent ductus arteriosus would not selectively 
deopacify the right pulmonary artery. Compare these pictures 
with the pulmonary angiogram from a patient with patent ductus 
arteriosus (Fig. 7-57B), in which unopacified blood enters the 
main pulmonary artery from above. 

On left ventriculography (D) the right pulmonary artery fills 
at the same time as the ascepding aorta but before the aortic 
arch and descending aorta. Again, this feature contrasts with 
the findings in patent ductus arteriosus in which the pulmonary 
trunk and both branches of the pulmonary artery are opacified 
at the same time as the descending aorta (Fig. 7-58B). The aorta 
arises normally from the left ventricle. A ventricular septal defect 
is not present, and the aorta does not override the ventricular 
septum. 

A 

c 
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D E 
On aortography (E) the ascending aorta and both pulmonary 

arteries are opacified simultaneously. Note that the distal segment 
ofthe left pulmonary artery is not visualized, because it is perfused 
by unopacified blood from the right ventricle. The aortic valve 

is clearly identified. The aorta is not broad based, and the coronary 
arteries arise normally from the aortic root thus excluding truncus 
arteriosus. See also truncus arteriosus (Figs. 7-112 to 7-115). 
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Chapter 7, Section 2 
Admixture Lesions 

An admixture lesion is one in which systemic venous blood 
and pulmonary venous blood are mixed, because all the 
blood flows through a single chamber (see Venous Admix
ture in the introduction to this chapter). Central to recogni
tion on plain films is the presence of pulmonary overcircula
tion in a patient with cyanosis. The most common defects 
that produce this combination of features are dextrotrans
position of the great vessels (D-TGA), atrioventricularis 
communis (A-V communis), single ventricle, some forms 
of double-outlet right ventricle, truncus arteriosus and total 
anomalous pulmonary venous return (Table 7-4). Al
though uncomplicated levotransposition of the great vessels 
(L-TGA) is not an admixture lesion, it is included here 
because it is a form of transposition of the great vessels. 
Total anomalous pulmonary venous drainage, a classic ad
mixture lesion, has been described with partial anomalous 
pulmonary venous drainage (an atrial level left-to-right 
shunt) because they share embryological features. A-V 
communis, an admixture lesion that does not always result 
in cyanosis, has been included with ostium primum atrial 
septal defect, since both are forms of endocardial cushion 
defect. Tricuspid atresia with transposition of the great 
vessels is classified with other forms of tricuspid atresia 
in the section entitled "Right Heart Obstruction." 

Transposition of the Great Arteries 

Transposition of the great arteries is defined as discordance 
of the ventriculoarterial connections, that is, the aorta origi
nates from the morphological (anatomical) right ventricle 
and the pulmonary artery from the morphological left ven
tricle. Normally in situs solitus (Fig. 7-65A) the aortic 
valve is posterior, inferior and right sided, while the pulmo
nary artery is anterior, superior and left sided. The aorta 
arises from the left ventricle and is in fibrous continuity 
with the mitral valve. (This normal anatomical relationship 
is called aortic-mitral fibrous continuity.) The pulmonary 
artery arises from the right ventricle and is separated from 
the tricuspid valve by conal musculature (crista supraven
tricularis). Thus the pulmonary valve in normal hearts has 
no fibrous continuity with the tricuspid valve. In hearts 
with abnormal relationships of the great arteries the conal 
musculature is called conus, and its position relative to 
the great arteries (subaortic or subpulmonic) is important 
to the description of these complex defects. Transposition 
of the great arteries is characterized by a reversal of the 
normal ventriculoarterial connections. 

In the typical forms of transposition of the great vessels 

Table 7-4. Admixture Lesions 
(Increased Pulmonary Blood Flow with Cyanosis) 

D-TGA with or without VSD 
A-V communis (Atrioventricular canal) 
Total anomalous pulmonary venous return (supradiaphragmatic) 
Tricuspid atresia with transposition of the great vessels 
Truncus arteriosus communis without pulmonic stenosis 
Single ventricle without pulmonic stenosis 
Double-outlet right ventricle with subpulmonary VSD 

(Taussig Bing) 
Criss-cross heart 

the aorta arises above the morphological right ventricle 
and is separated from the tricuspid valve by the conus. 
Thus the aorta has no fibrous continuity to the atrioven
tricular valve (aortic-tricuspid discontinuity). On the other 
hand, the pulmonary artery arises above the morphological 
left ventricle, and in the absence of conus the pulmonary 
valve is in fibrous continuity with the mitral valve (pulmo
nary-mitral fibrous continuity). Depending on the location 
of the aorta (left or right sided), transposition of the great 
arteries in situs solitus may be divided into two principal 
groups: dextrotransposition of the great arteries (D-TGA) 
(Fig. 7-65B) and levotransposition of the great arteries 
(L-TGA) (Fig. 7-65D). Some rarely encountered variants 
of transposition do not conform strictly to these patterns. 
These include criss-cross heart (see p. 425) and atypical 
dextrotransposition of the great arteries (Fig. 7-65C). Also 
described in this section is an entity known as ventricular 
inversion without transposition of the great arteries (iso
lated ventricular inversion) (Fig. 7-65E). The great vessels 
are usually transposed in patients with single ventricle. 
This entity is discussed separately. The descriptions in this 
section assume the presence of situs solitus unless specified 
otherwise. Situs solitus refers to the fact that the anatomical 
right atrium is on the right side and the left atrium is on 
the left. 

The loop rule of Van Praagh is often used to aid in 
predicting the locations of the ventricles and the great ar
teries in transposition complexes. The loop rule states that 
the great vessel orientation (D or L) is usually the same 
as the ventricular loop (D or L). Thus, in individuals with 
right-sided aortic valve (normal and D-TGA), the ventri
cles are in D-Ioop (the right ventricle is on the right). 
On the other hand, in individuals with left-sided aortic 
valve (situs inversus and L-TGA), the anatomical right 
ventricle should be on the left (L-Ioop). 
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Fig. 7-65. The normal heart and four types of transposition of 
the great vessels. A represents a normal heart in situs solitus, a 
term that indicates that the right atrium is on the right side 
and the left atrium is on the left side. In the normal heart, concor
dance exists among the atria, the ventricles and the great arteries, 
indicating that the right and left atria are connected to the right 
and left ventricle respectively, and that the aorta arises from 
the morphological left ventricle and the pulmonary artery arises 
from the right ventricle. The aortic valve and the mitral valve 
are in fibrous continuity (aortic-mitral fibrous continuity). The 
pulmonary valve is separated from the tricuspid valve by the 
crista supraventricularis* (pulmonary-tricuspid discontinuity). 

B represents dextrotransposition of the great vessels (D-TGA) 
in situs solitus. Atrioventricular concordance is present; however, 
the connections ofthe great arteries are reversed (ventriculoarter
ial discordance). This means that the aorta arises from the right 
ventricle and the pulmonary artery from the left ventricle. Conal 
muscle (conus)* is present within the right ventricle, separating 
the aorta from the tricuspid valve (aortic-tricuspid discontinuity). 
Conus is absent from the left ventricle, and pulmonary-mitral 
fibrous continuity exists. 

C represents a rare form of dextrotransposition of the great 
vessels (D-TGA) called atypical D-TGA. The connections are 
the same as in B, and the patients are cyanotic; however, conus 
within the left ventricle separates the pulmonary valve from the 
mitral valve (pulmonary-mitral discontinuity). The pulmonary 
valve is elevated and displaced anteriorly by the subpulmonic 
conus, producing an almost normal external appearance of the 
heart. The pulmonary artery arises anterior, superior and to the 
left of the aorta. Conus is not present within the right ventricle, 
and therefore fibrous continuity exists between the aortic and 
tricuspid valves. 

D represents levotransposition of the great vessels (L-TGA) 
in situs solitus-It is called corrected transposition because the 
connections do not result in cyanosis. Atrioventricular discor
dance (A-V discordance) as well as ventriculoarterial discordance 

Dextrotransposition of the Great Arteries 
In this type of transposition the aortic valve is anterior 
and right sided. D-Ioop, atrioventricular concordance and 
ventriculoarterial discordance are present. D-Ioop indicates 
that the morphological right ventricle (R V) is right sided. 
Atrioventricular concordance signifies that the RV is con
nected to the right atrium (RA) and the left ventricle (LV) 
to the left atrium (LA). Ventriculoarterial discordance indi
cates that the aorta arises above the R V and the pulmonary 
artery originates above the LV. Interposition of the subaor
tic conus (conal musculature) results in fibrous discontinu
ity between the aortic valve and the tricuspid valve. Pulmo
nary-mitral valve fibrous continuity is present because 
conus is not present within the LV. The aortic valve is 
anterior, superior and to the right while the pulmonary 
valve is posterior, inferior and to the left. The transposed 
aorta gives rise to the coronary ostia. The right coronary 
artery (RCA) usually originates from the posterior cusp 
and the left coronary artery (LeA) from the anterior cusp. 
The left circumflex artery may branch off from the RCA. 
Rarely the origin of the RCA may be anterior and that 
of the LCA posterior. Other unusual coronary artery pat
terns have been described, including single coronary artery 
and absence of the left circumflex artery. 

(V-A discordance) exist. A-V discordance indicates that the ven- I> 
tricles are inverted with the morphological left ventricle being 
connected to the right atrium, while the right ventricle is con
nectedto the left atrium. V-A discordance indicates that the 
aorta arises from the morphological right ventricle, while the 
pulmonary artery arises from the left ventricle. Pulmonary-mitral 
fibrous continuity exists unless a bilateral conus is present. The 
conus within the right ventricle separates the aortic valve from 
the tricuspid valve and elevates the aortic valve, displacing it 
anteriorly. Thus the aortic valve is superior, anterior and to the 
left of the pulmonary valve. 

E represents another rare form called isolated ventricular in
version. Atrioventricular discordance exists with ventriculoarter
ial concordance. In other words, the left ventricle is connected 
to the right atrium and the right ventricle to the left atrium, 
while the aorta arises above the morphological left ventricle and 
the pulmonary artery above the right ventricle. The conus within 
the morphological right ventricle separates the pulmonary valve 
from the tricuspid valve, elevates it and displaces it anteriorly. 
Again the external appearance of the heart is almost normal (the 
pulmonary valve is superior, anterior and to the left); however, 
the pulmonary and systemic circulations are in parallel as in 
D-TGA, resulting in cyanosis. 

RA = right atrium; LA = left atrium; R V = right ventricle; 
LV = left ventricle; Ao = aortic valve; PA = pulmonary valve. 

* Conal muscle or conal musculature represents the muscle of the conus 
septum. In normal hearts the crista supraventricularis is the part of the 
conus septum that separates the pulmonary valve from the tricuspid valve. 
In complex congenital heart defects (e.g., transpositions), muscle separat
ing a semilunar valve from an atrioventricular valve is called conus. Some 
authors have used the word conus to refer to the infundibulum or outflow 
tract of the right ventricle. In this text, conus refers to the muscle itself, 
rather than to the lumen of the right ventricular outflow tract. In these 
diagrams the conus is represented by a kidney-shaped structure partly 
surrounding one of the semilunar valves. This shape bears no relationship 
to the anatomical or angiographic appearance of the conus. 

Defects frequently found in associatIOn with D-TGA 
include ostium secundum atrial septal defect (ASD), dilated 
foramen ovale, ventricular septal defect (VSD) and patent 
ductus arteriosus (PDA). Rarely a LV-RA communication 
is associated. A PDA is present in at least 50% of newborns 
with D-TGA, but the ductus tends to close within the 
first weeks of life. Obstruction to the LV outflow (pulmonic 
stenosis) is not uncommon (approximately 40%), usually 
resulting from membranous or fibromuscular subpulmo
nary stenosis. Other causes of pulmonic obstruction include 
pulmonary valvar stenosis (unicuspid valve), anomalous 
attachment of the mitral valve (anterior leaflet) to the ven
tricular septum at the LV outlet (with or without parachute 
deformity), accessory mitral or pulmonary valve tissue, or 
both, and protrusion of the septal leaflet of the tricuspid 
valve through a VSD. On occasion an aneurysm of the 
membranous septum may bulge into the LV outflow tract. 
Less commonly, the obstruction to pulmonary blood flow 
is due to interposition of a muscular segment (LV conus) 
between the pulmonary and mitral valves (atypical D
TGA). Other complicating malformations include stenosis 
or atresia of the tricuspid or mitral valve, atrioventricular 
canal and coarctation of the aorta. 
Pathophysiology During fetal life, oxygenated blood enters 
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the circulation via the inferior vena cava; part of it crosses 
the foramen ovale. Thus both circulations receive oxygen
ated blood. Growth of the fetus is normal. Shortly after 
birth of an infant with D-TGA the fetal communications 
tend to close, and the aorta receives systemic venous blood 
exclusively while the pulmonary artery receives the pulmo
nary venous blood. Thus the two circulations are in parallel, 
and a communication is needed for interchange between 
them. Of the possible communications, an ASD is prefera
ble, because it allows free mixing between the two circula
tions. Pulmonary venous hypertension is less severe in ba
bies with ASD than in individuals with competent foramen 
ovale. In infants with intact ventricular septum the ASD 
results in higher oxygen saturation (due to mixing between 
the systemic venous and pulmonary venous blood), without 
a marked increase in pulmonary blood flow or pulmonary 
pressure. In infants with D-TGA and VSD, in whom the 
principal clinical feature is heart failure, the presence of 
an associated ASD results in lower left atrial pressure and 
a decrease in the severity of heart failure. 
Clinical Features Male predominance is reported, in an 
approximate ratio of 3: 1. A family history of diabetes is 
frequently encountered. Babies with transposition are often 
large for their gestational age. 

Infants with an intact ventricular septum or with a small 
VSD are markedly cyanotic from birth (the foramen ovale 
and ductus arteriosus tend to close rapidly). Cyanosis, ta
chypnea, and hepatomegaly (indicating hypoxia and heart 
failure) appear within days. Acidosis signals a rapid down
hill course. 

In the presence of a VSD the predominant clinical fea
ture is congestive heart failure, with mild or minimal cyano
sis. This group of infants and those with a large PDA 
have the worst prognosis if surgical therapy is not instituted 
promptly. Infants surviving with a large VSD or PDA 
and pulmonary hypertension are likely to develop irreversi
ble changes due to pulmonary hypertension (Eisenmenger 
physiology) by the age of 2 years. In some, these changes 
begin even within the first year of life. Infants with VSD 
and mild to moderate pulmonic stenosis have the best prog
nosis without surgery. D-TGA with severe pulmonic steno
sis and VSD produces a picture resembling tetralogy of 
Fallot. The predominant features are early and severe cya
nosis with decreased pulmonary blood flow. 
Echocardiography The characteristic feature of D-TGA 
is the anterior, superior, right-sided position of the aortic 
valve (Fig. 7-66A). If the anterior great vessel is found 
on the right by M-mode in a cyanotic baby with situs 
solitus, D-TGA is strongly suspected. The pulmonary valve 
is to the left, posterior and inferior (Fig. 7-66B). Fibrous 
continuity between the pulmonary valve and the mitral 
valve is observed in uncomplicated D-TGA (Fig. 7-67). 

In an infant whose aortic valve is directly anterior to 
the pulmonary valve, comparison of the systolic time inter
vals of the two valves can distinguish the aortic valve from 
the pulmonary valve (Fig. 7-66). The valve that shows a 
longer pre-ejection period and shorter ventricular ejection 

Fig. 7-66. Dextrotransposition of the great vessels (D-TGA). M- [> 
mode echocardiograms through (A) the aortic valve (Ao. V) and 
(B) the pulmonary valve (PV). The time lines are 10 msec apart. 
The operator has indicated that the anterior semilunar valve (A) 
is toward the right and superior, while the posterior semilunar 
valve (B) is toward the left and inferior. The right ventricular 
preejection period (RPEP) is 70 msec, and the right ventricular 
ejection time (RVET) is 150 msec. The left ventricular preejection 
period (LPEP) is 55 msec and the left ventricular ejection time 
(L VET) is 180 msec. The RPEP is longer than the LPEP, and 
the RVET is shorter than the LVET. These are the reverse of 
normal, indicating that the aortic valve arises from the right 
ventricle while the pulmonic valve arises from the left ventricle. 
These systolic time intervals along with the relative positions of 
the semilunar valves represent strong evidence for D-TGA. 

RA = right atrium; R VOT = right ventricular outflow tract; 
LA = left atrium. 

time is the aortic valve. On 2-D echocardiography a right
ward anterior vessel and a leftward posterior vessel are 
identified on the short axis at the base of the heart (Fig. 
7-68). If the transducer is rotated 90 degrees the ascending 
aorta is imaged in the long axis as it arcs superiorly, giving 
off the brachiocephalic vessels (Fig. 7-69). The main pul
monary artery curves posteriorly as it arises from the heart 
and gives off the pulmonary branches (Fig. 7-69). As 
reported by Bierman and Williams, the sub xiphoid trans
verse view shows a dramatic presentation of the pulmo
nary artery and branches arising from the LV, almost as 
they appear on left ventriculography in the RAO view 
(Fig. 7-70A). The subxiphoid transverse view shows the 
aorta arising from the RV (Fig. 7-70C). The aorta may 
be followed to the transverse arch. If a VSD is present 
the defect may be visualized by 2-D echocardiography on 
long-axis and four-chamber views. 

Subpulmonic stenosis is suggested by a narrow LV out
flow tract (Fig. 7-71A), marked flutter or mid systolic 
closure of the pulmonary valve and on occasion by systolic 
anterior motion of the mitral valve (Fig. 7-72). Doppler 
echocardiography from the apex window should demon
strate the site of stenosis (valvar, subvalvar) and estimate 
its severity. 

During follow-up prior to surgical repair, serial measure
ments of pulmonary systolic time intervals can aid in de
tecting changes in pulmonary vascular resistance. Hirshfeld 
et al. have reported the normal values and anticipated val
ues in infants with D-TGA and low pulmonary resistance. 
Progressive prolongation of the left ventricular pre-ejection 
period (LPEP), shortening of the left ventricular ejection 
time (L VET) or increase in LPEP /L VET suggests increas
ing pulmonary vascular resistance. After balloon atrial sep
tostomy or surgical septectomy, defects in the atrial septum 
are imaged best in the subxiphoid view (Fig. 7-73). After 
surgical repairs at the atrial level the baffles can be recog
nized within the atrial cavity (see Fig. 7-85D-I). Caval 
obstruction is indicated by dilatation of the superior vena 
cava (SVC) or inferior vena cava (IVC) or by delayed ap-
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Fig.7-67. Pulmonary-mitral fibrous continuity in dextrotransposi
tion o/the great arteries (D-TGA). An arc scan from the pulmo
nary valve (PV) through the left ventricular outflow tract into 
the left ventricle (L V) indicates that the pulmonary valve is in 
fibrous continuity (FC) with the anterior leaflet of the mitral 
valve (AML). This arc scan looks exactly like an arc scan through 
the left ventricular outflow tract in a normal baby. The diagnosis 

of D-TGA is made by determining that this semilunar valve is 
posterior (further from the transducer) and to the left, while 
the other semilunar valve (the aortic valve) is identified anterior 
(closer to the transducer) and toward the right. Systolic time 
intervals are confirmatory (see Fig. 7-66). 

LA = left atrium; L VPW = posterior wall of the left ventricle; 
R V = right ventricle; R VOT = right ventricular outflow tract. 
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A B 
Fig. 7-68 Parasternal short axis view of a two-dimensional echo
cardiogram in an infant with D-TGA. A with labels; B without 
labels. The anterior great vessel is on the right (Ao) and the 
posterior great vessel is on the left (PA). This great vessel orienta
tion is consistent with dextrotransposition of the great vessels. 

Fig. 7-fJ9. The characteristic appearance of the great arteries in 
the long axis view in a patient with D-TGA. In A the main pulmo
nary artery (MPA) arises above the left ventricle (L V) and curves 
immediately posteriorly to give off the pulmonary branches. The 
aortic valve (Ao. V) is also identified above the right ventricle 
(R V) and is anterior and superior to the pulmonary valve. In 
B the curvature of the MP A is outlined more completely than 
in A. In C the aorta (Ao. ) forms a broad arch as it curves posteri
orly. 

The space behind the great vessels represents the atria. No echoes 
of atrial septum are present, a finding that may be due to technique 
rather than due to absence of the atrial septum. Ao = aorta; 
P A = pulmonary artery. 
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Fig. 7-70. Two-dimensional echocardiogram (subxiphoid trans
verse view) in D-TGA. In A and B the pulmonary artery (PA), 
identified because of its two branches, arises from the left ventricle 
(L V). In C and D the transducer is angled anteriorly to demon-

Fig. 7-71. Left ventricular outflow tract obstruction in D-TGA. 
A parasternal long axis view of the left ventricle (L V) shows 
narrowing of the left ventricular outflow tract (arrow) because 
of fibrous tissue attached to the septum and to the anterior leaflet 

strate the right ventricle (R V) from which the aorta (Ao. ) arises. 
RA = right atrium. The images are oriented so that the heart 
is upright as if the subject were standing facing the examiner. 

of the mitral valve (mv) . The left atrium is not identified behind 
the pulmonary artery. RV = right ventricle; PA = main pulmo
nary artery. 

B 



pearance or absence of contrast material in the systemic 
venous atrium after peripheral injection during ultrasonog
raphy. Doppler echocardiography is helpful in identifying 
presence or absence of flow in the sve if that vessel is 
occluded or high velocity in the sve or Ive if either is 
partly obstructed (see Fig. 7-85G). 
Radiological (Plain Film) Features The radiological ap
pearance in D-TGA shows a wide variation in the size 
of the heart and in the appearance of the pulmonary vascu
lature. The typical plain film findings of D-TGA occur 
in individuals with no pulmonary stenosis and relatively 
low pulmonary vascular resistance. The heart may be nor-
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Fig. 7-72. A Left ventricular outflow tract obstruction in D-TGA. 
This M-mode echocardiogram shows systolic anterior motion 
(SAM) of the anterior leaflet of the mitral valve similar to that 
occurring with hypertrophic obstructive cardiomyopathy 
(HOeM). The normal diastolic opening motion of the anterior 
mitral leaflet (AML) occurs immediately after the SAM. In this 
instance, septal thickening is due to right ventricular hypertrophy 
rather than left ventricular hypertrophy. The pathological features 
of the obstruction are different from those of HOeM. With 
D-TGA a fibrous subpulmonic membrane or tunnel narrows the 
left ventricular outflow tract, whereas with HOeM the massively 
hypertrophied septum bulges into the left ventricular outflow 
tract. (Continued) 

mal in size at birth, but it usually enlarges by the age of 
2 months. An egg-shaped heart with a narrow vascular 
pedicle and pulmonary overcirculation is often considered 
classic for D-TGA (Fig. 7-74). The pulmonary artery seg
ment is absent, because the pulmonary artery is situated 
more toward the midline, behind the aorta. The vascular 
pedicle in the LAO or lateral projections is wider than 
normal. The aortic arch is nearly always left sided. A right 
aortic arch suggests associated pulmonic stenosis. If the 
ascending aorta can be identified in instances of D-TGA, 
its curve is convex toward the right, similar to normal. 
If the ascending aorta curves toward the left side, L-TGA 

A 
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Fig. 7-72 (Cont.). B An M-mode echocardiogram of the pulmo
nary valve in another patient with D-TGA and subpulmonic ob
struction showing marked flutter of the pulmonary valve (pv) 

should be suspected; however, rare cases of D-TGA occur 
with the aorta curving toward the left (Fig. 7-75). A mark
edly narrowed vascular pedicle is observed if the aorta 
ascends at the midline with no rightward or leftward curva
ture. A midline ascending aorta is occasionally present in 
normal infants. 

The appearance of the pulmonary vasculature depends 
primarily on the pulmonary vascular resistance. Thus nor
mal vasculature or the pattern of undercirculation is often 
present in the newborn (Fig. 7-76). Either set of findings 
will progress to overcirculation as resistance falls. In infants 
with pulmonic stenosis, pulmonary undercirculation will 
persist (Fig. 7-77). In many instances the configuration 
of the heart is nonspecific (Fig. 7-78); nevertheless the 
features of cardiomegaly and pulmonary overcirculation 
in a cyanotic baby should lead to suspicion of the presence 
of D-TGA. High left atrial and pulmonary venous pres
sures in infants with heart failure result in superimposition 
of the radiological pattern of pulmonary venous hyperten
sion. This occurs especially in infants with large PDA or 
VSD. Signs of increased pulmonary vascular resistance 

I t I 
and mid systolic closure (curved arrow). 

R V = right ventricle; R VOT = right ventricular outflow tract; 
LA = left atrium. 

Fig. 7-73. Blalock-Hanlon atrial septectomy in a I-month-old 
baby with D-TGA. A surgical septectomy was necessary because 
the Rashkind balloon septostomy catheter could not be passed 
across the foramen ovale. On the subxiphoid view only a remnant 
of the atrial septum separates the right and left atria (RA and 
LA). The apex of the sector points down to show the image of 
the heart upright, as if the baby were standing opposite the ob
server. (Same patient as in Fig. 7-70.) 



Fig. 7-74. The characteristic plain film findings of D-TGA consist 
of pulmonary overcirculation, an egg-shaped heart and a narrow 
vascular pedicle. Such radiological features occur only in patients 
without pulmonic stenosis and without increase in pulmonary 
vascular resistance. These roentgenograms of the chest are from 
a Ilh-year-old boy with D-TGA, without pUlmonic stenosis and 
with normal pulmonary vascular resistance. A balloon septostomy 
had been performed in the newborn period. 

On the P A film (A) pulmonary overcirculation is present. The 
heart is enlarged, predominantly right ventricular and right atrial 
in configuration, producing an egg-shaped contour. The vascular 
pedicle is narrow because the pulmonary artery is behind the 
aorta rather than lateral to it. The lateral film (8) shows pulmo
nary overcirculation and right ventricular enlargement. 

Although this particular cardiac configuration is considered 
classic, many cases ofD-TGA show a nonspecific cardiac contour. 
The presence of cardiomegaly and pulmonary overcirculation in 
a cyanotic infant must suggest dextrotransposition. 
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Fig. 7-75. D-TGA with leftward convexity of the ascending aorta. 
A Frontal plain roentgenogram of the chest; B right ventriculo
gram; C left ventriculogram. 

In A the vascular pedicle is markedly narrowed, and the con
vexity of the ascending aorta is slightly toward the left. In B 
the configuration of the aorta is confirmed. D-TGA is the most 
tenable diagnosis because the aorta arises from the right ventricle 
and the pulmonary artery arises from the left ventricle (C). 

Usually the ascending aorta in D-TGA is convex toward the 

right; on occasion the convexity is toward the front so that the 
aorta ascends in the midline with no rightward or leftward curva
ture. Only rarely in D-TGA is the aorta observed to be convex 
toward the left; thus, when the aorta curves toward the left, 
the diagnoses to be considered are levotransposition of the great 
arteries, single ventricle with levotransposition (levomalposition) 
of the great arteries, and, rarely, criss-cross heart rather than 
D-TGA. 

c 



Fig. 7-76. D-TGA with patent ductus arteriosus and high pulmo
nary resistance in a newborn baby. The lungs have the appearance 
of under circulation and the heart is not enlarged. This is a frequent 
radiographic feature in a neonate with D-TGA. 

Fig. 7-77. D-TGA with moderate pulmonic stenosis in a 9-month
old girl. The heart has the shape of an egg lying on its side, 
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and the vascular pedicle is narrow; however, the pulmonary blood 
flow is normal. 
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(Eisenmenger physiology) may be recognized during the 
second or third year of life in infants with untreated 
D-TGA and significant VSD or PDA. 

The distribution of pulmonary blood flow between the 
right and left lungs may be asymmetrical in D-TGA. This 
is because infants with D-TGA often have an exaggerated 
rightward inclination of the main pulmonary artery as it 
emerges from the LV, causing an acute angle between the 
main and left pulmonary arteries. This anatomical arrange
ment results in preferential perfusion of the right pulmo
nary artery, causing overcirculation on the right side and 
undercirculation on the left. Angiocardiography and ra
dionuclide studies have documented an unequal distribu
tion of pulmonary blood flow. 
Hemodynamics In a newborn with D-TGA the venous 
catheter passes from the RA through the R V to enter the 
aorta, which is anterior and on the right. The catheter 
may also be directed through the foramen ovale to the 
LA and LV. The main pulmonary artery may be entered 
by looping the catheter in the LA or LV. This maneuver 
has significant risk in a newborn, and is not always under
taken in this age group because the pressures and oxygen 
data in the pulmonary artery are not essential for initial 
management. 

A step-up in oxygen saturation may be detected in the 
RA, reflecting an ASD or incompetent valve of the foramen 
ovale. A step-up in the R V might represent streaming or 
might reflect shunting through a VSD. The pulmonary 
veins are generally fully saturated while the LA is usually 
mildly desaturated, indicative of bidirectional atrial shunt-

Fig. 7-78. D-TGA in a l-year-old boy with 
minimal subpulmonic stenosis. Pulmonary 
overcirculation is present as is biventricular 
enlargement. The vascular pedicle is not nar
row. Thus the cardiac configuration is not 
characteristic. Nevertheless, D-TGA is a 
likely diagnosis because of pulmonary over
circulation in the presence of severe cyanosis. 
Other admixture lesions should also be con
sidered (e.g., truncus arteriosus, single ven
tricle, double-outlet right ventricle). 

ing. If present, a ductus arteriosus generally shunts into 
the pulmonary artery, thus lowering the saturation of the 
pulmonary artery. The sum of the anatomicalleft-to-right 
shunts (e.g., into the pulmonary circuit) and the sum of 
the anatomical right-to-Ieft shunts (e.g., out of the pulmo
nary circuit) are equal, and together are called the bidirec
tional shunt, or the effective pulmonary blood flow (Qep, 
see also section on hemodynamics in the introduction to 
this chapter): The Qep indicates the volume of desaturated 
systemic venous blood entering the lungs to be oxygenated. 
An equal amount of oxygenated blood returns to the body 
for metabolism. 

Pressures in the RA are generally normal with a normal 
curve (the a wave is larger than the v wave). The systolic 
pressure in the R V is equal to aortic pressure. The pressure 
in the LA is usually elevated prior to balloon septostomy, 
reflecting left ventricular failure. In the newborn the sys
tolic pressure in the LV (the pulmonary ventricle) is ele
vated, reflecting high pulmonary vascular resistance or pul
monic stenosis or both. Balloon atrial septostomy allows 
blood to flow freely between the two atria. The bidirectional 
shunt at the atrial level increases, and the mean pressure 
in the LA becomes equal to that in the RA. The pressure 
curves remain characteristic for each atrium, the a wave 
being higher than the v wave in the RA, and the v wave 
being predominant in the LA. The oxygen saturation in 
the aorta usually rises to no more than 70 (p02 = 35) 
after balloon atrial septostomy; nevertheless, acidosis re
solves and the baby remains comfortable. If oxygen satura
tion fails to rise and acidosis persists after an adequate 



A 

balloon atrial septostomy, increase of pulmonary resistance 
may be the cause, and an infusion of prostaglandin E1 
may result in improvement. 

In older infants and children with D-TGA, pulmonary 
blood flow, pulmonary blood pressure and pulmonary vas
cular resistance must be determined, and the presence and 
severity of left ventricular outflow tract obstruction (pul
monic stenosis) must be determined in preparation for defi
nitive surgery. 

Patients with elevation of LV pressure secondary to VSD 
or pulmonary artery band (but not those with severe valvar 
pulmonic stenosis) may be candidates for an anatomical 
correction (arterial switch, Jatene). Those with low pres
sure in the L V are not candidates, as the L V cannot take 
over systemic pressure, and are generally referred for inter
atrial batHe repair (Mustard, Senning). Individuals with 
severe subpulmonic LV outflow tract obstruction may re
quire a prosthetic conduit to reestablish connection between 
the ventricle and the pulmonary artery. High pulmonary 
vascular resistance (Eisenmenger physiology) may occur 
within the first year of life in infants with D-TGA with 
or without VSD. This complication is a contraindication 
for repair of VSD or PDA. Occasionally a palliative Mus
tard procedure may be of benefit in patients with D-TGA 
and Eisenmenger syndrome. 
Contrast Studies Biplane selective angiocardiography es
tablishes the diagnosis of D-TGA by demonstrating the 
position of the ventricles, the conus and the origins of 
the great vessels. Figure 7-79 shows normal right and left 

Fig. 7-79. A and B Aortic-mitral fibrous continuity in the normal 
left ventricle. A Lateral view, and B frontal view ofleft ventriculo
gram. The left ventricle is recognized by its characteristic shape 
and by its lack of coarse trabeculations. It has no conus muscle, 
and therefore the aortic valve (dashed line) is in fibrous continuity 
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ventriculograms to compare with those occurring with 
D-TGA. 

The first injection, in an infant with D-TGA, should 
be made in the LV (Fig. 7-80). On recirculation, the LA 
and LV reopacify so that the degree of bidirectional shunt
ing at the atrial level (if present) can be estimated. A VSD 
is diagnosed by right ventriculography (Fig. 7-81). Coarc
tation of the aorta can be diagnosed by either a right ven
triculogram or an aortogram. Subpulmonic stenosis, either 
fibrous or fibromuscular, is a fairly frequently associated 
defect and should be carefully sought. A compound axial 
view with cranial tilt is very helpful in assessing these le
sions (Figs. 7-81, 7-82). 
Treatment In 1966 Rashkind and Miller introduced a non
surgical method for atrial septostomy, demonstrating its 
effectiveness as a palliative measure in transposition of the 
great arteries, total anomalous pulmonary venous return, 
tricuspid atresia and in some cases of mitral atresia. 

Atrial septostomy is performed as part of the diagnostic 
cardiac catheterization. A 6.5 F balloon septostomy cath
eter is advanced to the RA and across the foramen ovale 
into the LA. The position of the catheter is confirmed 
by advancing its tip into a pulmonary vein during biplane 
fluoroscopy. 

The balloon is inflated in the LA with dilute contrast 
medium to a diameter of 1.0-1.5 cm. (Fig. 7-83); then, 
under fluoroscopic control, it is withdrawn across the atrial 
septum with an abrupt, short tug. The pullback motion 

with the anterior leaflet of the mitral valve (AML). Fibrous conti
nuity is best demonstrated on the lateral view during diastole. 
The aortic valve is posterior and inferior to the pulmonary valve. 
On the frontal view (B) the aortic valve arises to the right of 
the pulmonary valve. (Continued) 

B 
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Fig. 7-79 (Cont.). Crista supraventricularis separating the pulmo
nary valve from the tricuspid valve in the normal right ventricle 
(pulmonary-tricuspid discontinuity) from a different patient. C 
lateral view; D and E frontal view of a right ventriculogram 
during diastole and systole. The right ventricle is recognized by 
its characteristic shape and coarse trabeculations and by the pres
ence of the crista supraventricularis (CS), which separates the 
pulmonic valve (arrows) from the tricuspid valve. The CS is recog
nized here on the lateral film during diastole when the tricuspid 
valve is open. On the frontal film the right ventricular outflow 
tract crosses anterior to the left ventricular outflow tract so that 
the pulmonic valve is anterior, superior, and to the left of the 
aortic valve. The CS is better outlined during systole (E). 
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Fig. 7-80. Angiographic findings in D-TGA. The first injection 
in a baby suspected of having D-TGA is a left ventriculogram. 
A and B Frontal views of the left ventricle; C and D lateral 
views of the left ventricle. 

The anatomical left ventricle is identified because it is ellipsoid 
and because its trabeculations are not coarse. Note: this left ventri
cle is not a typical ellipsoid because it has a type III configuration 

of the mitral valve, high fulcrum (arrow) without notching of 
the fornix. [See also Fig. 4-36 for morphology of the normal 
left ventricle.] In D-TGA the pulmonary artery arises from the 
left ventricle. Mitral-pulmonary fibrous continuity is recognized 
best on the lateral film during diastole (C, arrows). The pulmonary 
valve is posterior, inferior and toward the left relative to the 
aortic valve. (Continued) 
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Fig. 7-80 (Cont.). E and F Frontal view of the R V; G and H 
lateral view of the RV in D-TGA. The anatomical right ventricle 
is identified because it is characteristically triangular and because 
its trabeculations are coarse. The aorta arises above the right 

ventricle. Conus muscle separating the aortic valve from the tri
cuspid valve (arrows) is best recognized on the lateral film during 
diastole (G). The aortic valve is anterior, superior and toward 
the right. 
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Fig. 7-81. D-TGA with ventricular septal defect. valvar pulmonic 
stenosis and subvalvar pulmonic stenosis. The lateral view of the 
right ventriculogram (A) shows the shunt from the right ventricle 
(R V) into the left ventricle (L V) through a subaortic ventricular 
septal defect. The lateral view of the left ventriculogram (B) shows 
a thickened, domed pulmonic valve (arrow). In C, the compound 
LAO view of the left ventriculogram with cranial tilt (hepatoclavi
cular view), a thick subpulmonic membrane is demonstrated (ar
row). Note that an arterial approach was used for left ventriculog
raphy. The catheter was passed from the aorta into the RV and 
then through the subaortic VSD into the LV. PA = pulmonary 
artery. PV = pulmonic valve; Ao = aorta; PA = pulmonary 
artery; R V = right ventricle; LV = left ventricle. 

c 
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Fig. 7-82. D-TGA and subpulmonic stenosis 
in a 7-year-old boy. The left ventriculogram 
shows a thick subpulmonic membrane dur
ing systole (A). During diastole (B), contrast 
material is trapped between the pulmonary 
valve and the subpulmonic membrane (ar
rowheads). 



Fig. 7-83. Balloon atrial septostomy (Rash kind procedure) in D
TGA. The position of the catheter is verified by advancing it 
into a pulmonary vein during fluoroscopic observation and then 
withdrawing it to the left atrium. The balloon is then inflated 
with dilute contrast material and withdrawn across the atrial 
septum with a sharp tug that brings it to the inferior vena cava. 
A tearing sensation may be felt by the operator. 

Signs of a successful atrial septostomy are: (1) equalization 
of the right and left atrial pressures; (2) bidirectional atrial level 
shunting by oxygen saturation data; (3) improved mixing across 
the atrial septum on repeat left ventricular angiography; (4) im
proved arterial oxygen saturation. The procedure may be repeated 
several times to achieve these results. 

should carry the balloon from the LA to the right atrial
inferior vena cava junction in a single movement. If the 
procedure is performed properly the operator feels a snap 
as the flap of the foramen ovale is torn. The procedure 
is repeated several times. A satisfactory balloon septostomy 
is indicated by the following: no further resistance is met 
on pullback, the presence of bidirectional shunting across 
the atrial septum by O2 saturation data, satisfactory oxygen 
saturation in the aorta (75%-85%) and disappearance of 
the LA-RA pressure gradient. The venous return phase 
of a postseptostomy left ventriculogram is also helpful in 
corroborating adequate mixing at the atrial level. 

Complications of balloon septostomy include those in
herent in the performance of cardiac catheterization in 
addition to occasional injury to the inferior vena cava, 
damage to atrioventricular valves (resulting from inade
quate confirmation of catheter position) and balloon rubber 
embolization (rupture of balloon). In some infants, mixing 
remains inadequate after balloon atrial septostomy. Usually 
mixing is inadequate because high pulmonary resistance 
limits pulmonary blood flow. Prostaglandin El may be re
quired to maintain arterial oxygen saturations at acceptable 
levels until pulmonary resistance decreases. 

Atrial septostomy is a short-term palliative method in 
that the initial high saturation levels obtained may not 
be maintained beyond 2-3 months. Total correction or 
further palliative surgery is then necessary. 

Palliative surgical procedures for transposition include 
creation of an atrial defect to allow atrial mixing (Blalock
Hanlon, Sterling-Edwards, inflow occlusion) and proce-
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dures to decrease or increase pulmonary blood flow (e.g., 
pulmonary artery banding, shunt operations). 

"Complete" repair requires rechanneling of the pulmo
nary and systemic circulations at the atrial, ventricular 
or great artery level. The Mustard (Fig. 7-84, 7-85, 7-
86), Senning (Fig. 7-87) and Schumacher procedures redi
rect the venous streams at the atrial level by means of 
baffles (Mustard) or infoldings of atrial tissue (Senning, 
Schumacher), so that pulmonary venous blood returns to 
the RV and is pumped to the systemic circulation. The 
anatomical RA, which previously carried systemie venous 
blood now becomes the physiological LA (or pulmonary 
venous atrium), and carries pulmonary venous blood; the 
opposite occurs for the new systemic venous atrium. After 
the Mustard procedure the coronary sinus is sometimes 
left to drain with the pulmonary venous blood into the 
RV, causing mild systemic desaturation. 

The Rastelli procedure is used for 0-TGA with large 
VSD and severe pulmonic stenosis. A large intraventricular 
baffle is used to direct blood from the LV through the 
VSD and out through the aorta. The pulmonary artery 
is tied off proximally. A valved conduit is sewn to the 
ventriculotomy incision in the R V and anastomosed distally 
to the main pulmonary artery. As a result, the LV pumps 
into the aorta and the R V supplies the lungs. 

The Jatene procedure consists of transection and reim
plantation of the ascending aorta and main pulmonary ar
tery so that the aorta arises from the LV and the pulmonary 
artery from the RV. The coronary arteries are also reim
planted with a cuff of aortic tissue into the root of the 
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Fig. 7-84. The Mustard procedure for repair of D-TGA. The Mus
tard procedure reroutes the venous streams in the atria by replac
ing the atrial septum with a baffle that diverts blood from the 
superior vena cava (SVC) and inferior vena cava (lVC) so that 
it can enter the left ventricle. Pulmonary venous blood flows 
into the right ventricle. 

In A the positions of the sve, Ive and pulmonary veins 
(PV), are shown relative to the positions of the atrial septum 
and ventricles. In B the atrial septum has been removed. In e 
the baffle has been sewn in such a way that it partially surrounds 
the sve and Ive. The baffle curves medially, surrounding the 
pulmonary veins and directing their flow to the right ventricle 
while flow from the sve and Ive is directed toward the left 
ventricle. The flow of systemic venous blood is indicated by the 
arrows. The pulmonary venous blood passes on the right side 
of the baffle to enter the right ventricle. The newly created physio
logical left atrium, which carries pulmonary venous blood, might 
be called the pulmonary venous atrium, and the new physiological 
right atrium might be called the systemic venous atrium. 

Note that the left atrial appendage (LAA) and most of the 
anatomical left atrium now form part of the systemic venous 
atrium. Similarly, the openings of the pulmonary veins and most 
of the anatomical right atrium are now part of the pulmonary 
venous atrium. 

B 
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Fig. 7-85. Mustard procedure (interatrial baffle) for dextrotrans
position of the great vessels: angiographic and echocardiographic 
findings. A, B, and C are frames from a frontal view of an injection 
of contrast medium into the superior vena cava (SVC). A demon
strates the position of a catheter entering the inferior vena cava 
(IVC) and passing through the systemic venous atrium to reach 
the SVc. The catheter curves medially within the atrium following 
the curve of the interatrial baffle. B is a frame from the injection 
showing contrast medium filling the upper limb of the baffle, 
the systemic venous atrium and the left ventricle. The left atrial 
appendage is part of the systemic venous atrium. C is a later 
frame from the same injection showing filling of the upper and 
lower limbs of the interatrial baffle. The left ventricle gives origin 
to the pulmonary artery. No obstruction to systemic venous flow 
is identified. 

D, D', E-I are two-dimensional echocardiograms of a different 
patient who had a Mustard procedure for D-TGA. D and D' 
represent a frame from a parasternal long axis view of the left 
ventricle (LV). The pulmonary artery (PA) arises above the LV. 
The systemic venous atrium (sva) is a small chamber behind 
the mitral valve. A corner of the pulmonary venous atrium (pva) 
is superior to the sva. The aorta (Ao.) travels behind the heart 
near the pva. (Continued) 

0' 
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Fig. 7-85 (Cont.). E is an apex four-chamber view showing the 
sva and the pva. The transducer is angled anteriorly to show 
the lower limb of the baffle. An obstruction is suspected because 
of narrowing of the lower limb near its junction with the sva. 
F is an oblique view similar to E. The Doppler sample volume 
is adjacent to the suspected site of obstruction. G is a Doppler 
tracing from the sampling site indicated in F. The Doppler shift 
(4 kHz) is greater than normal indicating an abnormally high 
velocity in this location. The increase in velocity is consistent 
with a stenosis of the lye channel. H is another apex four-cham
ber view angulated more posteriorly than in E to show the pulmo
nary venous channel. This channel is not obstructed, and the 
pulmonary veins (pv) are normal. The Doppler sample volume 
is adjacent to the entrance of the pulmonary veins into the pva. 
I is a Doppler tracing from the sampling site indicated in H. 
The Doppler shift is normal (1 kHz) indicating normal velocity 
of flow thus excluding obstruction. 

.---~ ____ ~r---__ ~ ___ ~'----------
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Fig. 7-86. Venous obstruction after the Mustard repair for 
D-TGA. A Frontal plain film of the chest in a 2-year-old boy 
with severe venous obstruction; B frontal plain film in a different 
patient in whom findings are less severe; C frontal view of injection 
of contrast medium into the inferior vena cava; D injection of 
contrast medium into the superior vena cava. 

A demonstrates mild cardiomegaly with right ventricular en
largement. Marked widening of the mediastinum represents dis
tention of the superior vena cava and the left innominate, the 
azygos and the hemiazygos veins. Pleural fluid is present around 
the apices. This distribution of the pleural fluid is probably a 
result of the film's being obtained with the baby supine. On angiog
raphy (C and D), severe obstruction of the superior and inferior 

venae cavae was noted. B The superior mediastinum is widened 
because of dilatation of the veins. Minimal fluid is present in 
the pleura and in the minor fissure. The right hemidiaphragm 
is elevated, suggesting subpulmonic effusion. These findings are 
not as obvious as in A; however, in a child after the Mustard 
procedure for D-TGA, they should lead to strong suspicion of 
venous obstruction. C After injection of contrast medium into 
the inferior vena cava (lVC), obstruction (arrow) is present in 
the lower limb of the baffle. The saccular structure is part of 
the anatomical right atrial chamber included within the baffle 
along-with the lye. D After injection of contrast medium into 
the superior vena cava (SVC), obstruction (arrow) is seen in the 
upper limb of the interatrial baffle. 
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Fig. 7-87. Senning procedure for repair of 
D-TGA. This procedure uses infoldings of 
native atrial tissue to redirect the venous 
streams. The left atrial appendage is often 
invaginated and used to replace tissue miss
ing because of the balloon septostomy. The 
angiographic appearance is similar to that 
of the Mustard procedure (Fig. 7-85), except 
that the left atrial appendage is outlined after 
the Mustard procedure but not after the Sen
ning procedure (Note: a modified Senning 
procedure performed in some centers does 
not use the left atrial appendage as part of 
the repair, and therefore the left atrial ap
pendage may be attached to the systemic ve
nous atrium after the Senning repair.). A a 
venous catheter with its tip in the superior 
vena cava (SVC); B frontal view of an injec
tion into the SVC. 

A The catheter enters from the inferior 
vena cava (lVC) and passes through the sys
temic venous atrium (SVA) to enter the supe
rior vena cava (SVC). The catheter curves 
in the atrium because it is deviated by the 
wall separating the systemic from the pulmo
nary venous atrium. This catheter position 
is characteristic for either the Mustard or 
the Senning procedure. In patients without 
an interatrial batHe the catheter passes 
straight up just within the right heart border 
from the IVC through the right atrium into 
the SVC. B An injection in the SVC opacifies 
the systemic venous atrium, the IVC (by re
flux), the left ventricle (L V) and the pulmo
nary artery (PA). 



new aorta. The pulmonary artery may be directed either 
to the right or to the left of the ascending aorta. In some 
instances the pulmonary artery is lengthened by means 
of a short tubular prosthesis. 

The arterial "switch" procedure was introduced fairly 
recently. The early mortality was high. As criteria are de
veloped to identify patients who can benefit from it, and 
as appropriate age for elective repair is determined, the 
results are becoming more acceptable. The procedure is 
considered applicable during the newborn period while the 
LV remains at systemic pressure because of high pulmonary 
resistance, and later in infancy in patients with persistent 
elevation of LV pressure due to VSD or pulmonary artery 
band. The arterial switch is generally not performed in 
the presence of pulmonic stenosis. 

All the surgical procedures just described improve oxy
gen supply to the tissues. The atrial procedures can be 
performed in many centers with low risk during the first 
year of life. Definitive repair should be performed electively 
by 12 to 18 months of life to prevent the complications 
of long-term cyanosis (e.g., stroke, brain abscess) and pul
monary overcirculation (pulmonary vascular obstructive 
disease). 

The most common complication of the atrial operations 
is arrhythmia. Other difficulties include shunts in either 
direction across the atrial septum, obstruction to pulmo
nary venous return, and obstruction to the superior or 
inferior vena cava (Fig. 7-86). Obstruction to the superior 
vena cava may cause hydrocephalus. Obstruction of the 
inferior vena cava may cause ascites and may prevent the 
catheter from entering the heart. In addition, the tricuspid 
valve may become insufficient, either acutely at the time 
of surgery or later during long-term follow-up. After the 
Mustard and Senning procedures the R V remains the sys
temic ventricle. Numerous reports indicate that RV volume 
is larger than normal, that the ejection fraction of the RV 
is reduced, and that response to stress (e.g., methoxamine 
challenge) is blunted. 

After the arterial switch procedure, acute coronary ar
tery obstruction has occurred because of compression by 
the pulmonary artery. Supravalvar pulmonic stenosis has 
occurred in patients who have received tubular prostheses 
to extend the main pulmonary artery. In contrast to the 
inter-atrial procedures, the LV becomes the systemic ventri
cle after the switch (Jatene procedure). Early reports indi
cate that the function of the LV is normal after the arterial 
switch. These findings support efforts to recommend this 
procedure for patients who can tolerate it. 

Levotransposition of the Great Arteries 
Levotransposition (L-TGA) is also called corrected trans
position and represents atrioventricular and ventriculoar
terial discordance. The incidence of L-TGA is less than 
1.0% of all cases of congenital heart defects. The male
female ratio is approximately 2: 1. Uncomplicated L-TGA 
is not an admixture lesion. It is included here because its 
embryology is similar to that of other transpositions. 
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In this type of transposition, ventricular inversion is 
present (L-Ioop in situs solitus). In other words, the mor
phological R V is left sided, and the morphological LV is 
right sided. The aorta emerges from the left-sided morpho
logical RV above the conus (subaortic conus). This entity 
thus conforms to the loop rule of Van Praagh. The pulmo
nary artery arises from the right-sided morphological LV. 
A subpulmonic conus is seldom present. The aortic valve 
is anterior, superior and to the left of the pulmonary valve. 
The atrioventricular (A-V) valves (mitral and tricuspid) 
follow their respective ventricles, resulting in mitral-pulmo
nary fibrous continuity. The subaortic conus prevents tri
cuspid-aortic valve fibrous continuity. A-V discordance 
occurs because the atria are in situs solitus (morphological 
RA on the right side of the LA), and the ventricles are 
inverted. The double discordance (atrioventricular and ven
triculoarterial) corrects the physiological abnormality. 
Thus, systemic venous blood reaches the lungs to be oxy
genated, and the oxygenated blood returns to the body. 
In this way, associated defects with L-TGA have the same 
effect on the circulation as they would in a normal heart 
(e.g., VSD results in a left-to-right shunt; VSD plus pul
monic stenosis in L-TGA would result in symptoms and 
hemodynamics similar to those of tetralogy of Fallot). In 
uncomplicated cases the pulmonary veins and the venae 
cavae (systemic veins) drain into their respective atria. 

The coronary arteries are inverted (Fig. 7-88). Thus 
the anterior coronary artery arises from the anterior sinus 
of Valsalva and the posterior coronary from the posterior 
sinus. The noncoronary sinus is anterior and to the left. 
The anterior coronary artery is similar to a left main coro-_ 
nary artery. It gives off an anterior descending and a right
sided circumflex artery which supply branches to the ana
tomical LV. The posterior coronary artery runs in the left 
A-V groove to the crux of the heart. Then, as with a normal 
right coronary artery, it gives off a posterior descending 
coronary artery and a crux artery. The posterior coronary 
artery thus supplies the posterior aspect of the anatomical 
RV, the basal ventricular septum and the diaphragmatic 
wall of the anatomical LV. This pattern represents a fairly 
standard example of coronary artery distribution. Many 
variations exist, just as in normal hearts (see also Fig. 7-
102E). 

The conduction system is abnormal because of malalign
ment between the atrial and ventricular septa. The A-V 
node is anteriorly placed in the atrial septum, and the 
proximal bundle of His penetrates the ventricular septum 
anterior to the membranous septum or anterior to the VSD, 
if one is present, rather than posteriorly as in the normal 
individual. The bundle branches are inverted as are the 
ventricles. The abnormal position of the proximal bundle 
of His may account for some occurrences of heart block 
in patients with L-TGA. At the time of cardiac surgery, 
mapping of the bundle of His may be necessary to avoid 
complete heart block. The Wolff-Parkinson-White syn
drome and supraventricular tachycardias also occur more 
frequently in L-TGA than in normal hearts. 
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Fig.7-88. Coronary arteries in levotransposition of the great vessels 
(L-TGA). This diagram of the external view of the heart demon
strates a typical pattern of the coronary arteries in relation to 
the inverted ventricles. The anterior coronary artery (ACA) arises 
from the anterior (right) coronary cusp, descending in the anterior 
interventricular sulcus. The ACA gives off an anterior descending 
branch similar to a left anterior descending coronary artery, and 
a right-sided circumflex artery that courses in the right atrioven
tricular groove. These vessels supply the anatomical left ventricle. 
The posterior coronary artery (PCA) arises from the posterior 
(left) cusp, coursing in the left atrioventricular goove to the crux 
of the heart, where it divides into a posterior descending (PD) 
coronary artery and a crux artery (CA). The PCA supplies the 
posterolateral and diaphragmatic walls of the anatomical right 
ventricle. The PD artery supplies the basal interventricular sep
tum, while the CA supplies the diaphragmatic surface of the 
anatomical left ventricle. See also Fig. 7-102E. 

Associated intracardiac defects are very common. The 
most frequent are VSD and pulmonic stenosis. A VSD is 
present in approximately 75% of patients with L-TGA. 
The VSD usually occurs in the membranous septum. The 
membranous septum in these patients is larger than in nor
mal individuals because of malalignment between the inter
atrial and interventricular septa. 

Pulmonary stenosis may be valvar or subvalvar. Subval
var stenosis is usually membranous or fibromuscular. Sub
valvar stenosis may also be due to accessory mitral tissue 
or rarely to a parachute deformity of the right A-V valve, 
aneurysm of the membranous septum or deformity of the 
muscular septum. Ebstein malformation of the tricuspid 
valve (left A-V valve) may be present. The association of 
L-TGA and single ventricle is discussed later in this section 
in Single Ventricle. 

In summary, although the systemic and pulmonary cir
cuits are in series in L-TGA, and, physiologically speaking, 
the circulation is normal, the hearts in this entity rarely, 
if ever, function normally. 
Clinical Features The clinical features and the age at pre
sentation are determined by presence or absence of associ
ated defects. Complete heart block may occur in a fetus 
with L-TGA and the diagnosis made, on occasion, during 
fetal echocardiography as part of the evaluation for persis
tent fetal bradycardia. Infants may have congestive heart 
failure secondary to a large VSD, or cyanosis due to VSD 
and pulmonic stenosis. 

L-TGA may be detected in older children and adults 
during evaluation for murmurs or arrhythmias. The char
acteristic auscultatory finding in L-TGA, without signifi
cant intracardiac defects, is a loud aortic second sound 
caused by the anteriorly placed aorta. Murmurs and the 
cardiac impulse vary with the intracardiac defects and over
load patterns. The electrocardiogram may show abnor
mally directed initial (septal) forces because of the inversion 
of the ventricular septum. As a result a Q wave is produced 
in the right precordium (V h V 2) with absence of the septal 
Q wave in V 5 and V 6. Patterns of hypertrophy reflect the 
cardiac overload. Prolongation of the PR interval is com
mon, as is complete heart block, Wolff-Parkinson-White 
syndrome and supraventricular tachycardia. 
Echocardiography On M-mode the positions of the great 
vessels suggest a normal pattern. The anterior great vessel 
is superior and toward the left (Fig. 7-89A) and the poste
rior great vessel is inferior and toward the right (Fig. 7-
89B). Systolic time intervals differentiate the aortic valve 
(left, anterior, superior) from the pulmonic valve (right, 
posterior, inferior) in most cases. The aortic valve has a 
longer pre-ejection period and a shorter ventricular ejection 
time than does the pulmonary artery. An arc scan from 
the pulmonic valve to the mitral valve (right A-V valve) 
demonstrates pulmonary-mitral continuity (Fig. 7-90). An 
arc scan from the aortic valve to the tricuspid valve (left 
A-V valve indicates a marked break in continuity corre
sponding to the conus (Fig. 7-91). These images are difficult 
or impossible to obtain in some patients. The major diffi-



Fig. 7-89. M-mode echocardiogram of the semilunar valves in 
L-TGA. A Pulmonic valve; B aortic valve. The time lines are 
10 msec apart. A The posterior semilunar valve was identified 
while the transducer was positioned in the fourth left intercostal 
space and directed slightly toward the right. B The anterior semi
lunar valve was demonstrated by changing the angle of the trans
ducer superiorly and toward the left. This relationship of the 
great vessels is consistent with normal position or with L-TGA. 
The pre-ejection period (PEP) of the posterior semilunar valve 
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is 40 msec while the PEP of the anterior valve is 80 msec. As 
a result, the anterior valve is likely to be the aortic valve and 
the orientation of the great vessels indicative of L-TGA. Although 
two-dimensional echocardiography has largely supplanted this 
method of distinguishing the aortic from the pulmonic valve, 
M-mode echocardiography remains useful in determining systolic 
time intervals for assessment of pulmonary resistance. 

Ao. V = aortic valve; LA = left atrium; R V = right ventricle; 
P A = pulmonary artery. 

A 

B 
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Fig. 7-90. M-mode echocardiogram in a 4-year-old boy with 
L-TGA and complete heart block (note pacemaker artifact on 
the EeG). An arc scan from the pulmonic valve (PV) to the 
mitral valve (right atrioventricular valve, AML) demonstrates 
pulmonary-mitral fibrous continuity (Fe). This image is obtained 
by first angling the transducer from the left sternal border toward 
the right to demonstrate the pulmonic valve. The transducer is 
then directed inferiorly and farther toward the right to encounter 

Fig. 7-91. M-mode arc scan from the aortic to the tricuspid valve 
(left-sided atrioventricular valve) in a 4-year-old boy with L-TGA 
(patient in Fig. 7-90) reveals a marked break in continuity corre
sponding to interposition of the conus muscle. To obtain this 
image the transducer is placed along the left sternal border and 

the mitral valve within the right-sided ventricle (anatomic left 
ventricle, Anat. L V) . Often the mitral valve is so far to the right 
of the sternum that this arc scan is impossible to achieve in 
L-TGA. The dropout of echoes in the septum is an artifact and 
does not represent a ventricular septal defect. 

RA = right atrium; R VOT = right ventricular outflow tract; 
L VOT = left ventricular outflow tract. 

is first directed far to the left and superiorly to identify the aortic 
valve (Ao. V). It is then scanned inferiorly and leftward to encoun
ter the tricuspid valve (TV) within the left-sided ventricle (ana
tomic right ventricle, Anat. R V). LA = left atrium. 



Fig. 7-92. Two-dimensional echocardiograms in L-TGA. A with 
labels; B without labels. The short axis view at the level of the 
great vessels demonstrates the anterior semilunar valve (Ao. V) 
to the left and the posterior semilunar valve (PA) to the right. 
This image differs from normal in that two circles are present 

culty in imaging L-TGA by M-Mode occurs because the 
ventricular septum lies in a sagittal plane, parallel to the 
sound beam. Thus the ventricular septum reflects poorly 
and is difficult to image. Dropout of echoes may lead to 
suspicion of a large VSD or even a single ventricle, in 
spite of the presence of an intact septum. If the septum 
is not recognized, an arc scan might be obtained from 
the pulmonic valve across the septum to the left A-V valve. 
This might be mistakenly interpreted as aortic-mitral fi
brous continuity. In instances of L-TGA with VSD the 
pulmonic and tricuspid valves may actually be continuous 
across the VSD, increasing the opportunity for error. Thus, 
while M-mode may define the great vessel orientation, it 
is not always helpful in evaluating the intracardiac relation
ships. 

On 2-D echocardiography the positions of the great ves
sels are defined by a short axis view at the level of the 
great vessels (Fig. 7-92). A long axis view of the left-sided 
vessel will show the superior sweep of an ascending aorta 
(Fig. 7-93). Serial cross sections of the right-sided vessel 
will reveal the bifurcation and the main pulmonary 
branches (see Fig. 7-126), identifying that vessel as pulmo
nary. Long axis views of the RV may demonstrate the 
conus (Fig. 7-94). Long axis views of the LV (Fig. 7-95) 
may demonstrate subpulmonic obstruction or valvar pul
monic stenosis. Apical and subxiphoid four-chamber views 
(Figs. 7-96 and 7-97) may aid in identifying complex intra
cardiac relationships such as mitral-pulmonary fibrous con
tinuity, and VSD. Of note on the four-chamber view is 
that the left A-V valve (tricuspid) is attached to the septum 
closer to the apex than is the right A-V valve (mitral) 

Transposition of the Great Arteries 413 

and occurs because the two great arteries ascend in parallel. With 
normally related great arteries the right ventricular outflow tract 
wraps around the aortic valve anteriorly, so that the image pro
duced is that of a "circle and sausage" (see Fig. 2-20). LA = 
left atrium 

(Fig. 7-96). This pattern is the reverse of normal. In addi
tion, the moderator band is in the left-sided ventricle (ana
tomical R V) rather than in the right-sided ventricle (Figs. 
7-96 and 7-97). As each image is recorded in these complex 
cases the position of the transducer must be clearly indi
cated so that the images can be used later to reconstruct 
the anatomy. 
Radiological (Plain Film) Features Because of the abnor
mal position of the great arteries, the image of a normal 
vascular pedicle (formed by the triad of the ascending aorta 
on the right, aortic arch and main pulmonary artery on 
the left) is not observed. Instead the vascular pedicle tends 
to be narrow (Fig. 7-98). The ascending aorta and the 
outflow tract of the left-sided morphological R V produce 
a slightly convex upper left heart border (Fig. 7-98), a 
straight left heart border (Fig. 7-99) or a shoulder-like 
configuration of the left heart border (Fig. 7-1(0). The 
main pulmonary artery is not border forming. Instead, the 
main and left pulmonary arteries may produce a density 
within the cardiac silhouette (Fig. 7-99), causing an impres
sion on the left side of the esophagus below the level of 
the aortic indentation. On occasion the right pulmonary 
artery is tilted upward, producing a steep downward slope 
of its branches as they turn to supply the lower lobe of 
the right lung. This anatomical arrangement of the right 
pulmonary artery and its branches produces a characteris
tic waterfall appearance on the frontal plain roentgeno
grams (Fig. 7-98). A prominent pulmonary artery may 
displace the superior vena cava to the right, producing a 
density along the right upper heart border (Figs. 7-99, 
7-1(0), which may be mistaken for the ascending aorta. 
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Fig.7-94. Two-dimensional echocardiogram in L-TGA. A systole; 
B diastole. This parasternal long axis view identifies the anatomic 
right ventricle (R V). 

A The right ventricle is recognized during systole because 
of the conus muscle that separates the semilunar valve from the 
atrioventricular valve (tv). The atrioventricular valve follows the 
ventricle; therefore this valve is a tricuspid valve. This tricuspid 

Fig. 7-93. Long axis of the aorta in L-TGA. These two-dimen
sional echocardiograms are obtained from the second left intercos
tal space or the suprasternal notch, A represents the aortic valve 
(AD. V), which is anterior (near the chest wall) as it arises from 
the right ventricular outflow tract (R VOT). R V = right ventricle. 
B represents the ascending aorta and the innominate artery (Inn.). 
C delineates the aortic arch, left subclavian (LSA) artery and 
descending aorta. The left pulmonary artery (LPA) is behind 
and below the aortic arch in all views. See Fig. 7-126 for a 
long axis view of the main pulmonary artery (MP A) in levotrans
position. The MP A curves immediately posteriorly to form the 
pulmonary branches. 

valve is thickened. Clinically and on ventriculography, tricuspid 
insufficiency was present. LA = left atrium; AD. = ascending 
aorta; arrowheads = chordae tendineae of tricuspid valve. B The 
tricuspid valve is open and the aortic valve (AD. V) is closed during 
diastole. The outflow tract of the right ventricle is best appreciated 
in A. 



Fig. 7-95. Parasternal long axis view of the anatomic left ventricle 
in L-TGA. A Late systole; B early diastole. This view is obtained 
by angling the transducer far toward the right from the left sternal 
border. This angle is used to demonstrate the tricuspid valve 
and right ventricular apex in normal persons. 

A During late systole the mitral valve (mv) is closed, and 
the pulmonary valve is open. B During early diastole the pulmo
nary valve (pv) is closed and the mitral valve remains closed. 

Fig. 7-96. Apex 4-chamber view of a two-dimensional echocardio
gram in a 36-year-old man with L-TGA and with a ventricular 
septal defect and pulmonic stenosis. The patient's right side (Rt. ) 
and left side (Lt.) are indicated. The insertion of the left-sided 
atrioventricular valve (A-V valve, arrow) is slightly distal to the 
insertion of the right sided A-V valve. Thus, the left-sided A-V 
valve is likely to be the anatomic tricuspid valve. LV = anatomic 
left ventricle; R V = anatomic right ventricle; RA = right atrium; 
LA = left atrium; mb = moderator band. 
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Pulmonary-mitral fibrous continuity is demonstrated in both 
A and B. The shape of the ventricle is that of a normal left 
ventricle. This view is very difficult to obtain, especially in patients 
with mesocardia or dextrocardia. 

LV = anatomical left ventricle; PA = pulmonary artery; RA 
= right atrium; arrowheads = chordae tendineae; Sept = interven
tricular septum. 

Fig. 7-97. Same patient as in Fig. 7-96. The moderator band 
(mb) is present in the left-sided ventricle; thus, the left-sided 
ventricle represents the anatomic right ventricle. Features in Figs. 
7-96 and 7-97 indicate ventricular inversion. 
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Fig. 7-98. The characteristic convex left 
heart border in L-TGA. A In this ll-year
old boy with L-TGA, ventricular septal de
fect and subpulmonic stenosis, mild car
diomegaly is shown on the frontal projection. 
Convexity of the left heart border is pro
duced by the right ventricular outflow tract 
and ascending aorta. This convexity of the 
left heart border may occasionally be difficult 
to distinguish from a thymus. 

B Failure to identify the thymus on the 
lateral projection should lead to the correct 
diagnosis. 

In this patient a radiolucent line, repre
senting the epicardial fat, outlines the myo
cardium separating it from the pericardium. 
(The presence of this line excludes the thy
mus.) The main pulmonary artery is medial 
to the ascending aorta. The right pulmonary 
artery illustrates the characteristic waterfall 
appearance. Pulmonary overcirculation is 
absent because pulmonic stenosis limits pul
monary blood flow. (Same patient as in Fig. 
7-101, 7-102, 7-104). 



Fig. 7-99. Roentgenogram of the chest in a 3-year-old girl with 
L-TGA and pulmonic stenosis. The left heart border is straight 
rather than convex. In this patient, straightening of the left heart 
border is due to the abnormal position of the aorta as it arises 
from the outflow tract of the right ventricle and should not be 
mistaken for enlargement of the left atrium. Other causes of 
straightening of the left heart border include (1) idiopathic dilata
tion ofthe left atrial appendage; (2) thymus (normal or abnormal); 
(3) dilatation of the right ventricular outflow tract; (4) aneurysm 
of the outflow tract of the right ventricle; (5) pericardial defect; 
(6) pericardial cyst and (7) L-TGA. Absence of a corresponding 
density on the lateral view is usually helpful in excluding thymus, 
pericardial cyst and left atrial enlargement. In this patient the 
main feature other than straightening of the left heart border is 
the medial location of the main pulmonary artery (arrows). The 
left pulmonary artery is also visualized through the density of 
the heart. 

Transposition of the Great Arteries 417 

A 

B 



A 

B 

418 Admixture Lesions 

Fig. 7-100. Shoulder-like configuration 
("bump") of the left heart border in a 7-
year-old girl with L-TGA and in an 8-year
old boy with L-TGA with complete heart block 
after repair of a ventricular septal defect. A 
In the girl this bump is formed by the outflow 
tract of the right ventricle (see angiogram, 
Fig. 7-103). B In the boy the bump is ob
served to be more prominent and somewhat 
higher, representing the junction between the 
right ventricular outflow tract and the aortic 
valve. 



A 

Poststenotic dilatation of the main pulmonary artery may 
result in a prominent convexity of the upper right heart 
border. Because the ventricular septum has a somewhat 
horizontal orientation, it may be represented by a notch 
(septal notch) in the left heart border on the frontal pro
jection. The notch is at the apex if the R V is well developed, 
but is difficult to recognize in this location. If the R V is 
rudimentary as in patients with single ventricle, then the 
septal notch is higher in location and easier to identify. 

The pulmonary vasculature is variable, but because of 
the frequent presence of large VSDs, overcirculation is of
ten noted. The pulmonary vascularity may be normal or 
decreased (pulmonary undercirculation) in the presence 
of pUlmonic stenosis. 
Hemodynamics Pressures and oxygen contents in the car
diac chambers are normal, and the systemic circulation 
is fully saturated in patients without septal defects or pul
monic stenosis; however, most patients have defects such 
as ASD, VSD and pulmonic stenosis. In such instances 
the hemodynamics will reflect the associated defects. Intra-

Fig. 7-101. The position of a retrograde aortic catheter in L-TGA. 
(Same patient as in Fig. 7-98, 7-102, 7-104.) A Frontal view 
of a catheter in the anatomic right ventricle in L-TGA. B Lateral 
view of the catheter in L-TGA. C and D are from a patient 
with normally related great vessels (patient in Fig. 7-79A and 
B) for comparison. C Frontal view of a catheter in the left ventri
cle; D Lateral view. 

A The retrograde arterial catheter (pigtail catheter) ascends 
in the thoracic aorta to the left of the spine. In the aortic arch 
it curves toward the left to enter the ascending aorta and anatomi
cal right ventricle. As the heart contracts the catheter may rotate, 
so that on the frontal view the descending portion of the catheter 
may intermittently cross its ascending portion, high up in the 
ascending aorta. 

B The aortic catheter (arrow) curves anteriorly to enter the 
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cardiac electrophysiological studies may be indicated in 
individuals with heart block or other arrhythmias. 
Contrast Studies Of the various catheter positions, the one 
characteristic of L-TGA is that of a retrograde catheter 
in the ascending aorta (Fig. 7-1OIA and B). Instead of 
looping medially and posteriorly in the transverse arch 
as it does in normal individuals (Fig. 7-101C and D), the 
catheter curves laterally toward the left heart border. Of 
course, the lateral view will show the catheter to lie anteri
orly (Fig. 7-1OlB). The venous catheter may have an ap
parently normal passage to the right-sided ventricle (Fig. 
7-101A and B). The pulmonary artery will be entered pos
teriorly and somewhat medially. Injection into the anatom
ical RV (systemic ventricle) will demonstrate the abnormal 
position of the aorta and inversion of the ventricles (Fig. 
7-102). Injection into the anatomical RV will also delineate 
the distribution of the coronary arteries (Fig. 7-102E) and 
will demonstrate such associated defects as VSD, tricuspid 
insufficiency (or Ebstein malformation of the tricuspid 
valve) and coarctation of the aorta if present. Injection 

aortic arch. The catheter tip is in the anatomical right ventricle. 
If this catheter were in the apex of the heart it would appear 
more anteriorly near the chest wall (the lateral view of the retro
grade catheter is not helpful in diagnosing L-TGA, without the 
frontal view). 

A second catheter, the venous catheter, follows a course that 
is indistinguishable from normal on the frontal view (A) as it 
enters the right atrium and passes through the anatomic left ven
tricle and main pulmonary artery to reach the right pulmonary 
artery. 

In the lateral view (B) the venous catheter enters the pulmo
nary artery posterior to the position of the aortic catheter. This 
abnormal position of the catheters mandates the diagnosis of 
transposition of the great arteries, and suggests L-TGA. (Contin
ued) 

B 
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Fig. 7-101 (Cont.). In C, with normally related great vessels, 
the retrograde catheter curves toward the right instead of toward 
the left as it reaches the aortic arch, passing laterally again as 
it enters the left ventricle. The crossing point is much lower 
than with L-TGA. 

In the lateral view (D) the course of the aortic catheter in 
this normal person appears similar to that of the aortic catheter 
in the patient with L-TGA. Thus, the characteristic course of 
the aortic catheter in L-TGA is recognized in the frontal pro
jection, while the characteristic course of the venous catheter is 
recognized in the lateral view. 

Fig. 7-102. Injection into the anatomic right ventricle in L-TGA 
(Patient in Figs. 7-98, 7-101, 7-104). In the frontal view (A) 
during diastole and (B) systole the right ventricular outflow tract 

and the ascending aorta account for the convexity of the left 
heart border. The shape of the ventricle and its trabeculations 
identify the chamber as a right ventricle (R V); (Continued) 

D 

B 
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Fig. 7-102 (Cont.) The atrioventricular 
valve is tricuspid because it is associated with 
a right ventricle. In normal ventricles and 
in ventricular inversion the atrioventricular 
valves follow their respective ventricles. The 
conus (c) separates the tricuspid valve (ar
rows) from the aortic valve. The aorta arises 
along the left heart border, ascends obliquely 
and superiorly and then descends on the left 
side of the spine. The convexity of the as
cending aorta toward the left is characteristic 
ofL-TGA. In almost all instances ofL-TGA, 
the ventricular loop is "L," which means that 
the anatomical right ventricle is on the left 
(this is known as the loop rule). 

On the lateral projection (C) during dia
stole the typical appearance of the anatomi
cal right ventricle is demonstrated and in 
(D) during systole the subaortic conus be
comes evident. In E (lateral view late in the 
series to show the coronary arteries) the 
courses of the coronary arteries are outlined. 
The anterior (right) coronary artery (ACA) 
divides into an anterior descending coronary 
artery (AD), which runs in the anterior inter
ventricular sulcus, and a right-sided circum
flex (RCX), which runs in the right atrioven
tricular groove. The posterior (left) coronary 
artery (PCA) runs in the left atrioventricular 
groove to the crux of the heart, where it 
divides into a posterior descending coronary 
artery (PD) and a crux artery (see also Fig. 
7-88.) 

E 
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into the anatomical LV (venous ventricle) (Fig. 7-103 and 
Fig. 7-104) will delineate subpulmonic stenosis, if present 
(Fig. 7-104). The lateral view is most helpful in defining 
this lesion. The recirculation phase of this study may dem
onstrate associated abnormalities of pulmonary venous con
nection or atrial septal defect. 
Treatment Medical treatment is determined by the associ
ated defect (e.g., VSD, pulmonic or subpulmonic obstruc
tion, tricuspid regurgitation). Infants requiring surgery are 
generally referred for palliation (e.g., pulmonary artery 
band, systemic-to-pulmonary shunt) rather than definitive 
repair. Even when intracardiac repair is delayed until mid 
childhood, the reported mortality is high and the postopera
tive results are only fair. The pattern of coronary artery 
distribution over the anatomical LV leaves only a limited 
area for ventriculotomy. The proximal bundle of His passes 
anterior to the pulmonary outflow tract, so that the defini
tive repair of subpulmonary obstruction often results in 
complete heart block. Reconstruction of the pulmonary 
outflow tract by the use of a conduit may therefore be 
necessary. The distal bundle of His passes anterior to the 
VSD, instead of posterior to the VSD as it does in D
loop. Intraoperative electrophysiological mapping of the 
bundle of His reduces the incidence of complete heart block 
after repair of VSD in L-TGA. Tricuspid regurgitation is 
difficult to repair, and prosthetic valve replacements are 
relatively poorly tolerated in growing children. 

Postoperative complications include arrhythmias (some 
requiring pacemaker implantation), tricuspid regurgitation 
and residual pulmonic stenosis. Residua associated with 
valved conduits include obstruction and pulmonary valvar 
insufficiency. Infective endocarditis may also occur postop
eratively. 

Atypical Dextrotransposition of the Great Arteries 
In this uncommon disorder (Fig. 7-65C) the external ap
pearance of the heart is normal even though the connections 
and hemodynamics are those of (D-TGA). As with typical 
D-TGA the pulmonary trunk arises from the LV, and the 
aorta arises from the RV. Unlike D-TGA the conus has 
developed within the LV, separating the pulmonary valve 
from the mitral valve, raising the pulmonary valve and 
displacing it anteriorly and toward the left. In most cases, 
absence of a R V conus results in aortic-tricuspid fibrous 
continuity. In a few instances an underdeveloped RV (sub
aortic) conus is present, preventing aortic-tricuspid fibrous 
continuity. The posterior cusp of the aortic valve is in 
fibrous continuity with the anterior leaflet of the mitral 
valve through the ventricular septal defect (VSD), which 
is subaortic when viewed from the R V and infracristal 
when viewed from the LV. The coronary arteries usually 
have normal distribution, but they may be transposed (i.e., 
the anterior descending artery arises from the left coronary 
artery but runs anterior and to the right of the pulmonary 
trunk). 

It is important to recognize that the conus muscle can 
lie within the LV, resulting in normal spatial relationships 

of the great vessels, even though the connections and physi
ological features are those of D-TGA. 

Isolated Ventricular Inversion (Atrioventricular 
Discordance and Ventriculoarterial Concordance) 
Inversion of the ventricles without transposition of the 
great arteries (isolated ventricular inversion, Fig. 7-65E) 
is a rare malformation that has been reported both in pa
tients with situs solitus and patients with situs inversus. 
Ventricular inversion in situs solitus means that the ana
tomical LV is situated on the right and the anatomical 
RV on the left. With isolated ventricular inversion the 
aorta arises from the LV and the pulmonary artery from 
the RV. 

Atrioventricular discordance exists because the RA 
empties through the mitral valve into the anatomical LV, 
and the LA empties through the tricuspid valve into the 
anatomical RV. Ventriculoarterial concordance is present 
because the aorta emerges from the morphological LV, 
and the pulmonary artery originates from the morphologi
cal RV. The aortic valve is in fibrous continuity with the 
mitral valve because of absence of the LV (subaortic) conus. 
The RV (subpulmonic) conus is well developed, separating 
the pulmonary from the tricuspid valve. The aortic valve 
is posterior, inferior and to the right of the pulmonary 
valve (normally related great arteries). Thus this disorder 
does not follow the loop rule, which states that if the ventri
cles are in D-Ioop (RV to the right) the great vessels should 
be in dextroposition (normal position or D-TGA). In this 
abnormality the ventricles are in L-Ioop, and the great 
vessels are in "normal" position (aorta to the right and 
posterior). The right coronary ostium is anterior, giving 
rise to the left anterior descending and right circumflex 
arteries to supply the LV; the left coronary ostium is poste
rior, supplying the left-sided, posterior, morphological RV 
through right ventricular branches; thus the coronary dis
tribution is inverted, as are the ventricles. 
Clinical Features Although the great arteries are normally 
oriented with a normal relationship to the ventricles and 
atrioventricular (A-V) valves, the physiological features are 
those of (D-TGA) because both the aorta and cavae are 
to the right of the cardiac septa, and therefore both carry 
deoxygenated blood. Thus, as with D-TGA, associated de
fects (ASD, VSD, PDA) are needed for survival. 

The clinical presentation of isolated ventricular inver
sion is like that of typical D-TGA. The babies are observed 
to be cyanotic and acidotic soon after birth, with death 
ensuing if inadequate intracardiac communication exists. 
An atrial septal defect may allow survival for a few months 
or years if enough oxygenated blood crosses to the systemic 
circulation. A large ventricular septal defect or a patent 
ductus arteriosus should facilitate oxygenation, but unfor
tunately congestive heart failure and pulmonary hyperten
sion generally supervene (see also D-TGA). The electrocar
diogram in isolated ventricular inversion reveals a normal 
P wave axis, consistent with situs solitus and a QRS com
plex suggestive of ventricular inversion. 
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Fig. 7-103. The anatomic left ventricle in L-TGA. A Frontal 
view, diastole; B frontal view, systole; C lateral view, diastole; 
D lateral view, systole. 

A and B The characteristic shape and lack of coarse trabecula
tions identify this ventricle as a left ventricle. Again the atrioven
tricular valve (arrows) follows the ventricle, and therefore in this 
instance is a mitral valve. Conus is not identified during diastole 
or during systole, ensuring that pulmonary-mitral fibrous continu
ity is present (arrowhead). The pulmonary valve (PV) is in the 
middle of the cardiac silhouette, to the right of and inferior to 
the aortic valve. 

C The mitral valve opens normally. Note that this ventricle 
has a type III mitral valve apparatus, indicating a high fulcrum, 
without notching of the fornix (see Fig. 4-36 for a description 
of the types of mitral valve). The pulmonary valve is inferior 
and posterior to the aortic valve. Again conus is not evident 
during diastole or systole. 

The course of the venous catheter is from inferior vena cava 
to the right atrium through the mitral valve into the anatomical 
left ventricle. (Same patient as Fig. 7-I00A.) 
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Fig. 7-104. Subvalvar pulmonic stenosis in an ll-year-old boy 
with L-TGA. (Same patient as in Figs. 7-98, 7-IOIA and Band 
7-102). A Frontal view, systole, and B lateral view, diastole, of 
a left ventricular angiogram. A The typical findings of levotrans
position of the great arteries are noted. The pulmonary valve 
is thickened and domed during systole (arrow). B A lucent line 
(arrow), representing a subpulmonic membrane, is noted. 



Echocardiography The aortic valve is to the right and pos
terior, with the pulmonary valve situated toward the left, 
anterior and superior. This arrangement is consistent with 
normally related great arteries. Arc scans from the great 
arteries to the ventricles may provide an indication of the 
ventriculoarterial connections. Although the authors have 
no experience with echocardiography in this malformation, 
it is anticipated that 2-D echocardiography would be supe
rior in the imaging of the ventricular septum, conus and 
connections of the great arteries. 
Radiological (Plain Film) Features On plain films the heart 
is usually enlarged with a normal vascular pedicle that is 
consistent with normally related great arteries. The apex 
of the heart is usually to the left, but it may be midline 
or to the right. Pulmonary overcirculation occurs in the 
absence of obstruction to pulmonary flow. The plain film 
and electrocardiographic findings of situs solitus without 
transposition of the great arteries in a patient with cyanosis 
should strongly suggest the diagnosis of isolated ventricular 
inversion. 
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Contrast Studies Angiocardiography is definitive in estab
lishing the diagnosis by demonstration of the position and 
relationship of the great vessels to the ventricles and the 
A-V valves. The presence or absence of associated malfor
mations (e.g., tricuspid atresia) is also established. 
Treatment Balloon atrial septostomy is indicated; how
ever, in the presence of premature closure of the foramen 
ovale, this procedure is impracticable, and surgical septec
tomy is mandated. If a large ventricular septal defect is 
present a pulmonary band may be necessary. Corrective 
procedures, such as the Mustard or Senning operation, 
should be successful. 

Criss-Cross Heart 
Criss-cross heart (Fig. 7-105) is another rare malformation 
in which the external appearance of the heart is not consis
tent with the internal connections. In this abnormality, 
rotation of the ventricles occurs after establishment of 
atrioventricular and ventriculoarterial connections, moving 

Uncrossed A-V connections Crossed A-V connections Superior-I nferior ventricles 

Concordant 
A-V valves 
D-Loop 

Discordant 
A-V valves 
L-Loop 

B 

B' 

Fig. 7-105. Criss-cross heart. A and A' Normal (uncrossed) 
atrioventricular connections. A represents concordant atrioven
tricular connections (RA .... RV; LA .... LV) and A' represents 
discordant atrioventricular connections (RA .... LV; LA .... RV) 
in situs solitus. The curved arrows indicate the direction in which 
the ventricles will rotate. The first rotation (B and B') brings 
the right ventricle to the side opposite its original position, but 
leaves its connections intact. C and C' The second rotation creates 
a horizontal septum while raising the right ventricle above the 
left ventricle (superior-inferior ventricles). These rotations are 

septum 
C 

C' Horizonta l septum 

used only to delineate the anatomical features and do not serve 
to explain the pathogenesis of criss-cross heart. Some authors 
consider the horizontal septum to result from failure of descent 
of the right ventricular outflow tract rather than superior rotation 
of the septum later in development. 

RA = right atrium; R V = right ventricle; LA = left atrium; 
LV = left ventricle. Modified from Attie F, Munoz-Castellanos 
L, Ovseyevitz J, Flores-Delgado I, Testelli MR, Buendia A, Kuri 
J, Molina B (1980) Crossed atrioventricular connections. Am 
Heart J 99:163-172 
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both ventricles and their atrioventricular (A-V) valves to 
the side opposite their original positions. A horizontal sep
tum, present in many instances, results in superior-inferior 
("upstairs-downstairs") ventricles (Fig. 7-105 C and C'). 
The tricuspid valve and the R V are superior to the mitral 
valve and LV. Crossed A-V connections have occurred 
in situs solitus as well as in situs inversus, and the connec
tions have been concordant as well as discordant. Thus 
the ventricles no longer occupy their original positions but 
maintain their connections. The result is crossed A-V con
nections, each ventricle being on the side opposite the 
atrium to which it is connected. 
Clinical Features Criss-cross heart is most frequently en
countered with transposition of the great arteries. Because 
the aorta arises from the shifted R V it is also on the side 
opposite where it is expected. Thus a criss-cross heart with 
the connections of D-TGA will give the external appear
ance of L-TGA, since the RV and aorta are shifted to 
the left. A criss-cross heart with connections of L-TGA 
will have an external appearance reminiscent of D-TGA, 
inasmuch as the R V and aorta are shifted to the right. 

Ventricular septal defect (VSD), pulmonic stenosis and 
"straddling" of an A-V valve are frequently associated with 
criss-cross heart. In addition to transposition of the great 
arteries, double-outlet right ventricle has been reported. 
Echocardiography On M-mode echocardiography the aor
tic valve is anterior and superior and may be toward the 
right or the left. The tricuspid valve is superior to the 
mitral valve. M-mode arc scans reveal discontinuity be
tween the aortic and tricuspid valve and mayor may not 
show tenuous pulmonary-mitral fibrous continuity. The 
connections are unusual, and the operator is unlikely to 
delineate them on arc scans. In contradistinction, 2-D echo
cardiography may be most helpful in assessing these com
plex anomalies and in identifying associated intracardiac 
defects. In cases with superior-inferior ventricles the un
usual positions of the transducer required to image the 
structures are a prominent feature. The long axis of the 
LV is obtained by rotating the transducer counterclockwise 
from its usual position. This is because the ventricular sep
tum is nearly horizontal (Fig. 7-106). In this view are 
demonstrated the elongated outflow tract of the LV with 
tenuous pulmonary-mitral fibrous continuity. The ventricu
lar septal defect is also identified in this view. 

The short axis view at the level of the great arteries 
shows the aortic valve to be anterior, with the right ventric
ular outflow tract (RVOT) crossing anterior to the LV 
so that the aorta is on the side opposite the RV. This is 
in contradistinction to the findings with regular D-TGA 
or L-TGA in which the RVOT does not cross anteriorly. 
The two semilunar valves instead form two juxtaposed 
circles with the aortic valve anterior and to the right in 
D-TGA and anterior and to the left in L-TGA. (See also 
Fig. 7-68 for D-TGA and Fig. 7-92 for L-TGA.) 

In the four-chamber views (apex or subxiphoid) the ab
normal horizontal position of the ventricular septum is 
again noted, and straddling of an A-V valve is demon-

strated, if present. Thus, in the authors' experience, the 
2-D echocardiographic features of criss-cross heart are the 
elongated LV outflow tract, the apparent crossing of the 
R V outflow tract in front of the LV outflow tract and 
the abnormal position of the ventricular septum. 
Radiological (Plain Film) Features On roentgenograms of 
the chest the size of the heart and the pulmonary circulation 
reflect the connections and intracardiac defects. The most 
common occurrence is in situs solitus with D-TGA. The 
R V and aortic valve are shifted to the left, and the ascend
ing aorta has a leftward convexity; as a result the left heart 
border may have a convexity or shoulder configuration, 
similar to L-TGA (Fig. 7-107; also compare with Fig. 
7-98). In cases with a horizontal septum a septal notch 
may be recognized high along the left heart border, similar 
to that occurring with single ventricle with a left-sided 
outflow tract. If the connections are those of L-TGA in 
situs solitus, but the R V is shifted to the right and the 
aorta is convex toward the right, then the cardiac silhouette 
will be reminiscent of D-TGA, while the connections are 
those of L-TGA. 
Contrast Studies Angiocardiography is diagnostic, demon
strating both the connections and the positions of the car
diac chambers and great vessels (Fig. 7-108). As an exam
ple, in a patient with D-TGA and crossed A-V connections 
the RA injection shows continuity between the RA and 
RV. The tricuspid valve is high, so the contrast medium 
travels vertically within the RA before it crosses through 
the tricuspid valve. The R V is superior and on the left, 
being bounded inferiorly by the horizontal septum (Fig. 
7-108A and B). Because of the horizontal position of the 
ventricular septum, flow through the VSD will be vertical. 
The aorta arises from the RV, and because of the abnormal 
position of the R V the aorta is on the left, and its convexity 
is toward the left, as in L-TGA. Injection into the LA 
demonstrates connection between the LA and LV. If the 
mitral valve straddles the ventricular septum both ventri
cles will opacify, creating difficulty in defining this connec
tion. The LV is inferior, and its outflow tract is elongated 
and stenotic, yet pulmonary-mitral fibrous continuity is 
maintained. 

Truncus Arteriosus Communis 

Truncus arteriosus (TA) (Fig. 7-109) is an uncommon car
diovascular anomaly (1 %-4%) in which a single arterial 
trunk originates from a single semilunar valve at the base 
of the heart. This single arterial trunk gives rise directly 
to the systemic, coronary and pulmonary arteries. No in
fundibulum (RV outflow tract) is present in TA. This defi
nition excludes other congenital heart anomalies in which 
atresia of either semilunar valve results in one great vessel 
receiving the entire cardiac output. Thus, aortic atresia 
and truncus solitarius pulmonalis are excluded. Pulmonary 
atresia and ventricular septal defect (pseudotruncus; for-



Fig. 7-106. Two-dimensional echocardiograms in criss-cross heart 
in situs solitus with connections of D-TGA and superior-inferior 
ventricles (horizontal septum). (A) Long axis view of the left ven
tricle (with labels); A' without labels. The transducer is rotated 
counterclockwise from the angle ordinarily used in obtaining this 
view. Even though the left ventricular outflow tract (arrowheads) 
is elongated, pulmonary-mitral fibrous continuity is maintained. 
The septum (Sept.) points toward the sternum. The ventricular 
septal defect (vsd) is identified. 

B is a short axis view at the level of the great vessels. The 
anterior valve is larger than the posterior valve. Since this patient 
has marked pulmonary undercirculation the smaller valve is as
sumed to be the pulmonary valve (pulmonic stenosis). The great 
vessels are therefore in the position of L-TGA (aorta anterior 
and left); however, the right ventricular outflow tract (R VOT) 
is observed to cross in front of the pulmonary valve and can be 
followed to the tricuspid valve, demonstrating the connection 
between the right atrium and right ventricle. Thus the connections 
of D-TGA are demonstrated by two-dimensional echocardiogra
phy, even though the relationship of the great vessels is that of 
L-TGA. 

R V = right ventricle; LV = left ventricle; Sept. = septum; 
vsd = ventricular septal defect; PA = pulmonary artery; mv = 
mitral valve; LA = left atrium; RA = right atrium; pv = pulmo
nary valve; ao. v = aortic valve. (Same patient as in Figs. 7-
107B and 108.) 
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A 

B 

Fig. 7-107. Plain films in two patients with 
criss-cross heart. Both patients have situs sol
itus and connections of D-TGA. 

A is from a 6-year-old boy with minimal 
cyanosis. Pulmonary overcirculation is pres
ent. A waterfall appearance ofthe right-sided 
pulmonary vessels is noted. The heart is en
larged with a shoulder configuration of the 
left heart border. Cardiac catheterization 
showed criss-cross heart with transposition 
of the great arteries, superior-inferior ventri
cles, a large ventricular septal defect and 
moderate valvular pulmonary stenosis. The 
right ventricle is connected to the right 
atrium but has been shifted toward the left. 
The aorta arises from the right ventricle and 
is convex toward the left. The outflow tract 
of the right ventricle and the ascending aorta 
account for the convexity of the left heart 
border. The roentgenogram of the chest may 
be interpreted as consistent with L-TGA 
with ventricular septal defect; however, criss
cross heart should also be considered. 

B is from a 4-month-old cyanotic boy. 
Associated findings at cardiac catheteriza
tion were ventricular septal defect, severe 
pulmonic stenosis and straddling mitral 
valve. Pulmonary undercirculation is pres
ent, and the heart is mildly enlarged. A 
shoulder configuration of the left heart bor
der is identified. (Same patient as Figs. 7-
106 and 108.) 



A 
Fig. 7-108. Contrast studies in criss-cross heart. A Frontal view 
of an injection into the right ventricle; B lateral view of injection 
in A. In A and B the right ventricle is superior and on the left. 
The ventricular septum is horizontal. The contrast medium has 
traveled in a vertical direction through the ventricular septal de
fect to fill the left ventricle (L V). The left ventricular outflow 

merly known as Collett and Edwards truncus type IV) is 
currently classified within the spectrum of tetralogy of Fal
lot rather than as T A, because in almost every such instance 
careful angiographic or pathological studies show a main 
pulmonary artery and central pulmonary vessels, either 
patent or represented by cordlike structures. The following 
features distinguish pulmonary atresia from TA. (1) In 
pulmonary atresia there usually is an infundibulum (R V 
outflow tract), whereas no infundibulum is present in TA; 
and (2) the lungs are perfused by systemic vessels from 
the descending aorta in pulmonary atresia, while at least 
one pulmonary artery arises from the truncus in T A. 

In the great majority of patients with T A the truncus 
overrides the ventricular septum with mitral-truncal valve 
fibrous continuity and tricuspid-truncal valve discon
tinuity. The discontinuity is caused by the interposition 
of muscle (the ventriculoinfundibular fold). In a few pa
tients, because of poor development or absence of the 
ventriculoinfundibular fold, fibrous continuity between the 
mitral and tricuspid valves and continuity between the tri
cuspid and truncal valves (mitral-tricuspid-semilunar valve 
continuity) occur. Rarely, discontinuity exists between the 
truncal valve and both the mitral and the tricuspid valves. 
In other rare examples the truncal valve arises solely from 
either the RV or LV. 

T A is almost invariably associated with a ventricular 
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tract (arrowheads) is stenotic because of elongation. No subpul
monic diaphragm or ectopic muscle is present. The anterior mitral 
leaflet is stretched; however, pulmonary-mitral fibrous continuity 
is maintained. The pulmonary artery (PA) arises from the left 
ventricle. (Same patient as in Figs. 7-106 and 107B.) 

septal defect (VSD). In rare instances, dysplastic tissue 
arises from the crest of the ventricular septum and attaches 
to the commissures of the truncal valve, so that no VSD 
is present (T A communis with intact ventricular septum). 
For the most part, the truncal valve is tricuspid (60%-
70%), but it may be quadricuspid or bicuspid. Five- and 
even six-leaflet truncal valves have also been reported. The 
truncal leaflets are often thickened, polypoid and myxoma
tous, and truncal stenosis or incompetence (prolapsing leaf
lets) may be observed. The origin of the coronary arteries 
is extremely variable, often preventing identification of the 
semilunar leaflets by the coronary distribution. A right 
aortic arch is present in approximately 25% of cases. Inter
ruption of the aortic arch has been reported sporadically 
in association with T A and with aorticopulmonary septal 
defects (AP window). Classification of TA is based on the 
presence or absence of the main pulmonary artery and 
the site of origin of the pulmonary branches from the com
mon trunk (Fig. 7-109). In type I truncus, the most com
mon type, the main pulmonary artery is a branch of the 
common trunk. The pulmonary trunk is short and gives 
origin to the right and left pulmonary arteries. In type 
II the right and left pulmonary arteries arise separately 
but close to each other from the posterior wall of the trun
cus. In type III the pulmonary arteries arise separately 
from the lateral aspect of the truncus. In some instances 

B 
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Type I 

Type III 

Fig. 7-109. The types of truncus arteriosus. These are defined 
by the location of the origins of the pulmonary arteries. In type 
I a main pulmonary artery arises from the main trunk, giving 
off the left and right pulmonary arteries. In type II the pulmonary 
arteries arise separately from the back of the truncus. In type 
III (mixed type), one of the lungs is perfused by a true pulmonary 
artery arising from the ascending portion of the main trunk; the 
other lung is perfused by a systemic vessel that may originate 
from the arch of the aorta, from the descending aorta, from a 
peripheral vessel such as the innominate or even from a patent 
ductus arteriosus. (Any vessel arising from the undersurface of 
the aortic arch is considered a ductus arteriosus). The classifica
tion by Collet and Edwards included as type III examples in 
which both pulmonary arteries originated from the lateral aspect 
of the main trunk. 

Type II 

Pulmonary atresia with VSD 
"Pseudotruncus" 

(formerly Type I V) 

The original classification of Collet and Edwards also included 
type IV in which the lungs are perfused exclusively by systemic 
vessels from the descending aorta. Careful angiographic and 
pathological examination in this last group of patients has revealed 
remnants of a main pulmonary artery and proximal pulmonary 
vessels in almost every instance. Therefore Sotomora and Edwards 
and others have categorized these cases as examples of ventricular 
septal defect with pulmonary atresia (pseudotruncus) rather than 
truncus arteriosus. The distinction is important because treatment 
is different. The pulmonary arteries in pseudotruncus can be used 
for shunt procedures, and even for complete repair. 

INN = innominate artery; LCC = left common carotid artery; 
LSA = left subclavian artery; RPA = right pulmonary artery; 
LPA = left pulmonary artery; MPA = main pulmonary artery; 
SV = systemic vessel; PDA = patent ductus arteriosus. 



Fig. 7-110. M-mode echocardiogram in a 29-year-old woman with 
truncus arteriosus. The arc scan from the left ventricle to the 
truncus arteriosus demonstrates overriding of the truncus above 
the ventricular septum. A pulmonary valve could not be identified. 
Overriding of the aorta also occurs with tetralogy of Fallot. Fail-

one pulmonary artery may be absent; in such individuals 
systemic vessels supply the lung not perfused by the trun
cus. All types of T A may be complicated by pulmonic 
stenosis. It should be stressed that the pathological aspects 
and classification of T A discussed here apply to hearts in 
situs solitus with atrioventricular (A-V) concordance. 
Truncus arteriosus may also occur in situs inversus or situs 
ambiguus, with or without A-V concordance. 
Clinical Features The clinical features are variable and 
depend on the size of the pulmonary arteries and the degree 
of pulmonary vascular resistance. In patients with large 
pulmonary arteries without significant pulmonary stenosis 
and without increased pulmonary resistance, heart failure 
and retardation of growth are the presenting manifesta
tions. Cyanosis may not be apparent. Frequently a thrill, 
a systolic ejection murmur, a single loud second heart 
sound, a low-pitched mid diastolic rumble, cardiomegaly 
and bounding pulses are present. The electrocardiogram 
often demonstrates biventricular hypertrophy and a right
ward axis. Patients with unrestrictive flow to the lungs 
may go on to develop the physiological changes of the 
Eisenmenger syndrome. Patients with pulmonic stenosis 
or increased pulmonary resistance have cyanosis. 
Ecbocardiograpby The M-mode echocardiographic fea
tures of T A include a large truncal root that overrides 
the interventricular septum, mitral valve-truncal valve 
fibrous continuity, and an enlarged RV (Fig. 7-110). Differ
entiation from tetralogy of Fallot may be difficult. Detec-
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ure to identify a pulmonary valve on M-mode does not exclude 
severe tetralogy of Fallot or pulmonary atresia. Thus the M-mode 
echocardiogram for severe tetralogy of Fallot and for truncus 
arteriosus may be indistinguishable. 

tion of a pulmonary valve excludes truncus. Two-dimen
sional echocardiography (Fig. 7-111) shows a large over
riding great vessel in both T A and pseudotruncus. High 
parasternal short axis and subxiphoid views may demon
strate the origin of the pulmonary arteries from the com
mon trunk (Fig. 7-111). Diastolic fluttering of the anterior 
leaflet of the mitral valve and LV surface of the interventri
cular septum may be observed in the presence of insuffici
ency of the truncal valve. 
Radiological (Plain Film) Features Pulmonary overcircu
lation is usually present (Fig. 7-112). In patients with asso
ciated pulmonic stenosis, pulmonary undercirculation may 
be observed. Cardiomegaly is frequent, usually with R V 
predominance, characterized by rounding and uplifting of 
the cardiac apex (Fig. 7-113). The pulmonary artery seg
ment varies from a pronounced concavity to a bulge; not 
infrequently the junction of the vascular pedicle and the 
base of the heart may present as a sharp angulation, instead 
of a rounded concavity (Fig. 7-113). On occasion a bump 
or shelf configuration of the left heart border occurs (Fig. 
7-114), representing the fornix of the LV (the anterobasal 
segment), which is border forming in TA (Fig. 7-113B). 
Normally this segment is obscured by the outflow tract 
ofthe RV and by the main pulmonary artery. This configu
ration may be indistinguishable from the shoulder configu
ration noted in levotransposition of the great arteries, single 
ventricle with left-sided outlet chamber, and criss-cross 
heart. Rarely in type I, two prominences may be observed 
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Fig.7-111. Two-dimensional echocardiography in truncus arterio
sus. A Parasternal long-axis view showing overriding of the trun
cal valve (TrV) above the ventricular septum (VS). Fibrous conti
nuity is maintained between the truncal valve and the mitral 
valve. R V = right ventricle; LA = left atrium; LV = left ventricle. 
B High parasternal short-axis view of the truncal root (TrR) 
just above the valve demonstrates origin of the pulmonary arteries 
from the posterolateral surface. R = right pulmonary artery; 

L = left pulmonary artery; s = superior vena cava. Careful scan
ning in patients with truncus arteriosis fails to demonstrate a 
right ventricular outflow tract or pulmonic valve anterior to the 
truncal valve. Reprinted with permission from Rice MJ, Seward 
JB, Hagler DJ, Mair DD, Tajik AI (1982) Definitive diagnosis 
of truncus arteriosis by two-dimensional echocardiography. Mayo 
Clin Proc 57:476-481. 
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Fig. 7-112. Roentgenogram of the chest in a l-year-old boy with 
type I truncus arteriosus and insufficiency of the truncal valve. 
The clinical presentation was that of congestive heart failure with 
minimal cyanosis. The lungs show overcirculation. Cardiomegaly 
is present, with both ventricles enlarged. On the frontal film (A) 
the superior mediastinum is widened by the truncus arteriosus 
and the superior vena cava, which is displaced toward the right. 
In this instance the widening may be difficult to distinguish from 
that occurring with total anomalous pulmonary venous return 
above the diaphragm ("snowman" type). The lateral film (B) 
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fails to identify a mass density along the trachea anteriorly, ex
cluding total anomalous pulmonary venous return (compare with 
Fig. 7-27B). The bump on the left side of the vascular pedicle 
(upper segment of the left heart border) is caused by the high 
position of the left pulmonary artery. The frontal view of the 
left ventriculogram (C) confirms the position of the left pulmonary 
artery. This is a type I truncus arteriosus. The main pulmonary 
artery arises just above the truncal valve, giving origin to the 
pulmonary artery branches. As noted on the plain films the aortic 
arch is left-sided. 

A 

c 
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Fig. 7-113. The vascular pedicle in truncus arteriosus. A repre
sents a frontal projection in this 4-year-old child with truncus 
arteriosus type I after main pulmonary artery banding. The me
diastinum is widened; the cardiac apex is elevated. The junction 
of the vascular pedicle and the base of the heart forms a sharp 
angulation rather than a rounded concavity. The density lateral 
to the aortic arch and descending aorta is caused by the left 
pulmonary artery as it descends. (Note: poor inspiration partly 
obscures the apex.) 

The frontal view of an injection into the truncus (B) demon
strates the position of the left pulmonary artery. The lateral view 

of the same injection (C) delineates the main pulmonary artery, 
the pulmonary artery band and the pulmonary arteries. The trun
cal valve has four cusps. The left ventricle is opacified as a result 
of the severe truncal insufficiency. On the frontal view the fornix 
of the left ventricle (the anterobasal segment) (arrowheads) is 
border forming because the infundibulum and main pulmonary 
artery are not present. The fornix forms the lower limb of the 
sharp angulation between the base of the heart and the vascular 
pedicle. It also causes the shelf configuration of the left heart 
border in Fig. 7-114A from a different patient. 

c 



in the region of the pulmonary trunk (Zamora et al.); the 
lower prominence is caused by the main pulmonary artery 
and the upper prominence by the left pulmonary artery. 
The left pulmonary artery forms the second density lateral 
to the vascular pedicle noted in Fig. 7-112. The truncus 
is usually very large, and a right arch is often found (ap
proximately 25 %). The aortic arch tends to occupy a higher 
position than is normal, and the ascending portion may 
form a marked convexity to the right. 
Hemodynamics Admixture of systemic and pulmonary ve
nous blood occurs because the common trunk overrides 
the ventricles, and both ventricles pump into it. Thus an 
oxygen "step-up" may be present in the RV or in the TA. 
The LA and LV may be fully saturated, while the truncus 
has less saturation. Oxygen saturation in the pulmonary 
artery is the same as in the truncus. Oxygen saturation 
of systemic blood will depend on the size of the pulmonary 
vessels and on the degree of pulmonary vascular resistance. 
The systolic pressures in the truncus, pulmonary arteries 
and in both ventricles are at systemic levels. In the presence 
of pulmonic stenosis the pressure in the pulmonary artery 
is lower than that in the truncus. 
Contrast Studies Angiocardiography defines the type of 
TA and associated cardiovascular malformations (e.g., in
terruption of aortic arch). The truncus gives rise directly 
to systemic, coronary and pulmonary arteries (Fig. 7-115). 
The R V lacks an infundibulum. The presence or absence 
of pulmonic stenosis and truncal insufficiency can be deter
mined. On occasion a proximal AP window may present 
difficulties in differentiation. Identification of two semilunar 
(aortic and pulmonary) valves and a RV infundibulum es
tablishes the diagnosis of AP window. It may be difficult 
to distinguish T A and associated aortic arch interruption 
from distal AP window with aortic arch interruption. 
Again the presence of two semilunar valves indicates an 
AP window. A VSD is almost invariably present in TA, 
but rare in AP window. 

Pulmonary atresia with VSD (pseudotruncus) should 
be distinguished from T A with severe pulmonic stenosis. 
A pulmonary artery arising from the truncus is characteris
tic of T A, whereas in pseudotruncus both lungs are per
fused by systemic vessels from the aortic arch, the descend
ing aorta or the peripheral vessels. Another feature that 
distinguishes pulmonary atresia from T A is the presence 
of an infundibulum (RV outflow tract) in pulmonary atre
sia, whereas no infundibulum is present with T A. In pa
tients with pulmonary atresia and atresia of th~ R V infundi
bulum, differentiation from TA by ventriculography may 
be difficult. If pulmonary atresia with VSD is suspected, 
careful examination of the angiograms and probably addi
tional injections are necessary to demonstrate the main 
pulmonary artery and the peripheral pulmonary vessels 
(See also section, Tetralogy of Fallot). 
Treatment Complete correction of T A consists of closure 
of the VSD, leaving the truncus arising from the LV. The 
pulmonary arteries,are detached from the truncus and at
tached to the RV, using a valved conduit (Fig. 7-116). 
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This procedure is now available for children under 1 year 
of age without obstructive pulmonary vascular disease. Pri
mary complete repair in infancy appears to have lower 
overall mortality than banding of the pulmonary artery 
followed later by complete repair. 
Postoperative Findings After complete repair using homo
graft reconstruction of the R V outflow tract, calcification 
of the graft may be noted on plain films (Fig. 7-117) or 
by fluoroscopy. On angiography, stenosis at any level of 
the graft may be observed. Persistent VSD may also be 
demonstrated. Right bundle-branch block secondary to the 
right ventriculotomy is a common finding. 

Single Ventricle 

This malformation is a complex congenital heart disorder, 
characterized by a single or common ventricular chamber 
that receives the atrial flow by way of two atrioventricular 
(A-V) valves or through a single A-V valve in individuals 
with A-V communis. In those with two A-V valves, both 
may be patent or one may be atretic. The ventricular output 
may exit directly into the great vessels or it may exit partly 
or completely through a rudimentary outflow chamber. 

Four types of single ventricle may be identified by angio
cardiography and pathological studies. When the trabecu
lar pattern of the main chamber is reminiscent of a LV, 
the chamber is called a single ventricle of the LV type 
(or single LV). This pattern represents the most common 
variety of single ventricle. When the shape and trabecular 
pattern resemble a RV, it is known as single RV (single 
ventricle of the RV type). If the main chamber resembles 
neither a LV nor a RV, an undifferentiated single ventricle 
is present (rare form). A fourth type of single ventricle 
is known as an undivided ventricle or common ventricle. 
Characteristics resembling both ventricles are present, but 
the ventricular septum is absent. The undivided ventricle 
may, in fact, be an extreme manifestation of a ventricular 
septal defect rather than a true single ventricle. 

The morphology of the A-V valves in single ventricle 
is often impossible to determine. Therefore in this text 
they are designated right-sided or left-sided A-V valves 
rather than tricuspid or mitral valves. The A-V valves have 
five ways to connect with the single ventricle: (1) two patent 
A-V valves connecting with the single ventricle (double
inlet left ventricle, double-inlet right ventricle), (2) right 
A-V valve atresia, (3) left A-V valve atresia, (4) common 
A-V valve (A-V communis; this is most common with 
asplenia), (5) straddling of the left or right A-V valve into 
the rudimentary chamber. 

Conus muscle is interposed between the A-V valves and 
semilunar valves except in rare cases in which the conus 
is attenuated. Thus, semilunar to A-V valve fibrous continu
ity is rare in single ventricle. It is important to understand 
that the diagnosis of semilunar to A-V valve fibrous conti
nuity or discontinuity by echocardiography or angiography 
may be inaccurate. The fibrous tissue between the valves 
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Fig. 7-114. Shelf configuration of the left heart border in truncus 
arteriosus. A and B are roentgenograms of the chest in a 2-year
old girl with type II truncus arteriosus. C and D are frontal 
and lateral views of an injection of contrast medium into the 
truncus arteriosus. Pulmonary overcirculation is present. Both 
ventricles and the left atrium are enlarged. The aortic arch is 
left-sided. On the frontal film (A) the main pulmonary artery is 
not identified, while on the lateral film the left pulmonary artery 
is not visualized in its normal location because of its unusual 
course (see angiogram frame D). This configuration of a sharp 
angulation or "shelf" below the pulmonary artery segment repre
sents the fornix of the left ventricle. (Compare with aortogram 
in Fig. 113B from a different patient which confirms the position 
of the fornix of the left ventricle). 

On the aortogram (C and D) the pulmonary arteries arise 
from the posterior wall of the truncus just above the semilunar 
sinuses, while on the lateral view the separate origins of each 
pulmonary artery account for the findings noted on the lateral 
film of the chest. The left pulmonary artery descends directly 
inferiorly and does not arch posteriorly as it does normally. Never
theless, a normal relationship of the left pulmonary artery to 
the hyparterial bronchus is maintained. Truncal insufficiency is 
not identified. An incidental finding is the left circumflex artery 
arising from the right coronary artery. 

A 

B 



C 
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can elongate so that continuity may extend over a fairly 
long distance. On the other hand, a narrow band of conus 
tissue that cannot be identified by echocardiography or 
angiography may interrupt fibrous continuity even though 
the valves are close together. In the authors' experience 
with angiography in single ventricle, the typical appearance 
of fibrous continuity between the semilunar and A-V valves 
does not occur. If typical findings of semilunar to A-V 
valve fibrous continuity are present, One should consider 
diagnoses other than single ventricle. 

In both LV and R V types of single ventricle a rudimen
tary outlet chamber usually receives part or all of the ven
tricular flow. In the single ventricle of the LV type the 
outlet chamber is considered to represent a R V chamber 
without an inlet portion. In the R V type the rudimentary 
chamber suggests a LV that has no atrioventricular COnnec
tion (Shinebourne). In the authors' experience, single ven
tricle of the R V type often has no outlet chamber although 
conUS muscle surrounds the origins of both great vessels. 

The opening between the main chamber and the rudi
mentary outlet chamber is called a bulboventricular fora
men. Some authors also refer to this opening as a ventricu
lar septal defect (VSD). The opening is usually very large, 
but may be restrictive at birth or may become restrictive 
later in life, causing subaortic or subpulmonic stenosis. 
Conus muscle within the outlet chamber may also produce 
stenosis. 

The rudimentary outlet chamber associated with the 
LV type of single ventricle is identified at the base of the 
heart On the right side ("normally related" infundibular 
chamber) or on the left side ("inverted" infundibular cham
ber). This chamber may give rise to both great arteries, 
one great artery or, on occasion, no great artery. Most 
commonly a single vessel, usually the aorta, arises from 
the outlet chamber. The other great artery arises from the 
main chamber. Even when both great vessels originate from 
the outlet chamber the aorta tends to arise anteriorly. Thus 
in single ventricle the great arteries are virtually always 
transposed. If the outlet chamber is On the right, the aorta 
will be in the position of D-TGA and will often be COnvex 
toward the right. If the outlet chamber is on the left, the 
aorta will be in a position reminiscent of L-TGA and will 
often be convex toward the left. These relationships of 
the great vessels can be called D-TGA and L-TGA respec
tively or D-malposition and L-malposition. Single ventricle 
with D-TGA and straddling of the right-sided A-V valve 
into the rudimentary chamber bears the eponym Lambert 
heart. The rare configuration of single ventricle with the 
pulmonary artery arising from the outlet chamber (nor
mally related great vessels) is designated Holmes heart. 
If nO great vessel arises from the rudimentary chamber, 
the chamber has the appelation ventricular pouch. Ven
tricular pouches occur On the right or left at the base of 
the heart or even at the diaphragmatic surface. As with 
rudimentary outlet chambers, the ventricular pouch may 
receive a straddling A-V valve. 

Pulmonic stenosis frequently complicates single ventri-
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Fig. 7-115. Two types of origin of the main pulmonary artery 
in type I truncus arteriosus. A is the frontal view of an aortogram. 
In this patient the main pulmonary artery arises just above the 
truncal valve. Band C are frontal and lateral views of an aorto
gram in a patient whose main pulmonary artery arises as a distinct 
branch of the main trunk some distance above the truncal valve. 
The coronary arteries and systemic vessels are well delineated. 

B 
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Fig. 7-116. A valved conduit in a 2-year-old girl following repair 
of type I truncus arteriosus at age 7 months. The frontal roentgeno
gram of the chest (A) and a lateral film with a catheter in the 
conduit (B) demonstrate the position of the porcine heterograft 
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valve that is part of the conduit opacified in the frontal and 
lateral angiograms (C and D). Stenosis is not identified at any 
site. 

B 

D 
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A B 
Fig.7-117. Calcification of an aortic homograft in an eleven year
old girl 5 years after repair of truncus arteriosus. The cardiac 
impulse is normal, and only a mild murmur of pulmonic stenosis 
is heard. 

The pulmonary circulation is normal. The aortic arch is left-

cleo When the pulmonary artery arises from the main ven
tricular chamber, pulmonic stenosis may be valvar or may 
be caused by a fibrous diaphragm or fibromuscular tunnel. 
When both great vessels arise from the outlet chamber 
the pulmonary valve may be deformed by the high pressure 
aorta, so that its cross section assumes a crescent shape 
and pulmonic stenosis results. In the rare instance with 
normally related great vessels, pulmonic stenosis may be 
caused by obstruction at the bulboventricular foramen or 
within the infundibular chamber. Subaortic stenosis may 
be caused by the same mechanisms (valvar stenosis, narrow 
subaortic conus, restrictive bulboventricular foramen). In 
cases without an outlet chamber, valvar stenosis or a fibro
muscular membrane may involve either or both outflow 
tracts. Coarctation of the aorta, patent ductus arteriosus 
and interruption of the aortic arch may also be associated. 
Noncardiac defects (e.g., hydroureter, imperforate anus), 
may be encountered, particularly in infants who do not 
survive the neonatal period. Single ventricle is one of the 
malformations occurring with the asplenia syndrome (see 

sided. The heart is mildly enlarged with an elevated apex and 
slight convexity of the left heart border. Calcium outlines the 
aortic homograft that connects the right ventricle to the main 
pulmonary artery. 

also the section, Abnormalities of Visceroatrial Situs, later 
in this chapter). 
Clinical Features All individuals with single ventricle have 
venous admixture because they have only one ventricle 
into which all venous blood flows. Nevertheless, cyanosis 
mayor may not be apparent. The clinical manifestations 
relate to the presence or absence of pulmonic stenosis, aor
tic stenosis and A-V valve insufficiency or stenosis. Babies 
born with single ventricle and severe pulmonic stenosis 
will have cyanosis, whereas those infants with wide-open 
pulmonary circulation will develop congestive heart failure, 
secondary to pulmonary overcirculation. Between these ex
tremes, individuals with single ventricle and moderate pul
monic stenosis may remain mildly cyanotic, but compensa
tion may be maintained through childhood and even into 
early adult life. 

A-V valve insufficiency with single ventricle will contrib
ute to heart failure. Left-sided A-V valve stenosis or atresia 
with a small foramen ovale will produce pulmonary venous 
congestion like that occurring with hypoplastic left-heart 



Fig. 7-118. M-mode echocardiogram in single ventricle. The 
transducer is placed at the left of the sternum and is angled 
from right to left to obtain this tracing. Two atrioventricular 
valves are present within a single ventricular chamber. The right 
atrioventricular valve (R A V valve) is slightly anterior (closer 
to the transducer) and has a larger excursion than does the left 

syndrome. Atresia of the right A-V valve will force systemic 
venous drainage to cross the foramen ovale from right to 
left, to enter the ventricle, and the physiological changes 
will mimic tricuspid atresia. Subaortic stenosis may be 
asymptomatic, but it may produce valvular cardiomyopa
thy and the gradual onset of congestive heart failure. 

The physical findings are varied, depending on the asso
ciated intracardiac defects. Semilunar valve stenosis or 
stenosis of the bulboventricular foramen or A-V valve insuf
ficiency may result in systolic murmurs and thrills. Heaves 
and gallops accompany cardiac overload secondary to the 
foregoing or to an increase in pulmonary blood flow. The 
anteriorly placed aorta produces a loud second sound in 
most instances. A separate pulmonic component of the 
second sound is not often heard. Thus the physical exami
nation is noncontributory except for the assessment of the 
presence and severity of cyanosis and congestive heart fail
ure. The electrocardiogram usually shows sinus rhythm, 
although prolonged PR interval, second-degree heart block 
or complete heart block may be present. The P wave axis 
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atrioventricular valve (L A V valve). If these two valves were at 
the same distance from the transducer and had the same excursion 
they could not be distinguished by M-mode as separate valves. 
If the presence of two A-V valves cannot be established then 
the possibility of atrioventricularis communis (atrioventricular 
canal) or atresia of one A-V valve exists. 

provides a clue to abnormalities of visceroatrial situs. Atrial 
hypertrophy may indicate right or left atrial overload, sec
ondary to factors already described. The QRS axis is varia
ble and may point toward the left and superiorly. Absence 
of progression from RV to LV QRS complexes across the 
precordium, as well as absence of septal Q waves in all 
precordial leads, suggests the diagnosis of single ventricle. 
Echocardiography On M-mode, single ventricle is sus
pected when two A-V valves are imaged within a single 
ventricular chamber (Fig. 7-118). Absence of the ventricu
lar septum as demonstrated by M-mode may be misleading, 
however, because a septum that lies parallel to the plane 
of the echo beam may not be visible. This potentially mis
leading feature occurs especially in L-TGA with VSD. On 
the other hand, large papillary muscles may be mistaken 
for ventricular septum when no septum is present (Fig. 
7-119A). If the A-V valves are equidistant from the trans
ducer, it may be difficult to determine by M-mode whether 
one or two A-V valves are present. If only one A-V valve 
is present, tricuspid atresia, single ventricle with left or 



A 
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Fig. 7-119. Relationship of the semilunar to the atrioventricular 
valves in a newborn with single ventricle showing conus muscle 
interposed between both semilunar valves and their respective 
atrioventricular valves. 

A is an arc scan from the posterior semilunar valve (P SL 
Valve) to the left atrioventricular valve (L A V Valve). Between 
the posterior wall of the root of the great vessel and the anterior 
leaflet of the L A V valve a long segment of fairly thick tissue 
is encountered, representing conus muscle. Further toward the 
apex a large papillary muscle (Pap. M) was interpreted as ven
tricular septum. The angiogram (Fig. 7-131) showed a single 
ventricle with conus muscle below each semilunar valve and with 
no remnant of a ventricular septum. 

right A-V valve atresia, or atrioventricularis communis 
(A-V communis) must be included in the differential diag
nosis. The connections between the semilunar valves and 
A-V valves rarely appear as typical fibrous continuity; al
most always muscle is interposed (Fig. 7-119A and B). The 
right A-V valve may appear to be attached near the an
terior wall of the posterior great vessel (Fig. 7-119C). The 
orientation of the great vessels is determined by identify
ing the position and angle of the transducer as the semilunar 
valves are demonstrated. If the pulmonary resistance is 
less than the systemic resistance, the systolic time inter
vals should allow one to differentiate the aortic valve from 
the pulmonic valve (Fig. 7-120A and B). Marked flutter 

B is an arc scan from the right atrioventricular valve (Rt 
A V Valve) to the anterior semilunar valve (Ant SL Valve). Again 
conus is interposed between the root of this great vessel and 
the atrioventricular valve. The Ant SL Valve is on the right and 
superior, suggesting dextrotransposition of the great arteries. C 
is an arc scan from the left (posterior) semilunar valve to the 
right atrioventricular valve (Rt A V Valve). No intervening ven
tricular septum is encountered. The atrioventricular valve is ante
rior, apparently attached near the middle or the front of the 
posterior semilunar valve (Post SL Valve). 

LA = left atrium; RA = right atrium. Same patient as in 
Figs. 7-120 and 7-131. 

of the pulmonary valve may indicate subpulmonic ste
nosis (diaphragm or fibrous tunnel). Flutter or mid sys
tolic closure of the aortic valve (if it arises from the outlet 
chamber) may indicate obstruction of the bulboventric
ular foramen (VSD). 

Thus, M-mode echocardiography provides a useful 
screening technique, but leaves much to be desired as a 
method for diagnosing single ventricle. 

Two-dimensional echocardiography, on the other hand, 
often provides definitive diagnoses and even permits a de
gree of subclassification, especially if a variety of echo win
dows and transducer angles are used. The apex and subxi
phoid four-chamber views (Fig. 7-121) are most effective 
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Fig.7-120. Determination of the relationship 
of the great vessels in single ventricle by 
M-mode echocardiography. The time lines 
are 10 msec apart. A M-mode tracing of the 
posterior, inferior, left-sided semilunar valve; 
B M-mode tracing of the anterior, superior, 
right-sided semilunar valve. The operator has 
recorded the position of the hand-held 
M-mode transducer while each tracing was 
being recorded. In addition, the pre-ejection 
period (PEP) of each valve is SS msec, and 
the ejection times (VET) are 19S msec. 
Therefore, in this patient systolic time inter
vals do not distinguish the aortic valve from 
the pulmonic valve. Nevertheless, the spatial 
relationship of the great arteries (anterior 
vessel on the right) is consistent with dextro
transposition (aorta anterior and on the 
right). Conus muscle interposed between the 
great vessels appears as a thick wall anterior 
to the pulmonary artery and posterior to the 
aorta. 

At cardiac catheterization the aorta and 
pulmonary arteries arose from the single ven
tricle, with conus muscle interposed between 
the two vessels. The aorta was anterior and 

A on the right. The pulmonary and systemic 

B 

pressures and resistances were equal. (Patient 
in Figs. 7-119 and 7-131). 



Fig. 7-121. Two-dimensional echocardiography in single ventricle 
with double inlet. The apex four-chamber view shows the large 
ventricular chamber (SV) with no ventricular septum. Two atrio
ventricular valves are present (A = systole; B = diastole). During 

in the study of single ventricle. A single ventricular cavity 
is demonstrated with no intervening ventricular septum 
(care must be exercised to differentiate large papillary mus
cles from ventricular septum). The A-V valves are demon
strated along with the atrial septum. Atretic or imperforate 
A-V valves can be recognized by a bar of bright echoes 
or by a moving diaphragm between the affected atrium 
and the ventricle. A-V communis appears as a single large 
A-V valve that extends across the single chamber, with 
the atrial septum posterior to the chamber (Fig. 7-122). 

A blind ventricular pouch or a posterior rudimentary 
chamber may also be identified near the crux of the heart, 
using the apex views. A parasternal short axis view near 
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diastole their attachment to the atrial septum is demonstrated. 
(The open arrow points to the open right A-V valve.) Lt V = 
left atrioventricular valve; Rt V = right atrioventricular valve; 
LA = left atrium. RA = right atrium. 

the apex also allows visualization of the single ventricular 
chamber. Rotation and angulation slightly higher may 
demonstrate the bulboventricular foramen (VSD) as well 
as the rudimentary outlet chamber (Fig. 7-123). Careful 
search in this plane may show entry of one or more papil
lary muscles into the rudimentary chamber, confirming 
the diagnosis of straddling A-V valves. The long axis view 
at the base of the heart demonstrates conus interposed 
between the semilunar and A-V valves (Fig. 7-124). The 
short axis view at the base of the heart (Fig. 7-125), to
gether with high parasternal long axis views and supraster
nal views (Fig. 7-126), will differentiate the great vessels 
and indicate their orientation. 
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Fig. 7-123. Subxiphoid oblique view of the patient in Fig. 7-122 
to show the position of the rudimentary chamber and the great 
arteries. A with labels; A' without labels. The sector is electroni
cally inverted so that the orientation of the heart is similar to 
that observed on angiography. The ventricle (SV) has the shape 

Fig. 7-122. Two-dimensional echocardiogram in single ventricle 
with atrioventricular canal (A -V communis). This 9-year-old with 
asplenia and levocardia had a pulmonary artery banding proce
dure as an infant. As in Fig. 7-121 the apex four-chamber view 
delineates the single ventricular chamber (SV). The open arrows 
in each frame indicate the leaflets of the common atrioventricular 
valve. During systole (A) while the atrioventricular valve is closed 
it appears the same as in Fig. 7-121. During early diastole (B) 
and later during diastole (0; however, no attachments are demon
strated between the atrioventricular valve and the atrial septum. 
The opening of the atrioventricular valve stretches across the 
entire width of the ventricle. The tip of the atrial septum appears 
bulbous, reminiscent of the appearance of the atrial septum in 
A-V communis without single ventricle. 

RA = right atrium; LA = left atrium. 

of a left ventricle. The rudimentary chamber (R Ch, curved arrow) 
is at the base of the heart and on the left. The two great arteries 
arise side by side. The left-sided semilunar valve (the aortic valve, 
Ao.) arises from the rudimentary chamber, while the pulmonary 
artery (PA) arises from the main chamber. RA = right atrium. 



Fig. 7-124. Semilunar to atrioventricular valve connection in sin
gle ventricle. (Patient in Fig. 7-122 and 7-123). A with labels; 
A' without labels. This parasternal long axis view of the aortic 
valve (Ao. ) and the anterior leaflet ofthe common atrioventricular 
valve (A CL) during diastole shows conus muscle interposed be
tween the aortic and atrioventricular valves. This image is ditfer-

Fig. 7-125. Great vessel relationships in single ventricle. (Patient 
in Fig. 7-122 to 7-124). This short axis view of the great vessels 
demonstrates that the aorta (Ao.) and pulmonary artery (PA) 
are side by side. On angling superiorly the right-sided great vessel 
narrows to become indistinct (at the site of the pulmonary artery 
band), while the left-sided great vessel continues upward to form 
the arch of the aorta (not shown). 

Radiological (Plain Film) Features Overcirculation of the 
pulmonary vasculature is usually present, but a normal 
pattern or even undercirculation may be noted, depending 
on the presence or absence of pulmonic stenosis or in
creased pulmonary resistance. The heart may be normal 
in size or enlarged. If pulmonary blood flow is increased 
the heart may be grossly enlarged. The apex of the heart 
may be on the left, in the middle or on the right (levocardia, 
mesocardia or dextrocardia). The normal triad of densities 
formed by the ascending aorta, the aortic arch and descend
ing aorta, and the pulmonary artery is not present. Instead, 
in cases with right-sided outlet chamber, the vascularpedi
cle may be narrow because the aortic arch curves anteriorly 
or slightly toward the right within the cardiac silhouette, 
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ent from that occurring with aortic-mitral fibrous continuity be
cause the fulcrum of the atrioventricular valve (open arrow) is 
separated from the root of the aorta (closed arrow) by thick, 
highly reflective tissue, representing conus muscle. LA = left 
atrium. 

while the pulmonary artery arises directly behind the aorta. 
The cardiac contour with a right-sided outlet chamber and 
pulmonic stenosis may resemble that of tetralogy of Fallot 
(coeur en Sabot). In patients without pulmonic stenosis 
the cardiac contour resembles D-TGA (egg-shaped heart) 
(Fig. 7-127). 

Radiological features most characteristic of single ven
tricle occur in patients with a left-sided outlet chamber 
(Fig. 7-128). In such cases the aorta forms the left upper 
heart border as it curves anteriorly and toward the left, 
or it may curve directly anteriorly so that a narrow vascular 
pedicle is observed (Fig. 7-129). On occasion a right aortic 
arch is present (Fig. 7-130). The aortic valve and rudimen
tary chamber form a bulge or shoulder configuration along 
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the left upper heart border, similar to that occurring with 
L-TGA (Figs. 7-128 to 7-130). The groove separating the 
rudimentary chamber from the main ventricular chamber 
is designated the septal notch (arrow in Figs. 7-128 to 
7-130). This notch occurs high along the left heart border 
in cases of single ventricle, whereas it occurs near the apex, 
if at all, in cases of L-TGA. The main pulmonary artery 
arises posteriorly and medially in most instances of single 
ventricle, often indenting the left side of the esophagus 
at or below the carina. This feature is apparent especially 
when the pulmonary artery is dilated. The cascade or wa
terfall appearance of the right pulmonary artery and its 
branches occurring with L-TGA may also be noted in cases 
of single ventricle with a left-sided aorta. Thus the cardiac 
configuration in single ventricle may not be diagnostic or 
may have an appearance suggesting D-TGA, L-TGA or, 
on occasion, tetralogy of Fallot. The presence of the shoul
der configuration of the left heart border with a septal 

Fig. 7-126. The great vessels in single ventricle with left-sided 
rudimentary outflow tract. (Patient in Fig. 7-121). In A and B 
the anterior, left-sided great vessel (Ao) arises from the rudimen
tary chamber (R Ch), ascending to form the aortic arch. The 
open arrow indicates the aortic valve. The main and left pulmo
nary arteries (PA,LPA) are below the aortic arch. In C the poste
rior, right-sided great vessel (PA) arises from the main ventricular 
chamber, curving posteriorly to give origin to the pulmonary 
artery branches. Ao = aorta; LA = left atrium. 

notch high along the left heart border should indicate a 
diagnosis of single ventricle with left-sided outlet chamber 
(a high septal notch is also present in rare cases of criss
cross heart). 
Hemodynamics The physiological changes vary with the 
associated anomalies. In an individual with uncomplicated 
single ventricle, mixing at the ventricular level is indicated 
by a large oxygen step-up between the RA and the main 
ventricular chamber. The aortic and pulmonic O2 satura
tion is usually the same as that in the ventricular chamber. 
Only a few cases have been reported with streaming from 
the left A-V valve into the rudimentary chamber, so that 
the aorta is fully saturated at the time of cardiac catheter
ization. Streaming occurs especially with straddling A-V 
valves. In the absence of pulmonic stenosis, pressure in 
the lungs is systemic, and pulmonary blood flow is deter
mined by pulmonary vascular resistance. Pulmonary steno
sis decreases pulmonary blood flow and pressure. In the 



Fig. 7-127. Pulmonary overcirculation and 
pulmonary venous hypertension with single 
ventricle. This 7-week-old baby had severe 
congestive heart failure but no clinical cyano
sis. The heart is enlarged, its contour being 
reminiscent ofD-TGA, because the vascular 
pedicle is narrow and the heart is egg shaped. 
Cardiac catheterization demonstrated a sin
gle ventricle of the right ventricular type, 
with atresia of the left atrioventricular valve 
and a restrictive atrial septal defect. The aor
tic valve was on the right and the pulmonary 
valve on the left. The ascending aorta was 
hypoplastic. Coarctation of the aorta and a 
patent ductus arteriosus were also present. 

When the aortic valve is on the right in 
single ventricle, the cardiac contour may be 
that of D-TGA, or it is nonspecific in con
figuration. 

presence of severe pulmonic stenosis or atresia, pulmonary 
blood flow is markedly reduced and O2 saturations are 
low. 

The ventricular, aortic and pulmonic pressures are iden
tical, unless pulmonic or aortic stenosis is present. Stenosis 
of the bulboventricular foramen may produce a pressure 
difference between the main ventricular chamber and the 
rudimentary chamber, affecting either the pulmonary or 
systemic circulation, depending on which great vessel arises 
from the outlet chamber. Pressures in the atria reflect pul
monary venous return or A-V valve function or both. A 
markedly increased pulmonary blood flow, stenosis of the 
left atrioventricular valve and insufficiency of the left 
atrioventricular valve all cause elevation of the LA pres
sure. The RA pressure will be elevated, with right A-V 
valve obstruction and a restrictive foramen ovale. 
Contrast Studies Biplane frontal and lateral techniques are 
supplemented by axial views as necessary. If single ventricle 
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is suspected clinically, by chest roentgenography or by 
echocardiography then the initial injection of contrast ma
terial is in the main ventricular chamber. The type of single 
ventricle is determined by the trabecular pattern during 
ventricular systole. Course trabeculations indicate a R V 
type (Fig. 7-131), whereas fine trabeculations are character
istic of a LV type (Fig. 7-128C and D). In some instances 
the pattern is not sufficiently specific for characterization. 
Also ascertained from the initial injection are the number, 
patency, insufficiency or atresia of the A-V valves; the pres
ence and location of pouches or rudimentary outlet cham
bers; and unusual ventriculoarterial connections such as 
those present in Holmes heart (Fig. 7-132). Stenosis of 
the bulboventricular foramen is recognized if present. In
jection of contrast medium in the atria may be necessary 
to determine the presence or absence of the A-V valves 
and the atrial septum (Fig. 7-133). Injection of contrast 
material into the great arteries and systemic veins may 
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Fig. 7-128. Radiological features characteristic of single ventricle 
of the left ventricular type with a left-sided rudimentary chamber. 
A and B Frontal and lateral roentgenograms of the chest; C 
and D frontal and lateral angiograms. A and B Pulmonary overcir
culation is present. The heart is enlarged, and both atria are 
dilated. The bump on the left heart border is formed by the 
rudimentary outlet chamber and the ascending aorta. The septal 
notch (arrow) indicates the groove formed by the septum between 
the main chamber and the outlet chamber. The frontal angiogram 
(C) demonstrates the position of the outlet chamber and the curve 

A 



B 
of the ascending aorta on the left. The position of the septum 
separating the outlet chamber from the main chamber corre
sponds to the septal notch on the P A roentgenogram of the chest. 
D The lateral angiogram shows the great vessels to be superim
posed (side by side). A pulmonary artery band is noted (arrow). 
When the aortic valve is on the left in single ventricle the cardiac 
contour may be that of L-TGA. The high septal notch makes 
single ventricle more likely; however, criss-cross heart with hori
zontal septum should also be considered. Same patient as in Fig. 
7-133. 
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Fig. 7-129. Narrow vascular pedicle in single 
ventricle of the left ventricular type with left
sided outlet chamber. The P A chest film (A) 
shows a bump and septal notch correspond· 
ing to the outlet chamber and ventricular 
septum. The vascular pedicle is relatively 
narrow because the aorta curves toward the 
right and anteriorly. On the lateral film (B) 
of a pulmonary artery angiogram the me
diastinum is noted to be widened by the as
cending aorta, which curves anteriorly in 
front of the pulmonary artery. The arrow 
indicates a catheter in the ascending aorta. 
Injection of contrast medium through the 
second catheter into the pulmonary artery 
demonstrates a pulmonary artery band. 



Fig. 7-130. Right-sided aortic arch with sin
gle ventricle of the left ventricular type and 
left-sided outlet chamber. Pulmonary over
circulation and an enlarged heart are present. 
The characteristic bump and septal notch 
(arrow) are evident along the left heart bor
der (as demonstrated in Fig. 7-128). In this 
patient the aortic arch and proximal two
thirds of the descending aorta are on the right 
side (right aortic arch). 

be necessary to identify associated anomalies such as patent 
ductus arteriosus, coarctation of the aorta and anomalous 
venous connections. 
Treatment Initial palliation includes systemic-to-pulmo
nary artery shunts for infants with inadequate pulmonary 
blood flow and pulmonary artery banding for those infants 
with congestive heart failure secondary to excessive pulmo
nary blood flow. It is important that associated patent duc
tus arteriosus or coarctation of the aorta be repaired if 
either abnormality is contributing to symptoms. 

Complete repair by an intracardiac septation procedure 
is possible in patients with two A-V valves. Electrophysio
logical mapping is essential to avoid suturing through the 
conducting system. A previously placed pulmonary artery 
band or shunt must be taken down and pulmonic stenosis, 
if present, relieved at the same time. If the pulmonary 
outflow tract is narrow, a procedure utilizing a conduit 
(Rastelli) is necessary. If the subaortic outflow tract is on 
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the right side, septation will leave the aorta attached to 
the systemic venous ventricle. Thus, in addition to an intra
cardiac septation procedure, the creation of an interatrial 
baffle (Mustard procedure) will be necessary. The mortality 
reported for these types of repairs is high, especially if a 
palliative procedure had been performed previously. At 
the present time the Fontan procedure (connection from 
the RA directly to the pulmonary artery) is preferred over 
septation procedures for individuals with single ventricle 
whose pulmonary vascular resistance is low. The Fontan 
procedure may also benefit those with only one A-V valve. 

Postoperative findings include residual ventricular level 
shunts in either direction, residual pulmonic stenosis and 
obstruction of the superior or inferior limb of a Mustard 
baffle. The various arrhythmias, which include atrial and 
ventricular ectopic rhythms as well as first-, second- and 
third-degree heart block, are frequently encountered, either 
immediately postoperatively or as late sequelae. 
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A B 
Fig. 7-131. Characteristic angiographic findings in a patient with 
single ventricle of the right ventricular type. A Frontal view of 
the ventriculogram in diastole; B same, in systole; C lateral view 
of the ventriculogram in diastole; D same, in systole; E LAO 
view of a second ventriculogram with cranial angulation (four
chamber view). The aorta is anterior and to the right of the 
pulmonary valve. In all views the coarse trabeculations are charac
teristic of a right ventricle. Two patent atrioventricular valves 
are noted in the ventricular chamber on viewing the cine film. 
Conus muscle separating the semilunar valves from the atrioven
tricular valves is best demonstrated on the axial view (E). No 
outlet chamber is present. A ventricular pouch along the postero
lateral wall inferiorly is noted on the lateral view (C and D). 
No connections are demonstrated between this pouch and the 
atrioventricular valves. A pulmonary artery band is also demon
strated in the lateral and axial views. Same patient as in Figs. 
7-119 and 7-120. 
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Fig. 7-132. Holmes Heart (single ventricle of the left ventricular 
type with normally related great arteries). This I-month-old infant 
had cyanosis. The chest roentgenogram showed pulmonary under
circulation. A and B Frontal and lateral views of a ventriculogram; 
C RAO view of a second ventriculogram with cranial angulation. 
The main chamber has fine trabeculations characteristic of a left 
ventricle. The pulmonary artery arises from the left-sided rudi
mentary outlet chamber. The bulboventricular foramen (arrow 
in C) is restrictive. The pulmonary valve is thickened, and the 
pulmonary arteries are small. The restrictive bulboventricular fo
ramen results in obstruction to pulmonary blood flow. 



A 

Fig. 7-133. Atresia of the left atrioventricular valve in single ventri
cle (Patient in Fig. 7-128). A Frontal view; B lateral view of 
an injection into the left atrium (LA) demonstrate no exit from 
that chamber except through a restrictive foramen ovale. The 
right atrium (RA) is enlarged. 
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Chapter 7, Section 3 
Right Heart Obstruction 

Obstructive abnormalities of the right side of the heart 
occur at all levels, from the pulmonary arteries (e.g., pri
mary pulmonary hypertension) to the right atrium and 
systemic veins (e.g., tumor of the right atrium, superior 
vena cava syndrome). In the classification developed by 
the authors of this work (Table 7-5), simple defects are 
those that cause obstruction at a single level of the right 
heart, but do not include a septal defect. Valvar pulmonic 
stenosis with intact ventricular septum is an example of 
a simple defect. 

Complex defects consist of combinations of obstruction 
of the right side of the heart and one or more septal defects. 
Ventricular septal defect with pulmonic stenosis and a sin
gle ventricle with pulmonic stenosis constitute examples 
of complex defects. Tricuspid atresia is also a complex 
defect, because it includes a right-to-Ieft shunt at the atrial 
level, and because a ventricular septal defect is almost al
ways associated. 

In this chapter most of the simple lesions are included, 
and in addition, tricuspid atresia, tetralogy of Fallot and 
variants of tetralogy of Fallot. Idiopathic dilatation of the 
main pulmonary artery is included because its appearance 
on chest roentgenograms is similar to that of valvar pul
monic stenosis. Uhl anomaly is described with other car
diomyopathies. Tumors of the heart are dealt with in a 
separate chapter. Many of the complex lesions such as 
A-V communis and pulmonic stenosis, or single ventricle 
and pulmonic stenosis, are included in other sections be
cause pulmonic stenosis is a part of the complex rather 
than being the primary lesion. 

Primary (Idiopathic) Pulmonary Hypertension 

The clinical diagnosis of primary pulmonary hypertension 
(PPH) is made by exclusion after all known causes of pul
monary hypertension have been excluded. PPH is a rare 
disorder occurring in both children and adults. In adults 
PPH is more common in women, but in children no sex 
predilection has been established. 

This clinical entity represents the end stage of a vasocon
strictive process that causes chronically increased pulmo
nary resistance. PPH is usually progressive and leads to 
premature death. At autopsy the pulmonary arteries show 
atherosclerotic plaque, medial hypertrophy, intimal fibrosis 
and plexiform aneurysms, which are the same changes oc
curring with pulmonary hypertension from definitive 
causes. On pathological studies PPH is distinct from recur
rent or chronic pulmonary thromboembolism and from 
pulmonary venoocclusive disease. 

Table 7-5. Right Heart Obstruction 
(Normal to Decreased Pulmonary Blood Flow, with or without 
Cyanosis) 

1. Simple 
Primary (idiopathic) pulmonary hypertension 
Peripheral pulmonic stenosis (PPS) 

Diffuse 
Localized (multiple or single) 
Supravalvar 

Unilateral agenesis of a pulmonary artery 
Valvar pulmonic stenosis (PS) including dysplastic pulmonary 

valve 
Subvalvar pulmonic stenosis 

Stenosis of the os infundibuli (subpulmonic membrane) 
Hypertrophic cardiomyopathy (including asymmetrical sep

tal hypertrophy) 
Anomalous muscle bundle (two-chambered RV) 
Accessory tricuspid valve tissue 

Tricuspid stenosis (rare) 
Ebstein anomaly with or without PS 
Cor triatriatum dexter 
Uhl anomaly 
Heart tumors 

2. Complex 
Tetralogy of Fallat and variants 

(Pseudotruncus, absence of pulmonary valve, absence of left 
pulmonary artery, left hemitruncus) 

Ventricular septal defect and PS 
PS and Atrial septal defect (trilogy of Fallot) 
PS and Aortic stenosis (e.g., fetal hydantoin syndrome) 
PS (or atresia) with: 

D-TGA 
A-V communis (atrioventricular canal) 
Single ventricle 
L-TGA and VSD 
Truncus arteriosus 
Double-outlet right ventricle (DORV) 
Criss-cross Heart 

Pulmonary atresia with intact ventricular septum 
with or without tricuspid insufficiency 

Tricuspid atresia (T A) 
Tricuspid atresia with D-TGA 

The clinical features are manifestations of pulmonary 
hypertension and limited cardiac output. Cyanosis may 
be secondary to a right-to-Ieft shunt either in the lungs 
or through a patent foramen ovale. Symptoms of fatigue, 
dyspnea and pain in the chest are common, while syncope 
and pulmonary hemorrhage may occur, connoting a grave 
prognosis. 

On physical examination a right ventricular heave and 
a loud pulmonary second sound are characteristic. A pul
monary ejection click, a right-sided S4 and a diastolic mur
mur of pulmonary regurgitation may also be encountered. 
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With right ventricular failure the murmur of tricuspid re
gurgitation may be audible, and the neck veins may be 
distended with increased a and v waves. Late in the course 
of the disorder, hepatomegaly and ascites are present. 

Electrocardiograms show signs of hypertrophy of the 
right ventricle (RV) and the right atrium (RA). 

M-mode echocardiography shows evidence of pulmonary 
hypertension (e.g., absence of "atrial kick" on the pulmo
nary valve tracing, long right ventricular pre-ejection pe
riod, short right ventricular ejection time, mid systolic clo
sure of the pulmonary valve) (Fig. 7-134A). The RV is 
dilated, and the ventricular septum does not move (flat), 
or moves paradoxically during ventricular systole (Fig. 7-
134C). The E-to-F slope of the mitral valve is reduced. 
This finding does not indicate mitral stenosis, but may 
be secondary to slow filling of the left ventricle (LV). The 
posterior leaflet of the mitral valve moves normally (Fig. 
7-134C). On 2-D echocardiography the ventricular septum 
bulges into the LV during systole. Echocardiography ex
cludes mitral stenosis, which may be a causative factor 
in pulmonary hypertension. 

On roentgenograms of the chest (Figs. 7-135A and B), 
the heart is usually enlarged with predominance of the 
R V and RA. The most striking feature is dilatation of 
the central pulmonary arteries and abrupt tapering of their 
interlobar branches (precapillary pulmonary hypertension, 
the pruned-tree appearance). Although this pattern is easy 
to recognize in adults it may not be readily apparent on 
PA chest films in children because the dilated central pul
monary vessels may be mistaken for hilar adenopathy. The 
lateral projection is helpful in children because the left 
pulmonary artery is clearly outlined in this view, excluding 
a tumor or lymphadenopathy. At the same time, abrupt 
tapering of the interlobar branches is clearly defined. Evi
dence of postcapillary pulmonary hypertension (pulmonary 
venous hypertension) on roentgenograms of the chest 
should suggest other causes of pulmonary hypertension 
(e.g., mitral stenosis, pulmonary venoocclusive disease). 
Nuclear scanning for pulmonary perfusion may differenti
ate PPH from gross thromboembolic disease, but not from 
chronic microembolism. 

Cardiac catheterization, and especially pulmonary angi
ography, has a high risk in patients with PPH, on occasion 
precipitating an acute increase in pulmonary resistance 
with R V failure. If performed, cardiac catheterization pro
vides definitive evidence of pulmonary hypertension and 
increased pulmonary resistance, excluding congenital heart 
defects such as ventricular septal defect (VSD) and patent 
ductus arteriosus (PDA) with reactive pulmonary vascular
ity in which surgery may lead to a fall in pulmonary pres
sure. The angiograms may demonstrate thromboemboli, 
leading to consideration of the use of anticoagulants. Ther
apy for PPH generally is ineffective. Vasodilators such as 
oxygen, diazoxide, hydralazine, tolazoline, isoproterenol 
and prostacyclin have all been reported to lower pulmonary 
resistance in patients with PPH, but reversal of the underly
ing process does not occur. 

Pulmonic Stenosis 

Obstruction to the RV may be at the valvar, subvalvar 
(infundibular, subinfundibular) or supravalvar level. Valvar 
pulmonic stenosis is the most common of the three and 
occurs as an isolated anomaly or in association with other 
congenital heart defects and with systemic disorders. 

Valvar Pulmonic Stenosis 
Isolated Pulmonic Stenosis Isolated pulmonary stenosis 
(PS) is a common congenital lesion, accounting for approxi
mately 6% of all congenital heart defects. Abnormalities 
of the pulmonic valve can be grouped as follows: typical 
valvar pulmonic stenosis (commissural PS), bicuspid pul
monary valve, quad ricuspid pulmonary valve, dysplastic 
pulmonary valve and pulmonary valve atresia. The typical 
form of pulmonic stenosis occurs with a normally formed 
tricuspid pulmonary valve. Thickening of the free edges 
of the valve and fusion of the commissures result in limita
tion of the systolic excursion of the leaflets (doming). The 
severity of reduction of the valvar area depends on the 
degree of thickening and fusion. Hypertrophy of the R V 
and poststenotic dilatation of the pulmonary trunk are com
monly observed. 

A dysplastic pulmonary valve is composed of three dis
tinct but thickened and rigid leaflets with little or no com
missural fusion. Such valves are usually stenotic, although 
a few have been reported to be regurgitant, with little or 
no stenosis. The pulmonary anulus is usually hypoplastic, 
with the hypoplasia extending into the most proximal pul
monary trunk. The cusps are filled with masses of embry
onic connective tissue (abnormal spongiosa). Angiographi
cally the valve is markedly thickened and limited in motion. 
Failure of reconstitution of the semilunar sinuses in diastole 
is noted. Posts ten otic dilatation generally is lacking. 
Other, Uncommon, Types of Isolated Congenital Pulmonic 
Stenosis. A bicuspid pulmonary valve may be found as 
an isolated anomaly, but is usually observed with tetralogy 
of Fallot. In tetralogy of Fallot with a bicuspid pulmonary 
valve the anulus and the main pulmonary artery tend to 
be hypoplastic. PS is usually mild in isolated bicuspid pul
monary valve, but in tetralogy of Fallot it tends to be 
severe. Angiographically a bicuspid pulmonary valve is 
reminiscent of an open clam shell or Pac Man (see Fig. 
7-161). 

Quadricuspid semilunar valves are highly unusual. The 
pulmonary valve is affected more often (93%) than the 
aortic valve and more commonly in males (65%). A quadri
cuspid pulmonic valve tends to function normally. If func
tion is abnormal, then regurgitation is more common than 
stenosis. Association with other congenital heart defects 
is rare, but it has been reported in combination with atrial 
septal defect (ASD) (primum and secundum), VSD, and 
PDA. Endocarditis occurs infrequently. A quadricuspid 
aortic valve, on the other hand, is less common, has equal 
sex distribution and functions abnormally (insufficiency is 
more common than stenosis). In the cases reported, insuffi-



Fig. 7-134. M-mode echocardiogram in a 6-year-old boy with pri
mary pulmonary hypertension. A pulmonic valve; B aortic valve; 
C right and left ventricle with mitral valve and tricuspid valve: 
D tricuspid valve. The time lines are 10 msec apart. In A the 
opening and closing motion of the pulmonary valve is indicated 
by small arrows. The tracing shows signs of severe pulmonary 
hypertension (e.g., flat diastolic slope, absence of "atrial kick," 
long right ventricular pre-ejection period [120 msec], short right 
ventricular ejection time [180 msec] and a notch indicating mid
systolic closure [MSC] of the pulmonary valve). The aortic valve 
tracing (B) shows an abnormally long pre-ejection period (110 
msec) and a short left ventricular ejection time (170 msec), indi-
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cating elevation of the systemic vascular resistance or left ven
tricular failure. In C the left ventricle contracts poorly, but has 
a normal diameter while the right ventricle (R V) is markedly 
dilated. The ventricular septum moves abnormally (paradoxically) 
during ventricular systole. Part of the tricuspid valve (TV) is 
within the RV anterior to the septum. The E-to-F slope of the 
mitral valve is reduced; however, the valve is not thickened, and 
the posterior leaflet moves posteriorly during ventricular systole. 
MV = mitral valve. In D the tricuspid valve (TV) is displaced 
toward the left (medially) because of the enlargement of the right 
atrium and right ventricle. It is therefore imaged more easily 
than usual. 
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Fig. 7-135. Roentgenogram of the chest in a 6-year-old boy with 
primary pulmonary hypertension and clinical signs of right heart 
failure. The heart is enlarged. The retrosternal clear space is 
obliterated by the dilated right ventricle and right atrium. On 
the frontal view (A) the pulmonary trunk and the right main 
pulmonary artery are dilated. The right pulmonary artery is 
rounded, simulating hilar adenopathy. The interlobar vessels taper 
abruptly (the pruned-tree appearance), resulting in a paucity of 
vessels to the lungs. B is a cone down view of the right hemithorax 
showing the dilated right pulmonary artery. On the lateral film 
(C) the dilated left pulmonary artery with abrupt tapering of 
the interlobar vessels is conclusive evidence for precapillary pul
monary hypertension. 
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ciency was not related to infective endocarditis. Multiple 
small fenestrations may be observed in both quadricuspid 
aortic and pulmonary valves. Association of quadricuspid 
aortic and pulmonary valves has not been described; in 
contrast, however, in some individuals with a bicuspid aor
tic valve the pulmonary valve has also been bicuspid. 
Associated Cardiovascular Defects Severe PS on occasion 
causes a right-to-Ieft shunt through an ASD or stretched 
foramen ovale. This is called trilogy of Fallot (described 
later). Valvar PS often occurs with VSD. This combination 
of defects is discussed with tetralogy of Fallot. PS is also 
frequently part of complex cardiac defects such as single 
ventricle, transposition of the great vessels and double-out
let right and left ventricle. These entities are discussed in 
other sections of this chapter. 
Association with Systemic Disorders Noonan syndrome 
(also called male Turner syndrome or pseudo-Turner syn
drome, male Ullrich syndrome, Turner phenotype, and XX 
or XY Turner phenotype) is characterized by short stature, 
mental retardation, delayed puberty, hypertelorism, low
set ears, triangular face, ptosis, webbed neck, dental maloc
clusion, prominent pectus carinatum with distal pectus ex
cavatum, undescended testes and normal chromosomal 
analysis. The syndrome may be familial. Although PS and 
a VSD are the most common anomalies associated with 
Noonan syndrome, other heart malformations (e.g., supra
valvar PS, pulmonary branch stenosis, ASD, dysplasia of 
the aortic valve and hypertrophic cardiomyopathy) may 
be present. The pulmonary valve is usually dysplastic, con
sisting of thickened, shortened and rigid cusps without sig
nificant commissural fusion. The cusps contain prominent 
fibrous masses. 

Dysplastic pulmonary valve also occurs as part of the 
multiple lentigines syndrome (leopard syndrome). Leopard 
is a mnemonic of Gorlin et al. for lentigines, electrocardio
graphic conduction disturbances, ocular hypertelorism, 
pulmonary stenosis, abnormalities of genitalia, retardation 
of growth and deafness (sensorineural). It has a dominant 
mode of inheritance. This syndrome should be distin
guished from a similar clinical entity described by Forney 
et al. (Forney syndrome), in which congenital mitral insuffi
ciency is present. Children with Forney syndrome have 
conductive deafness, short stature, skeletal anomalies (fu
sion of cervical vertebrae, fusion of carpal bones) and multi
ple "freckles." 

PS has also been described in patients with neurofibro
matosis, Laurence-Moon-Biedl syndrome, trisomy 18 and 
trisomy 13-15. PS is rare in trisomy 21. Even though mater
nal rubella is frequently associated with patent ductus arte
riosus and pulmonary branch stenosis, pulmonary valvar 
stenosis may also be present. 

Carcinoid syndrome causes an acquired form of tricus
pid and pulmonary valve deformity, resulting in tricuspid 
insufficiency and pulmonic stenosis. Holt et al. described 
a typical hourglass appearance of the pulmonary valve in 
the carcinoid syndrome. 

Clinical Features Children with PS are generally asymp
tomatic. A few children and adults with severe PS have 
fatigue on exertion. Cyanosis with severe (critical) PS is 
caused by shunting through a patent foramen ovale or 
ASD (trilogy of Fallot). Infants with critical PS may show 
signs of heart failure. 

On physical examination in individuals with mild PS 
the findings are an early systolic ejection click at the second 
left intercostal space and a systolic ejection murmur in 
the same location. With moderate to severe stenosis a R V 
heave is present, and a thrill palpated at the left upper 
sternal border may extend up into the suprasternal notch. 
On auscultation, with moderate to severe PS, the systolic 
ejection click occurs earlier than with mild PS, and the 
murmur is louder and longer, on occasion continuing be
yond the aortic component of the second sound. With se
vere PS the pulmonary second sound (P2) is delayed and 
may be faint or inaudible. In adults with R V decompensa
tion a fourth sound may be heard. On electrocardiography 
the extent of the right axis deviation and the magnitude 
of the R wave over the right precordium (V 3R, VI) (R V 
hypertrophy) correlate well with the severity of PS. In 
children, upright T waves in V 3R and VI indicate moderate 
PS. In normal children and in children with severe PS 
the T waves in V 3R and VI are negative. RA hypertrophy 
occurs in children with severe PS and in adults with moder
ate to severe PS. 
Echocardiography Mild PS does not alter the appearance 
of the M-mode echogram. In severe cases with elevated 
RA pressure an increased pulmonary "atrial kick" is pres
ent on the M-mode tracing (Fig. 7-136A). Severe PS in 
the neonate is associated with marked R V hypertrophy 
and dilatation (Fig. 7-137A). The thickened pulmonic 
valve produces multiple echoes, showing limited excursion 
of the valve (Fig. 7-137B). Two-dimensional echocardiog
raphy may show poststenotic dilatation of the main pulmo
nary artery. If the pulmonary valve is markedly thickened, 
doming will be visualized (Fig. 7-136 B and C). Doppler 
echocardiography has been shown to be reliable in predict
ing the pressure difference across the pulmonic valve in 
patients with valvar pulmonic stenosis (see section on Dop
pler Echocardiography in Chapter 2). 
Radiological (Plain Film) Features The heart is usually 
normal in size or slightly enlarged (Fig. 7-138), even in 
severe PS. Cardiomegaly, when present, is usually second
ary to heart failure (Fig. 7-139) although extreme RV hy
pertrophy may be a factor (Fig. 7-140). 

The pulmonary vascularity is normal or decreased, nev
ertheless, the pulmonary blood flow measured at catheter
ization is normal except in severe cases of PS. 

Poststenotic dilatation of the pulmonary trunk and left 
pulmonary artery is often observed on plain roentgeno
grams (Fig. 7-138). In addition, the left lung is preferen
tially perfused, rather than the right as with normal persons 
(Fig. 7-138). The inequality in the pulmonary vasculature 
between the two lungs is confirmed by radionuclide lung 
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Fig. 7-136. The appearance of the pulmonary valve in a 3-year
old boy with severe valvar pulmonic stenosis due to typical (commis
sural) valvar pulmonic stenosis. AM-mode; Band C two-dimen
sional echocardiograms in a one month old infant with valvar 
pulmonic stenosis. On the M-mode (A) a prominent atrial kick 
(arrow) precedes the opening of the pulmonic valve. On two-
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dimensional echocardiography in the other patient (B and C) 
the parasternal short axis view at the level of the great vessels 
during diastole (B) shows the thickened pulmonic valve (arrow) 
extending straight across the anulus. During systole (C) doming 
of the pulmonic valve occurs (arrow), the valve becoming convex 
toward the pulmonary artery. R VOT = right ventricular outflow 
tract; RA = right atrium; PA = pulmonary artery. 
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Fig. 7-137. Marked right ventricular hyper
trophy and an immobile pulmonary valve in 
an infant with critical valvar pulmonic steno
sis secondary to dysplastic pulmonary valve. 

A is a composite of three sections of an 
M-mode echocardiogram. The transducer 
was angled through an arc from the level 
of the mitral valve (mv) to the level of the 
cavity of the left ventricle (L V). The free 
wall of the right ventricle (R VW) and the 
ventricular septum are massively thickened. 
The right ventricular cavity (R V) is of nor
mal diameter, and the chordae tendineae of 
the tricuspid valve (Ch.t) are imaged within 
it. The diameter of the left ventricular cavity 
is very small, however, this finding may be 
partly due to the position of the transducer. 
On angiography the left ventricle was normal 
in size, but was markedly retrodisplaced. The 
left ventricular free wall is thickened, and 
the E-to-F slope of the mitral valve is de
creased, both suggesting abnormal function 
of the left ventricle. 

B is an M-mode echocardiogram through 
the pulmonary valve (PV). The valve vibrates 
during ventricular systole, but its excursion 
is very limited. The atrial kick is not accentu
ated in this patient, even though pulmonic 
stenosis is severe. R VW = right ventricular 
wall. 



Fig. 7-138. Poststenotic dilatation of the pul
monary trunk and preferential flow to the left 
lung in a 13-year-old boy with moderate val
var pulmonic stenosis. The vessels of the left 
lung, and especially those of the left upper 
lobe, are dilated in comparison to those on 
the right. Although preferential flow to the 
left lung may on occasion be observed in 
normal individuals, it is a sign of valvar pul
monic stenosis. The size of the heart is nor
mal on the frontal view (A) but the lateral 
film (B) shows obliteration of the retrosternal 
clear space by the dilated right ventricular 
outflow tract and main pulmonary trunk. Al
though poststenotic dilatation of the pulmo
nary trunk is characteristic of valvar pul
monic stenosis, it may be absent in some 
patients with pulmonic stenosis. If dilatation 
is present, its extent does not correlate with 
the severity of the stenosis. 
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Fig.7-139. Cardiomegaly with marked right ventricular and mod
erate right atrial enlargement in an infant with severe pulmonic 
stenosis. A and B Roentgenograms of the chest; C and D right 
ventriculogram. The left ventricle is not enlarged but is retrodis
placed by the right ventricle (A and B). Pulmonary undercircula
tion is present. These findings are indicative of severe pulmonic 
stenosis with right ventricular failure. The right ventriculogram 

in the frontal (C) and lateral (D) projections confirms marked 
dilatation of the right ventricle, along with a thickened immobile 
pulmonary valve (arrow). The size of the right ventricle changed 
very little from diastole to systole, indicating right ventricular 
dysfunction. The dilated right ventricle forms the left heart border 
giving it a convex appearance. 



Fig. 7-140. Marked cardiomegaly and pulmonary undercircula
tion in a 5-month-old boy with critical pulmonic stenosis due to 
a dysplastic pulmonary valve. A and B Frontal and lateral chest 
films; C to F frames from the right ventriculogram. Generalized 
cardiomegaly is secondary to extreme right ventricular hypertro
phy. The cardiac apex is rounded and uplifted. 

On the lateral film, retrodisplacement of the left ventricle and 
left atrium by the hypertrophied right ventricle might be mistaken 
for left atrial and left ventricular enlargement. The normal size 
of the left atrium on the frontal film and the absence of pulmonary 
venous hypertension aid in differentiating these findings from 
those of left ventricular enlargement. Obliteration of the retroster
nal clear space also suggests that the right ventricle and not the 
left ventricle is responsible for the cardiomegaly. The features 
on the plain films in other infants with critical valvar pulmonic 
stenosis may be impossible to distinguish from left ventricular 
enlargement. (Continued) 
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Fig. 7-140 (Cont.) In the frontal view of the right ventriculogram 
during diastole (C) the right ventricle is border forming, account
ing for the configuration of the heart. Massive trabeculations 
impinge on the right ventricular cavity, which during systole 
(D) is nearly obliterated, with the trabeculations becoming more 
prominent. On the lateral view the markedly dilatated right ven
tricular outflow tract obliterates the retrosternal clear space (E). 
Hyperkinetic contractions and marked trabeculations are also 
noted in this view. Marked thickening of the right ventricular 

free wall and the enlarged papillary muscles are noted during 
systole (P). The left ventricle is displaced posteriorly. The leaflets 
of the pulmonic valve are replaced by small nubbins of tissue 
that do not move. The sinuses of Valsalva are outlined during 
ventricular systole. The pulmonary anulus is small. Poststenotic 
dilatation of the main pulmonary trunk is not identified. The 
appearance of the pulmonic valve and absence of poststenotic 
dilatation are characteristic of a dysplastic pulmonary valve. 



imaging and by pulmonary angiography. In extreme exam
ples, normal perfusion of the right lung accompanies hyper
perfusion (overcirculation) of the left lung. Calcification 
of the pulmonary valve is rare. A sustained rise in the 
RV systolic pressure secondary to severe PS, previous pul
monary valvotomy and bacterial endocarditis have been 
mentioned as possible predisposing factors for calcium de
position in the pulmonary valve. 
Hemodynamics In pulmonic stenosis with intact ventricu
lar septum the R V pressure is increased. Mean pressure 
and pulse pressure in the main pulmonary arteries and 
branches are low. Withdrawal of a catheter from the main 
pulmonary artery across the pulmonic valve reveals a sharp 
rise in the pressure as the catheter tip is drawn into the 
RV (Fig. 7-141). In mild to moderate PS, normal cardiac 
output is maintained. In severe cases, decreased cardiac 
output with increased tissue oxygen extraction occurs. 
(Clinically the low venous O2 saturation causes peripheral 
cyanosis.) With cardiac decompensation or tricuspid insuf
ficiency, elevated RA pressure sometimes results in a right
to-left shunt across the foramen ovale and systemic desatu
ration. Clinically this is manifested as central cyanosis. 
Contrast Studies Right ventriculography demonstrates 
doming and thickening of the pulmonary valve during sys
tole (Fig. 7-142A, B and C). Reconstitution (visualization) 
of the semilunar sinuses during diastole usually indicates 
commissural PS. Absence of motion of the leaflets during 
systole and failure to see the pulmonic sinuses of Valsalva 
in diastole suggests unicuspid PS or dysplastic pulmonary 
valve. 

Presence, degree and type of infundibular PS must be 
determined. Two types of infundibular stenosis may be 
distinguished-dynamic and fixed. In dynamic infundibu
lar stenosis (Fig. 7-143) the crista supraventricularis is 
hypertrophied. The outflow tract of the RV (infundibulum) 
opens during diastole and constricts during systole. This 
usually resolves after valvotomy; however, infundibulec
tomy may be required in severe cases at the time of val
votomy. Fixed infundibular stenosis is characterized by 
diffuse narrowing of the infundibulum with virtually no 
change during systole and diastole. The narrowing is due 
to severe muscle hypertrophy and scarring. Infundibular 
resection, outflow patch or both will be necessary for relief 
of obstruction caused by fixed infundibular stenosis. 

Hypertrophy of the R V correlates with the severity of 
the PS. Underdevelopment of the RV and hypoplasia of 
the tricuspid valve have been described in association with 
critical PS during infancy. 
Treatment The long-term prognosis of mild valvar PS is 
good, although prophylaxis against infective endocarditis 
is recommended (Le., antibiotics prior to dental or surgical 
procedures). The severity of the stenosis generally remains 
unchanged over time, although progression has been re
ported in a few cases. Relief of stenosis is recommended 
if the pressure difference across the valve is greater than 
70 mm ofHg (moderate to severe PS) with a normal cardiac 

Pulmonic Stenosis 473 

output. Surgery is urgent in infants with critical PS and 
heart failure. 

Repair consists of incision of the valve along the commis
sures, if commissures can be identified. If no commissures 
are delineated the valve is divided into three sections. The 
incisions are carried to the base of the leaflet. The resultant 
regurgitation of the pulmonic valve seems to be tolerated 
well. After repair of severe PS the infundibulum may con
tract in such a way as to obstruct the R V outflow tract 
(dynamic infundibular stenosis), sometimes resulting in a 
mild to moderate pressure difference between the R V and 
the pulmonary outflow tract. If cardiac output is main
tained after discontinuation of cardiac bypass this narrow
ing may be left alone as it regresses spontaneously in time. 
If the gradient is severe, infundibular resection or an out
flow patch may be necessary. 

Stenosis due to dysplastic pulmonary valve is relieved 
by excising the nubbins of tissue that represent the valvar 
leaflets. If the anulus is small an outflow patch is necessary 
to assure adequate relief of the stenosis. 

Recently balloon valvuloplasty has been successful in 
relieving PS (Fig. 7-142D and E). This technique has been 
used in adults and children with typical valvar pulmonic 
stenosis (commisural fusion). It would not be expected to 
succeed in patients with dysplastic pulmonary valve. 

Idiopathic Dilatation of the Pulmonary Artery 
Idiopathic dilatation of the pulmonary artery is a benign 
congenital malformation that does not affect cardiac func
tion in any appreciable degree. The etiology is unknown 
in most cases. Espino-Vela found cystic medial necrosis 
in some patients, suggesting a forme fruste of Marfan syn
drome. Affected individuals are asymptomatic. 

A pulmonic systolic murmur is usually present, while 
an ejection click is sometimes heard. The electrocardio
gram is normal. The plain chest roentgenogram reveals 
various degrees of dilatation of the pulmonary artery in 
the presence of a normal-sized heart. At catheterization, 
pressures and oxygen saturations are found to be normal. 
A small pressure gradient across the pulmonic valve may 
be encountered in the presence of normal R V pressure. 
It is believed by some observers that this pressure gradient 
may be due to deceleration of blood flow in the dilated 
pulmonary artery, rather than to true obstruction of the 
pulmonary valve. Angiocardiography shows dilatation of 
the pulmonary trunk without evidence of associated heart 
defects. 

The appearance of the dilated main pulmonary artery 
on chest films may be mistaken for a hilar mass or for 
poststenotic dilatation occurring with valvar pulmonic 
stenosis. Clinical correlation will assist in differentiation. 
Dilatation of the main pulmonary artery also occurs with 
Marfan syndrome, Larsen syndrome and Ehlers-Danlos 
syndrome. One report (Teitelbaum and Altman) describes 
dilatation of the interlobar pulmonary branches reminis
cent of an arteriovenous fistula on chest roentgenograms. 
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Fig. 7-141. Comparison of pressure tracings in various types of 
pulmonic stenosis. These tracings are recorded as an end-hole 
catheter is withdrawn from the pulmonary artery to the right 
ventricle. A is a normal curve. The pulmonary artery pressure 
is recognized by a dicrotic notch and by a descending pressure 
curve during diastole. In contrast, the pressure in the right ventri
cle rises during diastole and an "atrial kick" occurs just before 
the onset of systole. B represents a tracing during withdrawal 
in a patient with valvar pulmonic stenosis. The pressure in the 
pulmonary artery is damped. The decrease in pressure just above 
the pulmonary valve is caused by a Venturi effect. The pressure 
tracing from the right ventricle has a large atrial kick and elevated 
systolic pressure with a sharp angulation at its peak. C shows a 
characteristic tracing occurring with a combination of valvar and 
infundibular stenosis. A tracing similar to this can be obtained 
in patients with tetralogy of Fallot who have this combination 
of lesions. The pulmonary artery tracing is damped, but the de
scent of the pressure during diastole is recognized. As the catheter 
is withdrawn to the infundibular chamber the systolic pressure 
is higher and the pressure rises during diastole. This part of the 
tracing is therefore recognized as a ventricular tracing (the infun
dibular or "third" chamber). The body of the right ventricle 

RVOT RV 

has a higher pressure. Note that the top of this pressure curve 
is rounded rather than peaked, unlike valvar pulmonic stenosis. 

In D, a tracing from a patient with valvar pUlmonic stenosis 
and peripheral pulmonic stenosis, two areas of stenosis are present 
as well. The first pressure change occurs between a pulmonary 
branch and the main pulmonary artery. Both of the distal pres
sures descend during diastole and are therefore recognized as 
being from the pulmonary artery. The highest pressure, from 
the ventricle, is recognized as such because the tracing shows a 
rise in pressure during diastole. 

Note that these are idealized drawings. If the holes at the 
tip of the catheter are spaced widely apart the withdrawal curve 
may simulate combined stenosis when only one stenotic lesion 
is present. Arrhythmias occur frequently during withdrawal, so 
that such tracings cannot always be used to determine the level 
or levels of stenosis. (Modified from Plauth WH, et al: In Hurst 
JW et al (eds); The Heart, 5th ed. New York, McGraw-Hill, 
1982, p. 749.) 

PA branch = a branch of the pulmonary artery; MPA = 
main pulmonary artery; RVOT = outflow tract of the right ventri
cle; R V = body of the right ventricle. 
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Fig. 7-142. The appearance of the pulmonary valve in typical 
valvar pulmonary stenosis in a l-year-old girl. The right ventriculo
gram shows a distinct jet through the pulmonary valve during 
systole (A). Later during the injection (B) systolic doming of 
the pulmonary valve is demonstrated along with the jet. During 
diastole (C) the sinuses of Valsalva reconstitute as the pulmonary 
valve closes. 

Marked poststenotic dilatation of the pulmonary trunk and 
left pulmonary artery is present on all three frames. The jet, 
systolic doming of the valve, reconstitution during diastole and 
poststenotic dilatation of the pulmonary trunk are characteristic 
angiographic features of typical valvar pulmonic stenosis (com
missural fusion). (Continued) 

c 
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Fig. 7-142 (Cant.) D and E Balloon valvuloplasty for valvar 
PS. Frontal views are presented, although both frontal and lateral 
views should be used in order to confirm the position of the 
catheter. The wire is advanced into the left pulmonary artery 
for fixation. In D the balloon is partly filled with contrast medium. 
An indentation is present where the stenotic valve compresses 
the balloon. In E the balloon is inflated to 6 atm. The indentation 

Even though this last entity does not involve the main 
pulmonary artery it may be a variation of idiopathic dilata
tion of the pulmonary artery. 

Supravalvar Pulmonic Stenosis 
The stenosis may affect the pulmonary artery above the 
valve and either or both of its main branches. Narrowing 
of the pulmonary arteries may involve one or more arteries. 
A single stenosis usually involves the main pulmonary ar
tery or its proximal right or left branches, while multiple 
stenoses are usually peripheral. The stenosis may be a dis
crete area of narrowing (coarctation) or it may be diffuse 
(long segment or the entire artery, so called tubular hypo
plasia). Poststenotic dilatation of the pulmonary arteries 
is usually present. 

Peripheral pulmonic stenosis (PPS) is frequently encoun
tered as part of the rubella embryopathy. Other heart de
fects commonly associated with congenital rubella are pat
ent ductus arteriosus, pulmonic valve stenosis and atrial 
septal defect. Stenosis of other vessels may also be part 
of the rubella embryopathy (e.g., aorta, coronary, cerebral, 
mesenteric, renal arteries) together with cataracts, microp-

disappears indicating that the stenosis is relieved. The second 
catheter in the RV is for measurement of RV pressure during 
the procedure. A withdrawal tracing from the main pulmonary 
artery to the RV is obtained after the procedure as well as a 
right ventriculogram in order to confirm that the stenosis has 
been relieved. 

thalmia, deafness, thrombocytopenia, hepatitis and blood 
dyscrasias. In the absence of rubella infection, supravalvar 
PS or peripheral PS may be associated with ventricular 
and atrial septal defects, tetralogy of Fallot and supravalvu
lar aortic stenosis (Williams syndrome). 
Clinical Features A systolic murmur in an unusual loca
tion and distribution over the lung may suggest PPS. Rarely 
a continuous murmur may be present, simulating patent 
ductus arteriosus. The pulmonary second sound may be 
accentuated because of high pressure in the main pulmo
nary artery proximal to the stenosis. Electrocardiography 
shows RV hypertrophy in severe cases; however, the find
ings may be altered by the associated lesions. Other signs 
of fetal rubella infection should be sought in infants and 
children with PPS. 
Echocardiography On 2-D echocardiography, stenosis of 
the main pulmonary artery is imaged in the long axis view, 
and branch PS is best demonstrated from the suprasternal 
notch or subxiphoid position. The pulmonary branches are 
perpendicular to the Doppler beam; and therefore predic
tion of the level of stenosis or the severity of stenosis in 
PPS is difficult by Doppler. 
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Fig. 7-143. Dynamic infundibular pulmonic stenosis in severe val
var pulmonic stenosis. The infundibulum constricts during systole 
(A) but distends during diastole (8). The right ventricle is hyper
trophied. Systolic doming of the pulmonary valve and poststenotic 

Radiological (Plain Film) Features The chest roentgeno
gram is usually not diagnostic for supravalvar PS. However, 
in patients with multiple peripheral branch stenoses and 
marked poststenotic dilatation a nodular or fusiform vascu
lar pattern or "sausagization" of the pulmonary arteries 
may be observed (Fig. 7-144). In some cases, marked post
stenotic dilatation of the pulmonary arteries has been mis
taken for a pattern of pulmonary overcirculation or even 
a mass density. Severe unilateral pulmonary branch stenosis 
results in unilateral pulmonary undercirculation with con
tralateral overcirculation (see Fig. 1-15). The RV may be 
enlarged in moderate to severe cases. 
Hemodynamics At catheterization the diagnosis of supra
valvar PS may be suggested by an abrupt increase in pres
sure during withdrawal of the catheter from a peripheral 
pulmonary artery to the main pulmonary artery (Fig. 7-
141). Hypertension proximal to the stenosis is present, ex
cept in patients with associated valvar PS. If the stenoses 

dilatation of the pulmonary trunk are noted. Dynamic infundibu
lar stenosis should be differentiated from fixed infundibular steno
sis, which usually occurs in tetralogy of Fallot. In fixed stenosis 
the infundibulum remains narrow during diastole. 

are beyond the reach of the catheter or if the catheter 
fails to pass an area of stenosis the diagnosis of primary 
pulmonary hypertension may be entertained erroneously. 
Contrast Studies Selective injections in the RV or pulmo
nary artery are diagnostic (Figs. 7-144 to 7-146). The type, 
number and location of the stenoses can be assessed accu
rately. Special angulated views may be required. An aorto
gram should be obtained in patients with peripheral PS 
to exclude PDA and supra valvular aortic stenosis. 
Treatment An isolated coarctation of the main pulmonary 
artery might be patched if the stenosis is severe. Discrete 
narrowing of the branches might also benefit from a recon
structive procedure. Diffuse or multiple stenoses do not 
lend themselves to repair. Balloon angioplasty has been 
recommended even though it may not always be successful. 
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Fig. 7-144. Multiple peripheral pulmonic stenoses causing fusi
form dilatation ("sausagization") of the pulmonary artery 
branches in a 19-year-old girl with mental retardation. A The 

main pulmonary artery is dilated. The size of the heart is normal. 
The pulmonary angiogram (B) delineates the multiple stenoses 
of the pulmonary branches with poststenotic dilatation. 
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Fig. 7-145. Diffuse narrowing of the pulmonary artery branches 
in a lO-month-old girl without signs of rubella embryopathy. In 
the frontal view (A) of the right ventriculogram, narrowing ex
tends from the origin of the right pulmonary artery to its bifurca
tion. The lateral view (B) shows that the distal main pulmonary 
artery is also involved. In the levophase (C) the lumen of the 
aorta is also markedly narrowed in comparison with the size of 
the left ventricle. 

At autopsy 6 months later the walls of the pulmonary arteries 
and of the aorta were thickened and irregular. A younger sibling 
also has the clinical findings of peripheral pulmonic stenosis. 

Fig. 7-146. Stenosis of the right pulmonary artery in a 17-year
old girl who also has moderate valvar pulmonic stenosis. Preferen
tal perfusion of the left lung is present. 



Subvalvar Pulmonic Stenosis 

Discussed in the following are anomalous muscle bundle 
(two-chambered right ventricle), stenosis of the os infun
dibuli (discrete subpulmonic stenosis), hypertrophic cardio
myopathy (including asymmetrical septal hypertrophy) and 
accessory tricuspid valve tissue. Fixed infundibular stenosis 
is part of tetralogy of Fallot, while dynamic infundibular 
stenosis occurs with valvar pulmonic stenosis. Neoplasms 
of the right heart are described in Chapter 8. 

Anomalous Muscle Bundle (Two-Chambered Right 
Ventricle or Double Chambered Right Ventricle) 
Subinfundibular obstruction of the R V by anomalous mus
cle bundle (AMB) is an unusual form of obstruction of 
the RV outflow tract. The RV is divided into a proximal 
high-pressure chamber and a distal low-pressure chamber. 
The obstruction is caused by an AMB or multiple muscle 
bundles of either abnormal or normal bulbar muscle. AMB 
may occur either just below the crista supraventricularis 
or in the proximal portion of the body of the RV. On 
occasion multiple AMBs are present. Ventricular septal 
defect is the most frequently associated malformation. 
Coexisting pulmonic valve stenosis, pulmonary atresia and 
persistent ductus arteriosus have also been described. AMB 
may also occur as an isolated anomaly. 

The clinical features may be reminiscent of PS, VSD 
or tetralogy of Fallot. Approximately half the patients with 
AMB are asymptomatic. The others have varying degrees 
of exercise intolerance, increased number of respiratory 
infections in infancy or growth failure. Cyanosis may occur 
with a high degree of obstruction due to AMB in associa
tion with VSD. On auscultation a loud harsh pansystolic 
murmur or systolic ejection murmur is heard. A palpable 
thrill is often associated. The absence of a systolic ejection 
click, and the location of the murmur along the mid to 
lower left sternal border rather than in the second left 
intercostal space should lead one to consider subvalvar 
pulmonic stenosis rather than valvar pulmonic stenosis in 
a patient with signs of RV obstruction. The electrocardio
gram most often shows right ventricular hypertrophy; al
though combined hypertrophy may be present in patients 
with a large VSD. A few patients with AMB have normal 
electrocardiograms. 

M-mode echocardiography may be used to evaluate the 
relationship of the aorta to the septum in cases with findings 
similar to tetralogy of Fallot. Absence of overriding of 
the aortic valve above the septum would merit consider
ation of other forms of obstruction of the right ventricular 
outflow tract. Two-dimensional echocardiography may 
identify the AMB (Goldberg et al). Doppler echocardiogra
phy identifies disturbance of flow and a high velocity jet 
within the right ventricle which must be distinguished from 
that associated with VSD. 

The radiological findings are not specific for this entity 
and relate to the associated defects. The heart and pulmo
nary vascularity may be normal (Fig. 7-147A). However, 
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the findings of ventricular septal defect with left-to-right 
shunt or those of tetralogy of Fallot (either pink or blue) 
may be observed. 

At catheterization a systolic pressure gradient is present 
within the RV. The obstruction usually lies below the infun
dibulum. Serial cardiac catheterizations in some patients 
have demonstrated absence of or minimal intraventricular 
pressure gradient initially with subsequent progression in 
obstruction. A hemodynamically obstructive AMB should 
be differentiated from discrete or diaphragmatic infundibu
lar stenosis (stricture), diverticulum of the RV and Ebstein 
malformation. 

The AMB is better demonstrated in the frontal and 
right anterior oblique projections. One or more radiolucent 
bands cross the ventricular cavity below the infundibulum. 
On occasion, AMB may occur in the outflow tract of the 
RV (Fig. 7-147B and C). These unusual cases may be 
difficult to differentiate from tetralogy of Fallot. The associ
ated ventricular septal defect is usually below the AMB, 
but it may be above it. 

Stenosis of the Infundibular Ostium (os infundibuli) 
Infundibular ostial stenosis (discrete subpulmonary steno
sis) is caused by a fibromuscular ring between the conus 
(infundibulum) and the body of the RV. The resulting nar
rowing of the R V lumen is located just above the papillary 
muscle of the conus (muscle of Lancisi). The infundibular 
chamber (between the obstruction and the pulmonary 
valve) is normal in size or larger than normal and is devoid 
oftrabeculations. The RV proximal to the stenosis is hyper
trophied. The pulmonary valve is usually normal, but it 
may be stenosed. Infundibular ostial stenoses are rigid, 
fixed stenotic rings that require excision to relieve the ob
struction. This anomaly is observed on occasion in tetralogy 
of Fallot. 

Asymmetrical Septal Hypertrophy 
Asymmetrical septal hypertrophy (ASH) usually involves 
the LV wall and septum, but in some severe cases obstruc
tion to the R V outflow tract may occur (Bernheim syn
drome). Biplane biventricular simultaneous injection in the 
RAO-LAO or frontal-lateral projections precisely delineate 
this anomaly (see Hypertrophic Cardiomyopathy in Chap
ter 6). 

Accessory Tricuspid Valve Tissue 
Accessory tricuspid valve tissue is an uncommon cause 
of R V outflow tract obstruction. The anomalous tricuspid 
tissue may occur as a free-floating leaflet (parachute-like 
sac) or a mass of tissue attached by chordae tendineae to 
rudimentary papillary muscles arising usually from the sep
tal papillary muscle. The abnormal tissue obstructs the 
R V outflow tract during systole and floats back into the 
R V sinus during diastole, mimicking a pedunculated tumor 
on angiography. The anomalous tricuspid tissue does not 
form or contribute to the function of the tricuspid valve. 
Accessory valvular tissue has been noted in the subaortic 
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and subpulmonic regions and in association with levo
transposition of the great arteries. 

Stenosis of the Tricuspid Valve 

Tricuspid stenosis (TS) is rarely encountered as an isolated 
congenital defect. Hypoplasia of the tricuspid valve may 
be part of other congenital heart defects (e.g., Uhl anomaly, 
severe pulmonary stenosis with hypoplastic RV, pulmonary 

Fig. 7-147. Anomalous muscle bundle (two-chambered right ven
tricle). A Frontal chest roentgenogram; Band C frontal and 
lateral frames of a right ventriculogram. On the plain film the 
heart is not enlarged, and the pulmonary vasculature is normal. 
The right ventriculogram shows an anomalous muscle bundle 
at the level of the ostium of the right ventricular outflow tract, 
which divides the right ventricle into two compartments. The 
compartment proximal to the anomalous muscle bundle has high 
pressure and is hypertrophied. The outflow portion has lower 
pressure and is dilated. On left ventriculography (not illustrated) 
a small infracristal ventricular septal defect and an aneurysm 
of the membranous septum were demonstrated. 

atresia). In adults, TS occurs on occasion with mitral steno
sis as part of chronic rheumatic heart disease. In addition 
to hypoplasia of the anulus, TS may be due to accessory 
tricuspid valve tissue or secondary to tissue derived from 
a venous valve (cor triatriatum dexter). Schlesinger et al. 
described tricuspid stenosis due to commissural fusion of 
a bicuspid atrioventricular valve in the RV. Their impres
sion was that of a congenital deformity rather than a rheu
matic process. 

The differential diagnosis of TS includes other deformi-



ties of the tricuspid valve (e.g., Ebstein anomaly, tumors 
of the right side of the heart). 

Clinical features in isolated TS consist of fatigue and 
peripheral cyanosis (venous hypoxia) due to limited cardiac 
output, venous engorgement, hepatomegaly and peripheral 
edema. A diastolic rumble may be present which varies 
with respiration. The electrocardiogram and chest films 
show right atrial enlargement. The M-mode echocardio
gram demonstrates thickening and abnormal motion of 
the tricuspid valve similar to that occurring with mitral 
stenosis. The 2-D echocardiogram may indicate the small 
size of the anulus. Tumors and vegetations of the right 
heart are excluded by echocardiography. 

Cardiac catheterization shows a diastolic gradient across 
the tricuspid valve. The angiogram demonstrates thicken
ing, doming and limitation of motion of the tricuspid valve 
in patients with commissural fusion. Hypoplasia, accessory 
tricuspid valve tissue, Ebstein anomaly with small or imper
forate orifice, cor triatriatum dexter and right atrial tumors 
are also delineated. 

Ebstein Anomaly of the Tricuspid Valve 

Ebstein anomaly consists of displacement of the tricuspid 
valve into the RV, resulting in "atrialization" of part of 
the RV. Hemodynamic effects include tricuspid insuffi
ciency, a large RA, and often, a right-to-Ieft atrial shunt 
through a stretched foramen ovale or secundum ASD. Dis
placement or malattachment of the tricuspid valve varies 
from a mild form with minimal or no symptoms to a severe 
form incompatible with life. The posterior leaflet is usually 
the most severely deformed and malattached, while the 
medial (septal) leaflet is often deformed and attached to 
the interventricular septum. The anterior leaflet is the least 
affected and may be the only functioning part of the valve. 
Distal to the displaced leaflets the R V is formed by a small 
portion of the apical sinus and the outflow tract. The infun
dibulum (outflow tract) is usually thick and may be ob
structed. The RV proximal to the displaced leaflets (atrial
ized portion) and RA form a single large cavity with thin 
walls. Thinning of the R V wall resembles that occurring 
in Uhl anomaly (parchment R V) but to a lesser degree. 
In levotransposition of the great vessels the tricuspid valve 
is on the left. Therefore the rare occurrence of Ebstein 
anomaly with levotransposition produces clinical and he
modynamic manifestations resembling mitral insufficiency. 
"Ebstein malformation" of the mitral valve with normally 
related great arteries is extremely rare. The mitral leaflets 
are dysplastic, and the anterior leaflet is displaced into 
the LV to the level of the posteromedial papillary muscle. 
Mitral-aortic fibrous continuity is maintained. 

Associated defects are unusual. They include left-to
right shunts (patent ductus arteriosus, ventricular septal 
defect, endocardial cushion defect), mitral valve abnormali
ties (mitral valve prolapse, supravalvular mitral ring, dys
plasia of the mitral leaflets), tricuspid abnormalities (mus-
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cular tricuspid leaflets with partial Uhl anomaly, rarely 
tricuspid stenosis, imperforate tricuspid valve) and coarcta
tion of aorta. Ebstein anomaly has also been reported in 
association with other forms of obstruction to the right 
heart. The case reported by Huhta et al. showed pulmonary 
atresia with a double-chambered RV. Gerlis and Anderson 
described a patient with Ebstein anomaly, cor triatriatum 
dexter, imperforate tricuspid valve and pulmonary atresia. 
Clinical Features The clinical picture is variable as a result 
of the wide spectrum of abnormalities and the presence 
or absence of associated malformations. 

In the neonatal period, because of the high pulmonary 
resistance, infants may develop severe tricuspid insuffi
ciency and a right-to-Ieft shunt at the atrial level with 
heart failure and pronounced cyanosis. A decrease in the 
pulmonary resistance in these infants results in improve
ment of symptoms. In older patients the symptoms are 
closely related to the degree of tricuspid insufficiency, right
to-left shunting and RV performance. Cyanosis and dys
pnea are usually present and peripheral edema may be 
present. Many patients show dysrhythmias. On ausculta
tion the first and second heart sounds are widely split, 
with prominent third and fourth sounds. Tricuspid insuffi
ciency murmurs in systole, as well as diastolic flow rumbles, 
are common. 

The electrocardiogram may show a Wolff-Parkinson
White (WPW) syndrome, which is almost always type B. 
In the absence of WPW pre-excitation syndrome, the PR 
interval is often prolonged, the QRS complex is of low 
voltage, with an indeterminate axis and complete right bun
dle-branch block. RA enlargement is common, with strik
ingly enlarged P waves. Supraventricular tachycardias are 
common. 
Echocardiography M-mode echocardiography shows a 
large RV, paradoxical ventricular septal motion (RV vol
ume overload), increased excursion of the tricuspid valve 
and abnormally delayed closing of the tricuspid valve as 
compared to mitral closure. The tricuspid E-F slope is 
decreased. The tricuspid valve echoes are displaced toward 
the left (Fig. 7-148). Two-dimensional echocardiography, 
using an apical four-chamber view, demonstrates the dis
placement of the tricuspid leaflets toward the apex of the 
R V and delineates the atrialized portion of the R V (Fig. 
7-149). (Normally the tricuspid valve is attached less than 
1 cm closer to the apex than is the mitral.) 

In the cyanotic neonate it is essential to demonstrate 
a patent pulmonary valve in addition to features of Ebstein 
anomaly. Management of pulmonary atresia with tricuspid 
insufficiency differs markedly from Ebstein anomaly with
out pulmonic stenosis. 
Radiological (Plain Film) Features The pulmonary vascu
lature may be normal but is usually decreased. Pulmonary 
overcirculation is rare. If present, it indicates an associated 
left-to-right shunt, often due to a VSD or PDA. The con
figuration of the heart may be normal or may show mild 
enlargement of the RA (Fig. 7-150) or gross cardiomegaly 
with a huge Rkand RV. The typical appearance (Fig. 
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Fig. 7-148. M-mode echocardiography in a 2-year-old boy with 
Ebstein anomaly. A is an arc scan from the aortic root (Ao.) 
to the ventricles. (Note that this arc scan is continuous across 
pages 484 and 485.) The right ventricle (R V) is enlarged, and 
the septum moves paradoxically (anteriorly during ventricular 
systole). The tricuspid valve (TV) is demonstrated throughout 
the entire length of the right ventricle, even as the transducer 
is directed toward the apex. This feature indicates displacement 
of the tricuspid valve toward the apex of the right ventricle. B 
is a tracing of the mitral (MV) and tricuspid valves (TV). The 
tricuspid valve closes 0.04 msec later than the mitral valve. In 
this infant the closure ofthe tricuspid valve is not delayed; delayed 
closure of the tricuspid valve (>0.06 sec) is reported in adults 
with Ebstein anomaly. LV = left ventricle; LA = left atrium; 
AML = anterior mitral leaflet. 
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Fig.7-149. Two-dimensional echocardiogram in Ebstein anomaly. 
The four-chamber view is the best projection for delineating the 
displaced septal leaflet of the tricuspid valve. The right atrium 
(RA) is enlarged and continuous with the atrialized portion of 

7-151) is that of a large heart with a narrow waist (incon
spicuous main pulmonary artery and small aortic arch). 
The RA may reach huge proportions, especially in neonates 
(see Fig. 1-6). The left heart border shows a wide convexity, 
with its maximum curvature in the region corresponding 
to the atrioventricular junction. This characteristic convex
ity is cast by the outflow tract of the RV, which is displaced 
by the combination of the large RA and the atrialized 
RV. The convexity of the left heart border caused by the 
RV outflow tract in conjunction with the lengthening and 
increased convexity of the right heart border produced by 
the dilated RA accounts for the characteristic boxlike or 
globular heart configuration observed in Ebstein anomaly. 
The LA and LV are not enlarged. 

In the neonatal period, infants with pulmonary atresia 
with an intact interventricular septum and tricuspid insuf
ficiency and those with tricuspid atresia and a restrictive. 
interatrial communication may have plain film findings 
similar to those occurring with Ebstein anomaly (see Fig. 
7-175). 
Hemodynamics At catheterization the pressures in the pul
monary artery and functioning R V are usually normal; 
however, the RV end-diastolic pressure may be elevated. 
The RA pressure is elevated and shows a prominent V 
wave with a steep Y descent. The RA pressure may be 
normal in a very large and compliant RA. Determinations 
of oxygen saturation often show a right-to-Ieft shunt at 
the atrial level, with systemic arterial desaturation. 

A characteristic finding in Ebstein anomaly at catheter
ization is the pattern of the intracardiac electrocardiogram 
obtained simultaneously with pressure tracings during 
withdrawal of a catheter from the R V through the atrialized 
portion of the RV and into the RA (Fig. 7-152). 

Recordings in the functioning R V cavity reveal a ven-

the right ventricle. The septal leaflet of the tricuspid valve (tv) 
is attached near the apex of the right ventricle. Normally the 
tricuspid valve is attached closer to the attachment of the mitral 
valve (mv). LA = left atrium. Same patient as in Fig. 7-150. 

tricular electrocardiogram along with a R V pressure curve. 
Recordings from the atrialized portion of the R V show 
persistence of the ventricular electrocardiogram, whereas 
the pressure contour changes to that characteristic of a 
RA. When the true RA is entered, the electrocardiogram 
as well as the pressure tracing are those of the RA. 
Contrast Studies The main angiocardiographic features in 
Ebstein anomaly in the frontal view are those of tricuspid 
insufficiency and a notch in the diaphragmatic wall caused 
by the displacement of the posterior leaflet. In fact, two 
notches are present, the first notch representing the site 
of the tricuspid anulus situated between the large RA and 
the R V and the second notch defining the displaced poste
rior leaflet of the tricuspid valve. The area between the 
two notches is the atrialized portion of the R V (Figs. 
7-150D, 7-151C). On occasion the RA, the atrialized 
portion of the R V and the functioning distal R V result 
in a trilobed appearance on the frontal view. In extreme 
cases the huge RA forms the entire anterior and posterior 
outlines of the cardiac silhouette on the lateral view (Fig. 
7-151D). Cine studies demonstrate that the atrialized por
tion of the RV and the functioning RV contract in syn
chrony. 
Treatment Several surgical techniques (prosthetic replace
ment of the tricuspid valve, plication and anuloplasty, and 
combinations thereof) have been used with variable results. 
Danielson et a1. have adopted a combination of plication 
of the free wall of the atrialized portion ofthe RV, posterior 
tricuspid anuloplasty and RA reduction. This procedure 
has resulted in satisfactory early and late results in most 
patients. In patients with refractory disturbances of the 
rhythm secondary to the WPW syndrome, intraoperative 
electrophysiological mapping and surgical division of acces
sory Kent bundle pathways have been performed. 
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Fig.7-1S0. Roentgenograms of the chest and right ventriculogram 
in a lO-year-old asymptomatic boy with Ebstein anomaly. The 
frontal film of the chest (A) shows right atrial enlargement and 
slight straightening of the left heart border. In the lateral view 
(B) the retrosternal clear space is obliterated. The lateral view 
of the right ventriculogram reveals dense filling of the outflow 
tract of the right ventricle (C) and subsequent opacification of 
the atrialized portion of this chamber (D). The open arrows in 
C indicate the displaced septal leaflet of the tricuspid valve. The 

black arrows in D indicate the anulus of the tricuspid valve and 
the open arrows the displaced attachment of the septal leaflet 
of the tricuspid valve. These two anatomical structures are the 
landmarks that delimit the atrialized portion ofthe right ventricle. 
Note the electrode catheter used to record simultaneous pressure 
and intracardiac electrograms during withdrawal of the catheter 
from the outflow tract of the right ventricle through the atrialized 
portion of the right ventricle and into the right atrium (see text) 
(Same patient as in Fig. 7-149). 
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Fig. 7-151. Roentgenogram of the chest and angiogram in an 
adolescent boy with fatigue on exertion and paroxysmal supraven
tricular tachycardia. The frontal film of the chest (A) demon
strates the classic boxlike configuration of the cardiac silhouette 
in Ebstein anomaly. The heart is grossly enlarged with squaring 
of the lower segment of the right heart border (right atrium), a 
convex left heart border (dilated outflow tract of the right ventri
cle) and a narrow vascular pedicle. On the lateral film (B) the 
right atrium forms the anterior and posterior heart borders, thus 
obliterating the retrostemal clear space anteriorly while extending 
posteriorly behind the inferior vena cava and the esophagus. 

The frontal view of the right ventriculogram (C) demonstrates 
marked dilatation of the right atrium and right ventricle. The 
right ventricle accounts for the convexity of the left heart border. 

A 



B 

The two notches on the diaphragmatic surface (arrows) represent 
the normal tricuspid anulus and the displaced attachment of the 
septal and posterior leaflets of the tricuspid valve. The area be
tween the notches represents the atrialized portion of the right 
ventricle. The lateral view of the right ventriculogram (D) demon
strates a huge right atrium that forms both the anterior and 
posterior borders of the heart. The right ventricle (arrows) pro
jects within the right atrium. 
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RV Atr. RV RA 

Fig. 7-152. Pressure tracings and an intracardiac electrogram in 
a 10 year old boy with Ebstein anomaly. The recording on the 
left of the scale is during withdrawal of an electrode catheter 
from the right ventricle (R V) through the displaced tricuspid 
valve into the atrialized portion of the right ventricle (Atr.R V). 
The tracing on the right of the scale was recorded while the 
catheter was in the true right atrium (RA) proximal to the anulus 
of the tricuspid valve. The pressure tracing in the R V is a typical 

Tetralogy of Fallot 

Tetralogy of Fallot (TOF) is the most common form of 
cyanotic heart disease beyond infancy (30%). The four 
basic features of this malformation are pulmonary stenosis 
or atresia, ventricular septal defect (VSD), overriding of 
the aorta and right ventricular hypertrophy. The pulmo
nary stenosis and the VSD determine the clinical and radio
logical findings. The VSD is large, subaortic and infracristal 
in location. Two basic types of septal defects occur: With 
the usual form of VSD the aortic valve has a biventricular 
origin and shows fibrous continuity with the mitral and 
tricuspid valves. The membranous septum is rudimentary 
(flap). Thus the posteroinferior border of the defect is 
formed by valvular and membranous tissue. The bundle 
of His runs in the muscular septum along its junction with 
the membranous flap. In the second type (relatively infre
quent) the defect is encircled by a muscular rim, the proxi
mal conus septum (right posterior division of the septal 
band) preventing aorticotricuspid fibrous continuity. In this 
group the membranous septum is well formed and is situ
ated below the proximal conus septum. The conduction 
system is away from the edge of the defect. Lev and Eckner 
believe this second type of VSD represents a perforation 
of the crista supraventricularis. Intermediate variations be
tween type I and II VSDs may be encountered. 

The pulmonary stenosis is usually infundibular, al
though valvular stenosis may also be present. Infundibular 
stenosis is usually due to a combination of muscular and 

right ventricular pressure, and the electrogram in that chamber 
shows a small atrial component and a large ventricular compo
nent. The pressure tracing in the Atr.R V is an atrial pressure, 
whereas the electrogram in the Atr.RV shows a large ventricular 
component and a small atrial component, indicating that the 
electrogram comes from the anatomic RV. The electrogram in 
the true RA shows a large atrial component and a small ventricu
lar component. The scale is in mm of Hg. 

fibrous tissue, or either alone. The narrowing may be con
fined to the proximal infundibulum (os infundibuli), creat
ing the "third" or infundibular chamber from the unaf
fected outflow tract of the RV. In other instances the 
stenosis involves the entire outflow tract of the RV so that 
the infundibulum is narrow. These two varieties account 
for the majority of cases. In both, the infundibulum is 
normal in length or even elongated. In the second variety 
the pulmonary valve and pulmonary artery are also narrow. 
A third variety occurs in which the infundibulum is hypo
plastic. In these patients the infundibulum is short and 
narrow, and the VSD appears to be more anterior and 
closer to the pulmonary valve. The pulmonary ring and 
the main pulmonary artery are narrow. 

Stenosis of the pulmonic valve may be mild, moderate 
or severe. Atresia of the valve is present in 20% of patients 
with TOF. The pulmonary valve may be bicuspid in up 
to 50% of patients, unicuspid in 10% and absent in 3%. 
In all forms of TOF the size of the main pulmonary artery 
corresponds to the severity of the pulmonic stenosis. If 
the degree of pulmonic stenosis is not severe, the main 
pulmonary artery may be normal or, rarely, large. Postste
notic dilatation is uncommon, but may occur with tight 
stenosis of the pulmonic valve. 

TOF with pulmonary atresia is also called pseudotrun
cus arteriosus. In this entity the only outlet from the heart 
is an enlarged aorta. The infundibulum of the R Vends 
blindly at the site of the pulmonary valve, but is attached 
by a ligament to the main pulmonary artery, which extends 



downward from the pulmonary artery branches. These 
branches, incidentally, are usually patent. Perfusion to the 
lungs is by way of the ductus arteriosus or systemic collat
eral vessels from the descending aorta, subclavian arteries 
and intercostal arteries, or it may be via both. TOF with 
pulmonary atresia was previously designated type IV trun
cus arteriosus, particularly when the infundibulum and the 
main pulmonary artery were atretic. The entity is now 
excluded from the group of cases with truncus arteriosus 
because almost all such patients have a fibrous remnant 
of the infundibulum and pulmonary artery and in most 
instances the pulmonary branches are patent. Demon
stration of the pulmonary arteries is mandatory in patients 
with pseudotruncus, because these arteries determine the 
surgical approach and the prognosis. 

The most common cardiac defect associated with TOF 
is a right aortic arch (25%), usually with mirror-image 
branching but occasionally with an aberrant left subclavian 
artery. Other associated defects include patent ductus arte
riosus, atrial septal defect (pentalogy of Fallot), coronary 
artery anomalies (e.g., origin of the left anterior descending 
artery from the right coronary artery in approximately 
9%, and coronary arteriovenous fistula), anomalous sys
temic or pulmonary veins, pulmonary artery branch steno
sis, intraarteriolar thrombi, absence of the pulmonary valve 
(TOF with pulmonary regurgitation syndrome), absence 
of the left pulmonary artery, ectopic origin of the left pul
monary artery from the ascending aorta (TOF with left 
hemitruncus), congenital pericardial defect and, very 
rarely, supravalvar mitral stenosis. 
Clinical Features Presentation and clinical course are de
termined by the severity of the pulmonic stenosis. Infants 
with pulmonary atresia (pseudotruncus) depend upon a 
patent ductus arteriosus or large systemic collaterals for 
pulmonary blood flow. They become severely cyanotic and 
acidotic simultaneously with the initial closure of the duc
tus arteriosus. On the other hand, rare patients with so
called pink TOF do not exhibit cyanosis during infancy 
or childhood. The degree of cyanosis in the usual case of 
TOF is intermediate between these extremes. 

Infants with TOF and mild pulmonic stenosis at birth 
may even show signs of a large left-to-right shunt during 
the newborn period. Toward the end of the first year of 
life a bidirectional shunt develops, and thereafter a right
to-left shunt. The clinical course in these is indistinguisha
ble from that of infants with large VSD who exhibit heart 
failure initially, but then become cyanotic with increasing 
pulmonary vascular resistance (Eisenmenger syndrome). 
Many infants with TOF are asymptomatic initially, but 
gradually cyanosis, clubbing and rising hemoglobin and 
hematocrit levels develop as pulmonary blood flow becomes 
inadequate. At first, cyanosis may occur only during crying. 
When the baby begins to stand and walk, dyspnea and 
cyanosis may develop on exertion. Some toddlers with TOF 
squat during mild exertion. It is thought that this posture 
reduces systemic venous return from the lower body and 
redirects blood from the legs into the pulmonary circulation 
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and into the brain. Cyanotic "spells" may occur in patients 
with TOF when oxygen supply is critically low. These spells 
are typically described as progressive tachypnea, tachycar
dia, emotional irritability and anxiety followed by diaphore
sis and on occasion by a seizure or loss of consciousness. 
During the somnolent period after the spell, color returns 
and heart rate and breathing rate return to normal. Anoxic 
spells, dyspnea, cyanosis on mild exertion or rising hemato
crit levels indicate mandatory surgical intervention. 

The physical findings include a loud murmur in infancy 
with a single second sound and a right ventricular heave. 
The murmur may become softer as pulmonary flow de
creases. The electrocardiogram shows normal dominance 
of the RV at birth but, because of persistent RV hyperten
sion, fails to show regression of R V forces as the baby 
grows. Right ventricular hypertrophy may thus be diag
nosed later during the first year of life. 

The long-term natural history of TOF includes pro
gressive cyanosis and acidosis with intolerance to effort. 
Paradoxical emboli lead to stroke and brain abscess. Infec
tive endocarditis is relatively frequent. During the second 
and third decade of life, R V failure and arrhythmias occur 
as fibrous tissue replaces the chronically hypoxic muscle. 
In patients not having operation death may be due to severe 
cyanosis, stroke, infection or arrhythmia. 

Echocardiography (Fig. 7-153) The characteristic finding 
on ultrasound study of children with TOF is overriding 
of the aortic valve above the ventricular septum. This ab
normality is readily imaged on M-mode by an arc scan 
from the aortic valve to the LV (Fig. 7-153A) or by a 
long axis two-dimensional view (Fig. 7-153B). Overriding 
of the aorta is also demonstrated in truncus arteriosus. 
Identification of a pulmonic valve separate from the aortic 
valve allows these two groups of defects to be differentiated. 
The presence of aortic-mitral fibrous continuity separates 
TOF with severe overriding of the aorta from double-outlet 
RV except in rare cases of double-outlet RV in which the 
fibrous connection is elongated. 

Two-dimensional sector scans also allow measurement 
of the main pulmonary artery and pulmonary artery 
branches. This permits planning for shunting procedures 
in infancy, and for surgical correction later. 
Radiological (Plain Film) Features The classic features of 
TOF include a normal or nearly normal heart size with 
a rounded and uplifted cardiac apex and a concave pulmo
nary artery segment (coeur en sabot, boot-shaped heart). 
The aorta is prominent and the pulmonary vascularity is 
decreased (pulmonary undercirculation) (Fig. 7-154). 

A right aortic arch is present in approximately 25% 
of cases of TOF (Figs. 7-154B to 7-157). The right-sided 
aortic arch widens the superior mediastinum on the right 
and produces a characteristic indentation on the right side 
of the trachea near its bifurcation. The barium-filled 
esophagus also displays an indentation on the right side. 
In TOF the right aortic arch usually shows mirror-image 
branching of the brachiocephalic vessels and does not cause 
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Fig. 7-153. Echocardiography in tetralogy of Fallot. A is an 
M-mode arc scan showing overriding of the aorta in a 2-year
old girl with severe tetralogy of Fallot. The aorta (Ao) is larger 
than normal. The anterior wall of the aortic root (broad arrow) 
and the top of the ventricular septum are not continuous. Instead, 
the top of the ventricular septum appears in the middle of the 
aortic root, indicating overriding of the aorta. The space between 
the septum and the anterior wall of the aortic root corresponds 
to the ventricular septal defect. The aortic valve and the mitral 
valve are in fibrous continuity (Fe). Aortic-to-mitral valve fibrous 
continuity excludes double-outlet right ventricle. Overriding of 
the aorta also occurs with truncus arteriosus. If a separate pulmo
nary valve is demonstrated, truncus is exluded. Minimal diastolic 

flutter of the mitral valve is noted, although the aortogram showed 
no aortic regurgitation. The mechanism of this flutter may be 
the right-to-left shunt during diastole impinging upon the anterior 
leaflet of the mitral valve. R V = right ventricle; LV = left ventri
cle. 

Band B' represent a long axis sector scan of the ventricles 
in a different patient during diastole and systole. Aortic override 
is again demonstrated along with aortic-to-mitral valve fibrous 
continuity. The ventricular septum appears in the middle of the 
aortic root. The ventricular septal defect is indicated by an arrow. 
R V = right ventricle; LV = left ventricle; Ao. V = aortic valve; 
Ao = aortic root. 



C and D are views from the suprasternal notch, parallel (0 
and perpendicular (0) to the arch of the aorta (arch). In C the 
aortic arch surrounds the right pulmonary artery, which passes 
under it. In D the aortic arch appears as a circle with the right 
pulmonary artery cut along its length. From these two views 
the right pulmonary artery is measured; its size is important 
when a palliative shunting procedure is planned. RP A = right 
pulmonary artery. 

E and E' represent a subxiphoid oblique view of the ventricles 
and great arteries in a neonate with tetralogy of Fallot. The apex 
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of the right ventricle is at the top of the illustration (closest to 
the transducer). The transducer is angled through the aortic valve, 
but posterior to the arch of the aorta. At this angle the pulmonary 
arteries are demonstrated behind the aortic root. Again the posi
tion and size of the pulmonary branches are important surgical 
considerations. This view is also very helpful in demonstrating 
infundibular narrowing if present. RA = right atrium; R V = 
right ventricle; ao = aorta; [pa = left pulmonary artery. (Contin
ued) 
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Fig. 7-153 (Cont.) F represents a long axis view of the ventricles 
in the infant in C to E. The ventricular septal defect (vsd) is 
delineated below the aortic root. Aortic overriding is present, 
but its presence is not easily appreciated. If an imaginary line 
is extended from the top of the ventricular septum toward the 
aorta it will point to the middle of the aortic valve (Ao). LV = 
left ventricle; mv = mitral valve (anterior leaflet). 

G and G' represent a short axis view at the level of the great 
arteries in the same patient. The pulmonic valve (arrow) is thick
ened and does not open during systole. These findings indicate 
atresia or critical pulmonic stenosis. Nevertheless, the valve moves 
posteriorly during ventricular systole so that its motion on 
M-mode is similar to that of a patent pulmonic valve. Ao. 
aorta; rpa = right pulmonary artery. 



Fig. 7-154. Tetralogy of Fallot with a left 
aortic arch (A) and tetralogy of Fallot with 
a right aortic arch (B). A In this roentgeno
gram of the chest in a patient with tetralogy 
of Fallot the heart is of normal size. The 
apex is uplifted and rounded secondary to 
hypertrophy of the right ventricle. The pul
monary artery segment is concave. Pulmo
nary undercirculation is present. The arch 
of the aorta is left sided. B is a roentgeno
gram of the chest in a 2-year-old boy with 
pseudotruncus. The heart is enlarged with 
rounding and uplifting of the apex and con
cavity of the main pulmonary artery segment 
(boot-shaped heart). The aortic arch is on 
the right, indenting the trachea. 
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Fig. 7-155. Variegated appearance of the pulmonary vasculature 
in pulmonary atresia (pseudotruncus), with systemic collateral cir
culation {o the lung. A Frontal film of the chest; B frame from 
the frontal view of a right ventriculogram; C a later frame from 
the right ventriculogram in B; D subtraction film from an angio
gram illustrating the origin of the systemic collateral vessels from 
the descending thoracic aorta. A The right upper and middle 
lobes show overcirculation. The left upper lobe also shows dilata
tion of the pulmonary arteries. The right lower lobe has a small 

area of overcirculation adjacent to the cardiophrenic angle. The 
remainder of the lungs shows undercirculation. The heart is en
larged with a right-sided aortic arch. 

The right ventriculogram (B) demonstrates a hypoplastic pul
monary outflow tract with atresia of the pulmonary valve. The 
right ventricle fills the aorta through the ventricular septal defect 
(right-to-Ieft shunt). C systemic collateral vessels from the de
scending thoracic and abdominal aorta (celiac axis) supply the 
lungs. The vessels to the right upper lobe and lower lobes are 
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not stenotic. and pulmonary overcirculation is present in those 
areas. The subtraction film (D) shows stenosis of the left pulmo
nary artery. while the peripheral vessels to the left upper lobe 
show poststenotic dilatation. 

Note the right aortic arch with mirror-image branching (B). 
The innominate artery is on the left. and the right carotid and 
right subclavian arteries arise as the second and third branches 
on the right. 
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Fig. 7-156. Hypoplasia of the left lung due to absence of the 
left pulmonary artery in a 7-year-old girl with tetralogy of Fallot. 
On the frontal projection (A) the mediastinum is shifted to the 
left because of loss of volume of the left lung. No distinct left 
pulmonary artery is identified. Pulmonary undercirculation is 
present on the left. The trachea is indented on the right by a 
right-sided aortic arch. On the lateral view (B) the density nor
mally formed by the left pulmonary artery is absent. Because 
of a clinical history of cyanosis, tetralogy of Fallot and absence 
of the left pulmonary artery may be suspected rather than unilat
eral pulmonary fibrosis secondary to an inflammatory process 
(unilateral hyperlucent lung, Swyer-James syndrome). The right 
ventriculogram (C) demonstrates a hypertrophied right ventricle 
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with a right-to-left shunt at the ventricular level that fills the 
aorta faintly. The pulmonary valve is hypoplastic and stenosed. 
The main pulmonary artery is also hypoplastic. The left pulmo
nary artery is absent. The left ventriculogram (D) shows the right
sided aortic arch with mirror-image branching. The infundibulum 
and pulmonary artery fill by way of the ventricular septal defect 
(the shunt is bidirectional). At surgery the ventricular septal defect 
was repaired, and the outflow tract of the right ventricle and 
the main pulmonary artery were widened by a pericardial patch. 
The postoperative right ventriculogram (E) delineates the wide 
infundibulum and main pulmonary artery. No right-to-left shunt 
is evident. 
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Fig. 7-157. A roentgenogram of the chest with a barium esophago
gram in a 25-year-old woman with severe tetralogy of Fallot (pseu
dotruncus) and large systemic vessels supplying the lungs. A Car
diomegaly is present, with the apex uplifted and rounded. The 
aortic arch is on the right, and the main pulmonary segment is 
concave. The left and right pulmonary arteries have relatively 
small calibers compared to the interlobar vessels, which are dis
tended, a feature due to perfusion of the interlobar vessels by 
systemic collaterals. B is a barium esophagogram in the RAO 
view. The esophagus is well filled, and multiple indentations, 
representing large systemic collaterals, are present anteriorly at 
the level of the hilus. This finding was confirmed by aortography. 



Fig. 7-158. Pulmonary overcirculation sec
ondary to a Waterston anastomosis (ascend
ing aorta to right pulmonary artery) in tetral
ogy of Fallot. The heart is larger than in 
the preoperative film in this patient (Fig. 7-
154A), and the pulmonary blood flow is in
creased. Pulmonary overcirculation is most 
marked on the right. The Blalock-Taussig 
anastomosis (subclavian to pulmonary ar
tery) and the polytetrafluoroethylene (Gore
Tex) tubular prosthesis are preferred in some 
centers because excessive pulmonary blood 
flow occurs less frequently with these two 
operative procedures. 

an indentation on the barium esophagogram posteriorly 
(Fig. 7-157). A right aortic arch with an aberrant left sub
clavian artery, which usually occurs as an isolated defect, 
indents the esophagus, thus allowing differentiation be
tween the two most common varieties of right aortic arch. 
Indentations secondary to large bronchial collaterals in 
pseudotruncus are usually multiple; they indent the esopha
gus anteriorly and at a lower level, usually in the area of 
the hilus (Fig. 7-157B). These various indentations should 
not be confused with an aberrant left subclavian artery 
or with mediastinal lymph nodes. 

Variations of the classic features of TOF depend on 
the severity of the pulmonic stenosis and the presence of 
associated malformations. The heart may be normal in size 
or enlarged. The pulmonary artery segment may be con
cave, may be normal, or may even bulge because of post
stenotic dilatation of the pulmonary trunk or dilatation 
of the infundibulum. The aorta is usually large, and the 
pulmonary vasculature may be normal, decreased or even 
increased (noncyanotic tetralogy of Fallot or "pink" tetral
ogy). The authors have observed patients with a variegated 
pulmonary vascular pattern-that is, areas of overcircula
tion interspersed with areas of undercirculation (Fig. 7-
155). This pattern occurs in patients with TOF and pulmo
nary atresia (pseudotruncus) with systemic collateral ves
sels to the lungs. The collateral vessels without stenosis 
result in pulmonary overcirculation, whereas collateral ves
sels with stenosis cause diminished vascularity. Absence 
of a pulmonary artery will result in ipsilateral hypoplasia 
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of the lung (Fig. 7-156). An ectopic pulmonary artery 
arising from the aorta will be accompanied by severe over
circulation (see Fig. 7-223 in section on hemitruncus). 

Aorta-to-pulmonary artery shunt procedures performed 
for palliation of TOF may result in unilateral or bilateral 
pulmonary overcirculation (Fig. 7-158). Aneurysmal dila
tation of the right or left pulmonary artery (or both) occurs 
with TOF and absence of the pulmonary valve (see Fig. 
7-164; also see discussion of hemitruncus). 
Hemodynamics The pressures in the RV and LV are usu
ally equal, whereas low pressure is encountered in the pul
monary artery. On withdrawal of the catheter from the 
main pulmonary artery through the infundibulum into the 
R V a pressure gradient is recorded. On occasion an addi
tional gradient is observed at the pulmonary valve (Fig. 
7-141). The severity of the resistance across the RV outflow 
tract and pulmonary valve determines the degree of right
to-left shunting. In mild cases the shunt may be left-to
right with high O2 saturation in the RV. In moderately 
severe cases a bidirectional shunt is demonstrated. The 
usual finding, however, is of predominantly or solely right
to-left shunting (absence of or minimal oxygen "step-up" 
in the RV). Even though the shunt is through the VSD, 
the extent of desaturation (severity of right-to-Ieft shunting) 
is best determined in the aorta and peripheral arteries, 
rather than in the LV. The oxygen saturation of the LA 
is normal, while the LV saturation is usually intermediate 
between that of the LA and aorta. LA desaturation may 
indicate tricuspid insufficiency or R V failure, resulting in 
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Fig. 7-159. Right ventricular angiogram (lateral projection) in 
a 5-year-old girl with tetralogy of Fallot. The VSD shunts from 
right to left, and the aortic valve overrides the ventricular septum. 
R V = right ventricle; LV = left ventricle; Ao = aorta. Note 
that the catheter enters the right ventricle through the aortic 
valve. 

a right-to-left atrial shunt. In the presence of a palliative 
systemic-to-pulmonary shunt an oxygen step-up may be 
sensed in the pulmonary artery. If the shunt is large, pulmo
nary pressure may be elevated. 
Contrast Studies The typical angiographic features ofTOF 
are overriding of the aorta above the ventricular septum 
and a VSD with a right-to-left shunt (Fig. 7-159), best 
demonstrated by right ventriculography in the lateral view. 
The right ventriculogram is also useful for demonstration 
of the site of obstruction (stenosis or atresia). The frontal 
view is particularly helpful in assessment of infundibular 
stenosis (Fig. 7-160A). Obstruction of the os infundibuli 
results in a third chamber, representing the infundibulum, 
which intrinsically is relatively unaffected (Fig. 7-160B 
and C). The presence and degree of stenosis or atresia of 
the pulmonary valve are also assessed. A bicuspid pulmo
nary valve is frequently demonstrated (Fig. 7-161). Its ap
pearance has been noted to resemble a bivalve clam, but 
the authors believe the appearance is more like "Pac Man" 
with the mouth open. With atresia of the pulmonary valve 
the outflow tract of the RV ends blindly (Fig. 7-155B). 

The left ventriculogram demonstrates fibrous continuity 
between the aortic valve and the mitral valve, excluding 
double-outlet right ventricle. The coronary arteries, ductus 
arteriosus, palliative shunt procedures, and systemic collat
eral vessels are also evaluated through a left ventriculogram 
or aortogram. Assessment of coronary artery anatomy may 
require a selective injection. Palliative shunts are imaged 
to determine their size and to ascertain the presence of 
damage to the pulmonary arteries associated with the shunt 
(e.g., kinking and occlusion). In individuals with pulmo
nary atresia, injection into the shunt or into a systemic 
collateral vessel may be the only way to assess the sizes 
and origins of the pulmonary arteries (Figs. 7-155B to 
D, 7-162). In such studies the main pulmonary artery ta
pers to form the shape of a bird's beak pointing toward 
the R V outflow tract; the distance between the artery and 
the RV outflow tract is important in planning surgery. 

Associated defects that may be delineated on angiogra
phy are absence of the left pulmonary artery, left hemitrun
cus, absence of the pulmonary valve and A-V communis 
(see appropriate section for descriptions of these entities). 
Treatment Emergency treatment of newborn infants with 
TOF and severe cyanosis (pulmonary atresia, pseudotrun
cus) includes maintenance of patency of the ductus arterio
sus by infusion of prostglandin El until surgery can be 
performed. Cyanotic spells are treated with oxygen, sodium 
bicarbonate, and morphine. Once cyanotic spells are mani
fest surgical treatment becomes urgent as brain damage 
and death may result from further spells. Propranolol is 
occasionally used to control spells if surgery must be de
layed. 

Two surgical approaches are available for TOF: pallia
tive and complete repair. Palliative procedures include 
"shunt" operations to augment pulmonary blood flow (sys
temic artery-to-pulmonary artery anastomosis; e.g., subcla
vian artery to pulmonary artery [Blalock-Taussig], aorta 
to left pulmonary artery [Potts], ascending aorta to right 
pulmonary artery [Waterston, Cooley], prosthetic tubular 
grafts-a Gore-Tex graft [polytetrafluoroethylene]). The 
Brock operation is another palliative procedure, consisting 
of pUlmonary valvulotomy for the relief of pulmonic steno
sis. A similar approach to palliation involves a pulmonary 
outflow patch without repair of VSD. Definitive repair of 
TOF includes closure ofthe VSD and relief of the pulmonic 
stenosis by means of cardiopulmonary bypass or total circu
latory arrest (deep hypothermia). A RV outflow tract patch 
is usually interposed by means of a vertical ventriculotomy. 
If necessary, the ventriculotomy is extended across the pul
monary valve ring to the bifurcation of the pulmonary 
artery. Babies are normally considered for definitive repair 
by the age of 2 years. Contraindications to primary repair 
of TOF during infancy include atresia of the infundibulum 
or pulmonary trunk, severely hypoplastic pulmonary ar
teries and anomalous origin of the left anterior descending 
artery from the right coronary artery. Coexistence of an 
A-V communis also greatly increases the risk of total repair 
in infancy. Palliative procedures are often recommended 
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Fig. 7-160. Infundibular pulmonic stenosis in two patients with 
tetralogy of Fallot. A is the frontal view of a right ventriculogram 
in an 8-month-old boy showing severe infundibular pulmonic 
stenosis (arrow). Band C are frontal and lateral views of a right 
ventriculogram in the patient in Figure 7-154A showing stenosis 
of the os infundibuli with dilatation of the right ventricular out
flow tract (third chamber, 3). Ao = aorta; PA = pulmonary 
artery. 

c 
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Fig. 7-161. Lateral view of a right ventriculogram in a l-year
old boy with tetralogy of Fallot. The bicuspid pulmonary valve 
is reminiscent of Pac Man with the mouth open, the semilunar 
sinuses forming the disk (arrows) and the open valve leaflets form
ing the mouth. Below the valve a streak of contrast medium 
represents the tiny lumen of the outflow tract of the right ventricle 
(diffusely narrowed). The overriding aorta and the outflow tract 
of the left ventricle opacify from this site. 

in presence of these associated features, while complete 
repair is delayed until later in childhood. 
Postoperative Findings Pulmonary valve insufficiency oc
curs frequently after repair of tetralogy of Fallot and may 
result in chronic enlargement of the RV. Other postopera
tive findings include residual VSD, residual infundibular 
or valvar PS, stenosis of the pulmonary artery beyond a 
transanular patch and aneurysm of the right ventricular 
outflow tract (Fig. 7-163). Arrhythmias, including prema
ture ventricular contractions and complete heart block, 
may occur immediately after surgery or may occur late 
postoperatively. The risk of infective endocarditis remains 
even after definitive repair of tetralogy of Fallot. 

Tetralogy of Fallot with Absence of the Pulmonary Valve 
This syndrome consists of absence of the pulmonary valve, 
stenosis of the pulmonary ring, ventricular septal defect 
and aneurysmal dilatation of the pulmonary arteries. Infun
dibular stenosis may also be present. 

Absence of the pulmonary valve has been described in 
association with patent ductus arteriosus, atrial septal de
fect, double-outlet right ventricle, endocardial cushion de
fect, Marfan syndrome and ventricular septal defects with
out stenosis of the pulmonary ring. 

Recently, absence of the pulmonic valve has been de
scribed with agenesis of the ductus arteriosus. It is sug
gested that massive dilatation of the pulmonary arteries 
may be due to obstruction to forward flow caused by ab
sence of the ductal pathway from the pulmonary artery 
to the descending aorta. 

Rabinovitch et a1. reported multiple segmental arteries 
that compress the distal small bronchi in cases of tetralogy 
of Fallot with absence of the pulmonary valve. These vessels 
could account for part of the compromise of pulmonary 
function that is a prominent feature in this syndrome. 

Tetralogy of Fallot with absence of the pulmonary valve 
has also been observed as part of the DiGeorge syndrome, 
which includes defective development of the thymus and 
parathyroid glands (aplasia or hypoplasia) and abnormali
ties of the cardiovascular system (e.g., right aortic arch, 
interruption of the aorta, truncus arteriosus, ventricular 
septal defect, patent ductus arteriosus, tetralogy of Fallot). 

Clinically, patients with tetralogy of Fallot with absence 
of the pulmonary valve have cyanosis and a characteristic 
murmur of pulmonary regurgitation (late in onset after 
A2, low pitched and of crescendo-decrescendo character). 
Respiratory distress may be the main symptom, caused 
by the hugely dilated pulmonary arteries compressing the 
bronchi, which results in lobar emphysema with or without 
mediastinal shift and herniation of the lung. R V hypertro
phy is usually noted on electrocardiography. 

Roentgenograms of the chest (Fig. 7-164) show moder
ate to marked cardiomegaly with large central pulmonary 
arteries and normal to diminished pulmonary vascularity. 
A right-sided aortic arch is often present. The lungs are 
hyperinflated (pattern oflobar emphysema) with or without 
atelectasis. Echocardiography demonstrates overriding of 
the aortic valve consistent with tetralogy of Fallot. In addi
tion, dilatation of the R V and paradoxical motion of the 
interventricular septum result from the volume overload 
secondary to the pulmonic regurgitation. The massively 
dilated pulmonary arteries are evident in all views. Doppler 
echocardiography confirms the presence of pulmonary re
gurgitation. At catheterization the RV pressure is elevated 
to systemic levels. The direction of the shunt is determined 
by the pulmonary resistance, the size of the pulmonary 
ring, and the severity of narrowing of the infundibulum. 
Low diastolic pressure (wide pulse pressure) in the pulmo
nary artery is consistent with pulmonic regurgitation. At 
angiography the ventricular septal defect is demonstrated, 
together with overriding of the aorta. The pulmonary trunk 
and right pulmonary artery are aneurysmally dilated. The 
left pulmonary artery may be aneurysmally dilated, normal 
or small. Absence of the left pulmonary artery or anoma
lous origin of the left pulmonary artery from the ascending 
aorta (left hemitruncus) may also be observed (see Fig. 
7-223). Unilateral or bilateral branch stenosis occurs on 
occasion. The outflow tract of the RV may be displaced 
to the left so that the right pulmonary artery runs horizon
tally over the top of the LA. 

Numerous surgical procedures have been recommended 



Fig. 7-162. A systemic collateral vessel from 
the left subclavian artery supplies branches 
of both pulmonary arteries in a 14-year-old 
girl with severe tetralogy of Fallot (pseudo
truncus). Retrograde filling has opacified the 
main pulmonary artery. In the frontal pro
jection (A) the pulmonary branches arise 
from the main pulmonary artery, reminiscent 
of the wings of a flying bird. On tht; lateral 
view (B) the main pulmonary artery has 
the shape of a bird's beak pointing toward 
the right ventricular outflow tract. Most 
of the right lung and a significant portion 
of the left lung are not perfused by these 
vessels, necessitating the search for systemic 
collaterals. 

for infants with severe respiratory symptoms. At present 
the sQrgical results are not very encouraging. 

Surgical treatment of small infants seeks to relieve respi
ratory symptoms by moving the dilated pulmonary arteries 
away fro.m the bronchi. Plastic repairs of the aneurysmal 
pulmonary arteries and rerouting of the pulmonary arteries 
with or without suspension to the retrosternal fascia have 
been reported. Complete repair in older infants is similar 
to repair in tetralogy of Fallot. Insertion of a prosthetic 
pulmonary valve may improve the results. Lung function 
frequently remains compromised after palliative procedures 
and after complete repair of TOF with absence of the pul
monic valve. Persistence of pulmonary symptoms may be 
due to an increased number of segmental arteries that Jllay 
obstruct the small distal bronchi. Obstruction of the small 
airways by multiple segmental vessels would not be relieved 
by decompression of the proximal pulmonary arteries. 
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Fig. 7-163. Aneurysm of the right ventricular 
outflow tract after complete repair of tetralogy 
of Fallot using an outflow patch (Same pa
tient as in Figs. 7-154A, 7-158 and 7-160B 
and C). Roentgenograms of the chest (A and 
B) show marked cardiomegaly with bulging 
of the left heart border. On the lateral film 
the retrostemal clear space is obliterated. 
The pulmonary vessels are still enlarged, sim
ilar to the film obtained after the Waterston 
shunt (Fig. 7-158). The caliber of the pe
ripheral pulmonary vessels is normal. The 
angiogram in the same patient (C and D) 
demonstrates marked dilatation of the right 
ventricle with a huge aneursym of the out
flow tract and dilatation of the main pulmo
nary artery. The right pulmonary artery is 
narrowed at the site of the previous Water
ston anastomosis. 
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Fig. 7-164. Tetralogy of Fallot with absence of the pulmonary 
valve in a newborn infant. A and B are frontal and lateral roent
genograms of the chest; C lateral view of the left ventriculogram; 
D and E frontal and lateral views of the right ventriculogram. 
The roentgenograms of the chest (A and B) show cardiomegaly 
and pulmonary undercirculation. Two large hilar masses repre
sent the massively dilated pulmonary arteries. On the lateral film 
the huge LP A simulates a superior mediastinal mass. The left 
ventriculogram (C) shows the retrodisplaced left ventricle (L V) 
with minimal filling of the right ventricle. The sweep of the aortic 
arch is markedly broadened by the dilated right pulmonary artery. 
(The venous catheter was directed by way of the inferior vena 
cava to the right atrium, then through the foramen ovale and 
left atrium to reach the LV). The frontal view of an injection 
into the right ventricle (R V) during systole (D) shows simultane-
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ous opacification of the pulmonary artery and aorta. The aortic 
arch (Ao. ) is on the right. The outflow tract of the right ventricle 
is not stenotic; however, on motion cine studies the pulmonary 
anulus was hypoplastic. The main pulmonary artery and proximal 
left pulmonary artery form one spherical density while the right 
pulmonary artery forms a second spherical density. Together they 
give the appearance of a dumbbell, in which the relatively narrow 
center is formed by the proximal portion of the right pulmonary 
artery surrounded by the aorta. On the lateral view of the right 
ventriculogram (E) the right pulmonary artery forms a circular 
density encircled by the aorta. The left pulmonary artery forms 
a second circular opacity somewhat higher, partially overlying 
the right pulmonary artery and the aortic arch (arrows). At au
topsy absence of the leaflets of the pulmonary valve was con
firmed. 

E 
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Double-Outlet Right Ventricle 

Double-outlet right ventricle (DOR V) comprises an un
common group of congenital heart defects in which both 
the aorta and the pulmonary artery originate from the 
RV. The outlet from the LV is by way of a ventricular 
septal defect (VSD) or, rarely, through an atrial septal 
defect if the ventricular septum is intact (see Fig. 7-169). 
DORV may be due to failure of resorption of the bulboven
tricular flange. Persistence of the flange prevents transfer 
of the posterior channel of the conus to the LV, leaving 
conus muscle interposed between the great vessels and the 
atrioventricular (A-V) valves. The resulting lack of fibrous 
continuity between the semilunar valves and the A-V valves 
is a hallmark of DORV. On occasion an elongated anterior 
leaflet of the mitral valve maintains tenuous fibrous conti
nuity with the aortic valve; nevertheless, DOR V is diag
nosed because both great vessels arise above the RV. As 
the aortic and pulmonic valves are both above a conus, 
they are located at about the same height. The aortic valve 
is almost always to the right of the pulmonary valve, and 
the aortic and pulmonic valves are usually side by side. 
In unusual cases the aortic valve may be in a "normal" 
position. In other cases it may lie anterior and to the right 
of the pulmonic valve (dextromalposition). Rarely it may 
be to the left of the pulmonic valve (levomalposition). The 
VSD may be infracristal (Fallot type, subaortic), supracris
tal (Taussig-Bing type, subpulmonic) or intracristal (be
neath both semilunar valves). Intracristal VSD is desig
nated by some authors to be doubly committed or subaortic 
and subpulmonic. If the VSD occurs below the crista far 
from both great vessels, or if the VSD is of the A-V canal 
type, it may be called remote or noncommitted. The term 
Taussig-Bing malformation applies to the complex of 
DORV with a sUbpulmonic VSD, with or without overrid
ing of the pulmonary valve above the ventricular septum. 
When the pulmonary trunk overrides the VSD, the designa
tion right ventricular aorta and biventricular pulmonary 
trunk has been used. 

The incidence of other associated cardiac and noncar
diac malformations is high as well. Valvar pulmonic steno
sis, infundibular pulmonic stenosis or both are often associ
ated. Obstruction to systemic blood flow is also frequent 
(e.g., aortic valve stenosis or subaortic stenosis, coarctation 
or interruption of the aortic arch, tubular hypoplasia of 
the aortic arch) especially in Taussig-Bing hearts. Abnor
malities of the atrioventricular valves (A-V valves) may 
also occur with DORV (e.g., endocardial cushion defects, 
mitral valve stenosis or atresia, parachute mitral valve, 
supravalvular mitral ring, straddling of left or right A-V 
valves or both, and atrioventricular septal malalignment, 
also called anular override). Presence of any of these abnor
malities greatly influences the prognosis of patients with 
DORV. 

DORV may also be part ofthe situs ambiguus syndrome 
(asplenia, polysplenia, anisosplenia). In these patients 
DORV is often associated with endocardial cushion defects, 

single ventricle and abnormalities of systemic and pulmo
nary venous return. DORV may also occur with chromo
somal disorders such as trisomy E (16-18) and trisomy 
D (13-15). 
Clinical Features DORV can be separated into three dis
tinct categories: 

1) DORV with subaortic, doubly committed or remote 
VSD without pulmonic stenosis has clinical features similar 
to a large VSD (pulmonary overcirculation with or without 
congestive heart failure). Although cyanosis is not clinically 
evident, desaturation is present. Pulmonary vascular ob
structive disease (Eisenmenger physiology) may occur if 
the defect is left untreated. 

2) DORV with subpulmonary VSD has the same fea
tures as D-transposition of the great arteries with VSD 
in that pulmonary overcirculation is present and cyanosis 
is evident. Eisenmenger physiology may also develop in 
this group. 

3) DORV with PS presents with marked cyanosis and 
normal pulmonary vascularity or pulmonary undercircula
tion. The clinical appearance is therefore similar to that 
of tetralogy of Fallot (VSD plus PS) or D-TGA with PS. 

The electrocardiogram in all forms of DOR V usually 
shows RV hypertrophy and right axis deviation. Biven
tricular hypertrophy occurs with large left-to-right shunts. 
LV hypertrophy with T wave changes may occur with a 
restrictive VSD. On occasion, left axis deviation is present 
with DORV. This unusual QRS axis occurs in DORV 
with and without A-V canal defects. First-degree and 
higher degrees of heart block also occur with DORV. 
Echocardiography The findings most characteristic of 
DORV are the anterior location of the aortic valve and 
the presence of conus muscle between the semilunar valves 
and the anterior leaflet of the mitral valve (fibrous discon
tinuity). These abnormalities are most striking on M-mode 
arc scans (Fig. 7-165) or 2-D echocardiography long axis 
view from the aortic valve to the mitral valve (Fig. 7-
166). The anterior displacement of the aortic root relative 
to the mitral valve is indicated by a step-off where the 
aortic root should continue into the mitral valve. The ante
rior leaflet of the mitral valve (AML) appears distinctly 
posterior to the back wall of the aortic root. Conus muscle 
interposed between the aortic root and the AML is thicker 
than the wall of the aorta, and thickens during ventricular 
systole. It is important to appreciate that an elongated 
mitral valve in DOR V may maintain tenuous fibrous conti
nuity between the aortic root and the mitral valve, obscur
ing the M-mode findings. 

On 2-D echocardiography the parasternal long axis view 
is optimum for defining the position of the semilunar valves 
relative to the LV, the conus and the mitral valve. Both 
great arteries appear anterior to the ventricular septum 
and are separated from the mitral valve by conus muscle. 
The only outlet from the LV is the VSD, if present. If 
the aorta is in front of the pulmonary artery (dextromalpo
sition), then the LV, the VSD, the pulmonary valve and 
the aortic valve may all be lined up in order (from back 
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Fig. 7-165. M-mode echocardiogram in double-outlet right ventri- 11 11111 11111 11111 11111 11111 11111 11111 1111111111 11 cleo A is an arc scan from the aortic root to the left ventricle 
in a 3-month-old cyanotic infant. B is an M-mode echocardiogram 
through the pulmonary valve (pv). 

A The aortic valve (arrow) and root are far anterior, with 
no cardiac chamber anterior to the aortic root. Conus is repre
sented by a thick mass of tissue continuous with the posterior 
wall of the aortic root. The right ventricular free wall (R VW) 
is thick in an area adjacent to the anterior wall of the aorta, 
suggesting the presence of conus muscle anteriorly. Further to
ward the apex lies the ventricular septum. The mitral valve (AML) 
appears within the left ventricle. Thus the aortic valve is far 
anterior, being separated from the mitral valve by conus muscle. 
B shows a smaller semilunar valve (most likely the pulmonary 
valve since pulmonary undercirculation was noted on plain films 
of the chest). This valve is situated toward the left and posterior 
to the aortic valve. The diagnosis must therefore be double-outlet 
right ventricle with dextromalposition (aorta toward the right 
and anterior) and pulmonic stenosis or imperforate pulmonary 
valve. 

A 



512 Right Heart Obstruction 

A A 

c 
Fig. 7-166. Two-dimensional echocardiograms in a newborn in
fant with double-outlet right ventricle and pulmonic stenosis. A 
and A' are from a long-axis view in diastole. The aortic valve 
(Ao. V) arises entirely above the right ventricle (R V). Conus (C) 
is interposed between the aortic valve .and the mitral valve. The 
left ventricle (L V) empties by way of ihe ventricular septal defect 
which is infracristal. The right pulmonary artery is the small 
circle between the aorta and the left atrium (LA) . B is a paraster
nal short axis view of the semilunar valves. The aortic valve is 
toward the right (dextro-malposition). The three leaflets of the 
aortic valve form the "Mercedes Benz" sign. The pulmonic valve 

is bicuspid. C and C' represent a subxiphoid view of the right 
ventricle (R V). Both the aorta (Ao.) and the pulmonary artery 
(PA) arise above this ventricle. D is a pulsed Doppler study with 
the sample volume in the main pulmonary artery. Only systolic 
flow is identified rather than continuous flow. Thus, the ductus 
arteriosus is not patent. E is a repeat Doppler study after a surgical 
systemic to pulmonary artery shunt. Flow away from the trans
ducer (antegrade flow) is present in the main pulmonary artery 
during systole, while reverse flow is present during diastole. This 
diastolic flow into the main pulmonary artery is evidence for 
patency of the shunt. 

B 
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to front) in one image. If the great vessels are side by 
side, only one great vessel is imaged at a time, and a cross 
section at the level of the great vessels is necessary to define 
the spatial orientation of the great vessels. The four-cham
ber views (apex and subxiphoid) are helpful to identify 
associated defects such as A-V canal, mitral valve abnor
malities or straddling of the A-V valves (anular override 
or abnormal chordal attachments or both). Imaging of the 
aortic arch and pulmonary trunk may demonstrate coarcta
tion, hypoplasia or interruption of the aorta. 
Radiological (Plain Film) Features Findings on roentgeno
grams of the chest are not characteristic (Fig. 7-167), de
pending on the presence or absence of pulmonic stenosis 
or associated malformations such as coarctation or mitral 
valvular disease. In the absence of pulmonic stenosis 
DORV may mimic a VSD with a large left-to-right shunt, 
or tetralogy of Fallot if pulmonic stenosis is present. Signs 
of left heart obstruction may be predominant in individuals 
with mitral valve abnormalities. A right aortic arch may 
be present. 
Hemodynamics DORV should be suspected when the 
catheter easily enters both the aorta and the pulmonary 
artery from the RV, and the great vessels appear to be 
transposed (both great vessels are also entered from the 
RV in Tetralogy of Fallot, but the relationship is normal). 

As with the clinical features, the hemodynamic data 
reflect the position of the VSD and presence or absence 
of pulmonic stenosis. A subpulmonic VSD results in oxy
genated blood from the LV being directed into the pulmo
nary artery, thus leaving the aorta relatively desaturated. 
This type of VSD results in hemodynamics similar to com
plete transposition of the great arteries. A VSD in a location 
other than subpulmonic results in variable arterial oxygen 
saturation. In the absence of pulmonic stenosis or high 
pulmonary resistance a large oxygen step-up is identified 
in the RV; this step-up is carried out to the aorta. Thus 
the hemodynamics are those of a large VSD. In most cases 
of DORV, even without PS, venous admixture occurs in 
the ventricle, resulting in varying degrees of arterial desatu
ration. Pulmonic stenosis or high pulmonary vascular resis
tance lowers the systemic oxygen saturation further by re
ducing pulmonary blood flow. Pressure in the RV is equal 
to the aortic pressure unless aortic stenosis is present. Pres
sures in the LV and R V are also equal unless the VSD 
is restrictive or absent. Pulmonary artery pressure is equal 
to the ventricular pressure in the absence of pulmonic ste
nosis. Atrial level shunts are present with ASD, A-V com
munis and atresia of either A-V valve. Other hemodynamic 
alteration may occur in the presence of other associated 
defects. 
Contrast Studies On angiography the aortic and pUlmonic 
valves are usually side by side and at approximately the 
same level, with the aorta to the right of the pulmonary 
trunk. On occasion the aorta is to the right and anterior 
to the pulmonary trunk (dextromalposition); at other times 
the aorta is to the left and anterior to the pulmonary trunk 
(levomalposition). Both great vessels arise above the conus 
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Fig. 7-167. Radiological findings in a 3-year-old girl with double
outlet right ventricle and subpulmonic ventricular septal defect 
without pulmonic stenosis (Taussig-Bing Complex). On the frontal 
roentgenogram of the chest (A) pulmonary overcirculation is pres
ent. The heart is enlarged with a rounded and uplifted apex, 
consistent with right ventricular enlargement. The aortic arch 
is on the left. The pulmonary artery segment is inconspicuous. 
Although the cardiac configuration is reminiscent of tetralogy 
of Fallot, the pulmonary overcirculation militates against this 
diagnosis. On the lateral film (B) the vascular pedicle is wide. 
On angiography (C) the left ventricle has no outlet other than 
the ventricular septal defect. Blood from the left ventricle tends 
to flow preferentially into the pulmonary artery, consistent with 
a subpulmonic ventricular septal defect. This diagnosis was con
firmed at surgery. The right ventriculogram (D) shows the two 
great vessels arising from this chamber, with the aorta lying in 
front of the pulmonary artery. 
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(Figs. 7-167d, 7-168, 7-169) thus, no great vessel arises 
from the LV (Fig. 7-167C). Mitral-semilunar valve fibrous 
continuity may rarely be observed. The location of the 
VSD and the presence of pulmonic stenosis are defined. 
Abnormalities of the mitral valve and other associated car
diovascular anomalies are delineated. 
Treatment In DORV without PS medical treatment may 
be required for control of cardiac failure associated with 
a large left-to-right shunt. Paroxysmal hyperpnea and cya
nosis ("tet spells", cyanotic spells) occurring in DORV 
with pulmonic stenosis are the same as those occurring 
with tetralogy of Fallot and are described under that head
ing. The acute episode is treated with oxygen, morphine 
and sodium bicarbonate. Palliative surgery involves pulmo
nary artery banding in patients with congestive heart failure 
secondary to left-to-right shunt or systemic-to-pulmonary 
anastomosis if pulmonic stenosis limits pulmonary blood 
flow severely. Corrective surgery involves incorporation 
of either great vessel and the VSD by a patch to direct 
LV blood into that great vessel. If the VSD is subaortic 
the patch surrounds the VSD and the aortic valve, creating 
a tunnel between the LV and the aorta, thus establishing 
a normal connection. A restrictive VSD may be enlarged 
with care to avoid the conduction system. If possible the 
pulmonary outflow tract is then widened by a patch. In 
many patients a conduit is necessary to reestablish commu
nication between the RV and the pulmonary artery. 

If the VSD is subpulmonic the patch can be placed to 
surround the VSD and the pulmonary valve. LV (oxygen
ated) blood then flows through the tunnel into the pulmo
nary artery, and the hemodynamics are those of complete 
transposition of the great vessels. An inflow procedure 
(Mustard or Senning) (Fig. 7-170) or an outflow procedure 
(Jatene, Kaye-Damus-Stansel or Aubert) is carried out at 
the same time to redirect the venous streams. Complex 
forms of DORV are repaired with combinations of patches 
and conduits or even with modifications of the Fontan 
procedure (atriopulmonary anastomosis). 

Double-Outlet Left Ventricle 

Double-outlet left ventricle (DOL V) is defined as an abnor
mal ventriculoarterial alignment in which both great ar
teries arise above or mostly above the anatomic LV. This 
definition includes hearts in which the aorta or the pulmo
nary artery override a VSD but is nevertheless related to 
(aligned with) the left ventricle. DOLV is a rare anomaly 
and may be extremely complex because of associated de
fects and malalignments. Nevertheless, many are repairable 
once the anatomy is understood .. 

The most frequent form is DOLV in situs'solitus with 
normal ventricles (D-Ioop), D-malposition of the great ar
teries, subaortic VSD and pulmonic stenosis. On angiogra
phy this type may be mistaken for tetralogy of Fallot. In 
both the aorta overrides the ventricular septum. The differ
ence is presence of the subpulmonic conus above the LV 
rather than the RV. The repair consists of closure of the 



516 Right Heart Obstruction 

VSD leaving the aorta connected to the LV and insertion 
of a conduit connecting the RV to the pulmonary artery. 
In similar cases without pulmonic stenosis the VSD is 
closed in such a way as to attach the aorta to the RV. A 
Mustard or Senning procedure is performed at the same 
time to redirect the venous streams. DOL V has also been 
found with subpulmonic VSD (i.e., the pulmonic valve is 
closest to the VSD). This allows an intracardiac repair 
consisting of a patch which surrounds the VSD and the 
pulmonary valve. This results in attachment of the pulmo
nary artery to the right ventricle and normal blood flow. 
In a unique case of DOL V (Paul et al.) no VSD was present 
and the R V was hypoplastic with a blind outflow tract. 
The repair for this and other forms having no usable R V 
is a Fontan procedure (anastomosis of the right atrium 
to the main pulmonary artery). DOLV has also been re
ported with situs inversus; situs ambiguus (asplenia, poly
splenia); with atrioventricular discordance; with tricuspid 
atresia; mitral atresia; straddling tricuspid valve; Ebstein 
anomaly; and with single ventricle. In DOL V with single 
ventricle both great arteries are aligned above or mostly 
above the main (LV) chamber rather than above the rudi
mentary outflow chamber. In all forms of DOLV the aorta 

Fig. 7-168. Right ventriculography in a 4-year-old girl with dou
ble-outlet right ventricle demonstrates both great arteries to arise 
from the right ventricle (R V). Conus muscle is interposed beneath 
the aorta (Ao) and the pulmonary artery (PA). Note that the 
catheter enters the right ventricle through the aorta. 

may be anterior, posterior, right or left of the pulmonary 
artery. The subaortic and the subpulmonic conus may each 
be well developed, poorly developed, or absent. Aortic ste
nosis, pulmonic stenosis, stenosis of both outflow tracts, or 
no stenosis may be present. Hypoplastic ascending aorta 
and preductal coarctation of the aorta may be associated 
in cases with aortic stenosis. 

Diagnosis during life depends on left ventriculography 
showing both great arteries arising above the LV. The 
knowledge that such defects exist should allow the astute 
radiologist to recognize them especially in the presence 
of other unusual abnormalities of position and alignment. 

Pulmonary Atresia 

Three forms of pulmonary atresia occur: (1) isolated atresia 
of the pulmonary valve (pulmonary atresia with an intact 
ventricular septum); (2) pulmonary atresia associated with 
a ventricular septal defect but without overriding of the 
aorta; and (3) pulmonary atresia associated with conotrun
cal malformations such as tetralogy of Fallot (pseudotrun
cus), double-outlet right ventricle and the various transposi-
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A B 
Fig. 7-169. Double-outlet right ventricle with intact ventricular 
septum. A Lateral view of the right ventriculogram showing both 
great vessels arising from the R V. The aortic valve is to the 
right and slightly anterior to the pulmonic valve. B The LAO 
view of the left ventriculogram shows no great vessel arising from 

tion complexes including the cardiosplenic syndromes 
(situs ambiguus). Pulmonary atresia associated with cono
truncal abnormalities is discussed in the corresponding sec
tions on transpositions. Pulmonary atresia with a ventricu
lar septal defect but without overriding of the aorta is 
similar clinically and physiologically to extreme tetralogy 
of Fallot (pseudotruncus) and is therefore discussed in that 
section. 

Pulmonary Atresia with Intact Ventricular Septum 
Isolated pulmonary atresia is an uncommon anomaly oc
curring in approximately 1 %-3% of congenital heart de
fects. An interatrial communication is obligatory because 
of obstruction to forward flow by an imperforate or an 
atretic pulmonic valve in the presence of an intact ventricu
lar septum. The size of the R V is variable. If the tricuspid 
valve is competent the R V is small and hypertrophied and 
the tricuspid ring tends to be small. Endocardial fibroelas
tosis may be present. Conversely, in cases with insufficiency 
of the tricuspid valve the R V may be normal or enlarged. 
In either case the tricuspid valve apparatus may be normal, 
or it may be grossly abnormal with fusion and shortening 
of the chordae tendineae. The tricuspid valve may be bicus-

the left ventricle (L V) and no VSD. The only exit from the LV 
is by way of the incompetent mitral valve (mitral insufficiency). 
The patient had a restrictive ASD, and a balloon septostomy 
was done at the time of cardiac catheterization. LA = left atrium; 
Ao = aorta; PA = pulmonary artery. 

pid or unicuspid. The leaflets may be dysplastic, or, rarely, 
muscular. The leaflets may be attached to a single papillary 
muscle (parachute tricuspid valve); they may be displaced 
downward into the RV cavity (Ebstein anomaly); or they 
may be absent. Diffuse or focal thinning of the right ven
tricular wall may be observed on occasion (Uhl disease). 
The RA varies in size, depending on the presence and 
severity of tricuspid insufficiency. It may be normal or 
moderately dilated if the tricuspid valve is competent, or 
it may be massively dilated in the presence of severe tricus
pid regurgitation. The interatrial communication is usually 
a foramen ovale, but a true atrial septal defect may be 
present. The LA and LV are usually dilated. The aorta 
is large, and the lungs are perfused via a patent ductus 
arteriosus. Spontaneous closure of the ductus results in 
death, because perfusion of the lungs by systemic and bron
chial vessels is inadequate. Intramyocardial sinusoids are 
often detected in patients with a competent tricuspid valve, 
these sinusoids anastomose with the coronary circulation, 
resulting in drainage into the aorta and coronary venous 
system. Bidirectional flow between aorta and sinusoids may 
be observed (See Fig. 7-174B and C). 
Clinical Features Cyanosis, cyanotic spells and marked 
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Fig. 7-170. Injection of contrast medium in the inferior vena cava 
after repair of double-outlet right ventricle with a subpulmonary 
ventricular septal defect (same patient as in Fig. 7-167). A Frontal 
view, B lateral view. A patch was placed to create an intracardiac 
conduit between the ventricular septal defect and the pulmonary 
valve. Blood from the left ventricle flows into the pulmonary 
artery, similar to D-transposition. A Mustard procedure was per
formed at the same time to redirect the systemic venous blood 
into the left ventricle and the pulmonary venous blood into the 
right ventricle. Note the presence of conus muscle interposed 
between the pulmonary valve and the left ventricle. The tip of 
the pacer catheter (PC) reaches the anatomical left ventricle via 
the superior vena cava and the systemic venous atrium. 

right heart failure are prominent. The liver is large and 
shows a presystolic pulsation. A murmur of tricuspid regur
gitation may be heard. Severe hypoxemia and metabolic 
acidosis may occur as the ductus closes. The electrocardio
gram shows a normal axis in the frontal plane, while the 
R V forces are diminished or absent. Chest leads may show 
LV hypertrophy. With tricuspid insufficiency and R V en
largement right axis deviation is more likely. 
Echocardiography M-mode echocardiography reveals a 
small R V cavity with a thick anterior R V wall and thick 
septum. The tricuspid valve is present but opens for only 
a very short time because of high R V diastolic pressure. 
In the presence of an imperforate pulmonic valve an echo 
resembling the opening of the pulmonary valve is identified 
on occasion, even though the pulmonary valve does not 
actually open. Two-dimensional echocardiography (Figs. 
7-171 and 7-172) may help in visualizing the size of the 
R V and in assessing motion of the pulmonic valve or pul
monary diaphragm. Nevertheless, echocardiography is not 
totally reliable in determining whether the pulmonary valve 
is patent or imperforate. Absence of forward flow in the 

IVC = inferior vena cava; SVA = systemic venous atrium; 
LV = left ventricle; PA, MPA = main pulmonary artery; PV 
= pulmonary valve. 

main pulmonary artery by Doppler echocardiography is 
evidence for pulmonary atresia. 
Radiological (Plain Film) Features Although the pulmo
nary vascularity may be normal in the presence of a large 
ductus arteriosus, decreased pulmonary vascularity is the 
rule (bilateral undercirculation) (Fig. 7-173). The configu
ration of the heart is not specific. The heart may be of 
normal size (Fig. 7-174), moderately enlarged (Fig. 7-173) 
or markedly enlarged with massive dilatation of the RA 
(Fig. 7-175). The combination of severe undercirculation, 
concave pulmonary artery segment, rounded apex and 
aneurysmal dilatation of the RA in a sick cyanotic neonate 
are highly suggestive of pulmonary atresia with intact ven
tricular septum and tricuspid insufficiency (Fig. 7-175). 
Ebstein malformation in the neonatal period may have a 
similar appearance (see Fig. 1-6). The LA and LV are 
usually enlarged. The size of the RA and R V is dependent 
mainly on the presence and severity of tricuspid insuffi
ciency. If the RV is small or diminutive, the LAO view 
may show flattening of the lower anterior border of the 
heart. The ascending aorta is large. The superior vena cava 

B 



Fig. 7-172. Same patient as Fig. 7-171 and 7-176. The long 
axis view of the right ventricular outflow tract (R VOT) during 
systole (A) and diastole (B) show the well formed sinuses of Val-

may be displaced to the right by a pronounced curvature 
of the ascending aorta. A right aortic arch is unusual. 
Other diagnostic possibilities should be considered if the 
aortic arch is on the right. 
Hemodynamics At catheterization the pulmonary artery 
cannot be entered. The RV systolic pressure is high. RA 
a waves may be peaked, while with tricuspid insufficiency 
large v waves are found in the RA. The left-sided pressures 
are normal. The systemic venous blood crosses at the atrial 
level, resulting in desaturation of the LA, LV and aorta. 
Contrast Studies Angiocardiography shows atresia of the 
pulmonary valve with an intact ventricular septum. In true 
pulmonary atresia the RV outflow tract ends blindly, and 
no leaflets are outlined. If leaflets are outlined either from 
the right ventriculogram, or retrograde as the pulmonary 
artery fills from the ductus arteriosus, then imperforate 
pulmonary valve is present rather than pulmonary atresia. 
On occasion a tiny jet of contrast agent crosses a pinhole 
opening in the pulmonary valve. The size of the R V and 
RA will vary, depending on the function of the tricuspid 
valve (Fig. 7-173 to 7-175). The RV generally is markedly 
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Fig. 7-171. Imperforate pulmonic valve simulating tricuspid atre
sia in a lO-year-old boy. Previous attempts to pass a cardiac 
catheter through the tricuspid valve or to demonstrate the right 
ventricle by injection of contrast agent into the right atrium had 
been unsuccessful. A previous Waterston anastomosis improved 
oxygenation, but resulted in chronic heart failure. 

This apex 4-chamber view of a two-dimensional echocardio
gram shows two atrioventricular valves and two ventricular cavi
ties, the right ventricle (R V) being smaller than the left ventricle 
(L V). The right atrium (RA) and the left atrium (LA) are en
larged. (Same patient as Fig. 7-172 and 7-176.) 

salva of the pulmonic valve as well as the poor motion of the 
valve itself. The valve domes during systole (A). LV = left ventri
cle. 

hypertrophied. An atrial level right-to-Ieft shunt is demon
strated. The LA and LV vary in size, but the LV is usually 
dilated, while the aorta is normal in size or dilated. The 
pulmonary arteries opacify by way of a patent ductus arte
riosus. The main pulmonary artery fills in a retrograde man
ner, ending in a beaklike configuration at the site of atresia. 
On the other hand, the pulmonary sinuses of Valsalva will 
be outlined in a case of imperforate pulmonary valve (Fig. 
7-176C). The pulmonary arteries are usually small. In the 
presence of a competent tricuspid valve, R V pressures are 
extremely high. In such cases myocardial sinusoids may 
communicate with the coronary circulation (Fig. 7-174B 
and C). 

It is important to avoid a major pitfall that may lead 
to an erroneous diagnosis of tricuspid atresia in instances 
of pulmonary atresia with intact ventricular septum. Injec
tion in the RA may fail to opacify the R V because of 
the high R V diastolic pressure. Faint opacification may 
not be apparent on cut film, but may be recognized on 
cine film because motion of the tricuspid valve is detected 
by this technique. The result of injection of contrast mate-
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Fig. 7-173. Pulmonary undercirculation in 
a I-day-old boy with pulmonary atresia and 
intact ventricular septum. On the frontal 
roentgenogram of the chest (A) cardiomegaly 
is present, with enlargement of the right 
atrium and ventricle. The right ventriculo
gram (B) demonstrates a large right ventricle 
with thick walls (RVH). The undersurface 
of the pulmonary valve is outlined, but no 
contrast material passes through (imperfo
rate pulmonary valve). Tricuspid insuffi
ciency results in opacification of the right 
atrium. 



B 

Fig. 7-174. Normal-sized heart in a 25-day
old boy with pulmonary atresia and intact 
ventricular septum. On the frontal roentge
nogram of the chest (A) severe bilateral pul
monary undercirculation is present. The 
right ventriculogram (B and C) showed pul
monary atresia, a hypoplastic right ventricle 
(RV) with tricuspid stenosis and a competent 
tricuspid valve. The only exit of blood from 
the R V is by way of large sinusoids connect
ing the right ventricle to the coronary arte
ries. One sinusoid communicates by way of 
an extracardiac vessel with the left subcla
vian artery. Contrast from another sinusoid 
retluxes into the left sinus of Valsalva of the 
aorta. (Continued) 
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rial into the RA may be reminiscent of tricuspid atresia 
in as much as the right-to-Ieft atrial shunt bypasses the 
RV and fills the LA, LV and aorta (Fig. 7-176A). On 
left ventriculography the configuration of the LV and iden
tification of a clear-cut ventricular septum indicate the pres
ence of a R V cavity (Fig. 7-176B). The right coronary 
artery also outlines the surface of the RV cavity. 

Thus a high index of suspicion should lead one to pursue 
the diagnosis of pulmonary atresia with intact ventricular 
septum in cases that resemble tricuspid atresia. Two-dimen
sional echocardiography is essential in the distinction of 
these two entities. 
Treatment Initial management is directed toward correc
tion of acid-base disturbances and toward increasing pul-

Fig. 7-174 (Cont.) D is a frontal view of 
an injection into the main pulmonary artery 
(the catheter passed through the patent duc
tus arteriosus). The main pulmonary artery 
ends blindly. The right and left pulmonary 
arteries are small. Obligatory right-to-Ieft 
shunting occurred at the atrial level, and 
blood entered the lung by way of the ductus 
arteriosus. 

monary blood flow. Intravenous infusion of prostaglandin 
El may dramatically improve oxygenation, by inducing 
ductal relaxation with resultant increase in pulmonary 
blood flow. 

In infants with hypoplastic RV, balloon septostomy at 
catheterization is followed by surgical valvotomy combined 
with a systemic-to-pulmonary-artery shunt (Fig. 7-177). 
Subsequent growth of the R V has been demonstrated even 
in patients with extreme R V hypoplasia and endocardial 
fibroelastosis. In patients with inadequate growth of the 
RV, ultimate definitive repair is not possible. A Fontan 
procedure (atriopulmonary connection) may provide long
term palliation for such patients. 



Fig.7-175. Massive cardiomegaly in a I-day
old boy with pulmonary atresia, intact ven
tricular septum and massive tricuspid insuffici
ency. On the frontal film of the chest (A) 
pulmonary undercirculation is observed. The 
right ventricle (R V) is enlarged, and the right 
atrium (RA) is aneurysmal in size. Ebstein 
malformation, congenital severe tricuspid in
sufficiency or cor triatriatum dexter may pro
duce these radiological findings. The angio
gram (B) demonstrates severe tricuspid 
insufficiency and an atretic pulmonary valve 
(arrowhead). The arrows outline the anulus 
of the tricuspid valve. 
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Fig. 7-176. Imperforate pulmonary valve simulating tricuspid 
atresia (Same patient as in Figs. 7-171 and 7-172). A An injection 
into the right atrium in the AP view; B left ventriculogram in 
the four-chamber view (LAO view with cranial tilt); C lateral 
view of an injection into the pulmonary artery through a Water
ston anastomosis. In A, the right atrial injection, contrast medium 
from the dilated right atrium fills the left atrium and the left 
ventricle. The clear space (arrow) between the right atrium and 
the left ventricle corresponds to the location normally occupied 
by the right ventricle. This sequence simulated tricuspid atresia; 
however, a cineangiogram demonstrated a tricuspid valve. In B 
the left ventricle is enlarged and does not demonstrate a left
to-right shunt. The ventricular septum is clearly identified, indi
cating the presence of a right ventricle of significant size. The 
sweep of the coronary artery is also evidence for the presence 
of the right ventricle. The injection into the pulmonary artery 
by way of the Waterston anastomosis (C) demonstrates an imper
forate pulmonary valve. The leaflets are thickened but mobile 
with no antegrade flow identified on this systolic frame. 

c 
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Fig. 7-177. Radiologicalfindings in an 8-year-old boy with pulmo
nary atresia and intact ventricular septum (postoperative pulmo
nary valvotomy and Blalock-Taussig anastomosis on the first day 
of life). The right ventricle remains hypertrophied, but the cavity 
is of normal size. The enlarged right atrium is faintly opacified 
because of tricuspid insufficiency. 

Tricuspid Atresia 

Tricuspid atresia (TA) is an uncommon but not rare (2%-
3 %) congenital anomaly, consisting of complete absence 
of the right atrioventricular (A-V) valve. The anomaly is 
usually associated with hypoplasia of the RV. This defini
tion applies to cases with situs solitus and with A-V concor
dance; that is, when the morphological RA is right sided 
and the LA is left sided and the RA is in potential commu
nication with the RV, while the LA communicates with 
the LV. This definition excludes single ventricle with atresia 
of the right-sided A-V valve. In single ventricle the RA 
is in potential communication with the main chamber. 

In T A, systemic venous blood entering the RA is 
shunted through either an atrial septal defect or through 
a foramen ovale into the LA and then to the LV. Rarely 
the atrial septum is intact, and the interatrial communica
tion is by way of the coronary sinus, which in tum connects 
with the LA through a perforation. Complete mixing of 
systemic venous and pulmonary venous blood in the LA 
results in arterial unsaturation. The blood reaches the lungs 

During systole (A) doming of the valve occurs. During diastole 
(B) the semilunar sinuses reconstitute. Poststenotic dilatation of 
the pulmonary artery is noted. Reconstitution of the sinuses indi
cates commissural fusion rather than a dysplastic valve. The peak 
systolic pressure gradient across the pulmonary valve was 30 
mm Hg. The Blalock-Taussig anastomosis closed spontaneously. 

by way of associated heart defects (e.g., patent ductus arte
riosus, ventricular septal defect). Diminution of pulmonary 
blood flow on serial roentgenograms of the chest and deteri
oration in systemic oxygen saturation may be due to sponta
neous closure of a ventricular septal defect (VSD). In pa
tients with T A and transposition of the great arteries, the 
blood reaches the systemic circulation via a large VSD 
or through a reversed patent ductus arteriosus or both. 
If the VSD closes in such instances, systemic blood flow 
is compromised. Classification of T A (Table 7-6) depends 
on the presence or absence of associated heart defects (i.e., 
transposition of the great arteries, pulmonic stenosis/atre
sia, VSD). Type I relates to TA associated with normally 
related great arteries; type II relates to T A with dextro
transposition of the great arteries (D-TGA) and type III 
relates to T A with levotransposition of the great arteries 
(L-TGA). 

Cardiovascular abnormalities associated with T A in
clude coarctation and interruption of the aorta, juxtaposi
tion of the atrial appendages and patent ductus arteriosus, 
anomalies principally associated with type II T A. 
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Table 7-t). Classification of Tricuspid Atresia 

I. Tricuspid atresia (T A) with normally related great vessels 
A. With pulmonary atresia and an intact ventricular septum 
B. With pulmonic stenosis (PS) and a small ventricular sep

tal defect (VSD) 
C. With no PS and a large VSD 

II. TA with D-TGA. 
A. With pulmonary atresia and a large VSD 
B. With PS and a large VSD 
C. With no PS and a large VSD 

III. T A with L-TGA. 
A. With bulboventricular inversion 
B. With isolated bulbar inversion 

* For details of type III TA see the text discussion of lesions only rarely 
encountered with tricuspid atresia. This classification does not include 
tricuspid atresia with double-outlet right ventricle and double-outlet left 
ventricle. Single ventricle with atresia of the right-sided atrioventricular 
valve is not a form of T A. 

Lesions that are only rarely encountered with T A are 
double-outlet LV (with either D-TGA or L-TGA and single 
or double conus), and L-TGA. L-TGA is of two kinds: 
the common or classic form called ventricular inversion 
(bulboventricular inversion) and a rare form called isolated 
bulbar inversion. In bulboventricular inversion (also known 
as corrected transposition) the anatomical RV lies on the 
left side and the anatomical LV on the right side. In isolated 
bulbar inversion the inflow portions (sinuses) of the ventri
cles are normally placed, but the outflow portions are in
verted, signifying that the anatomical LV has an infundibu
lum (conus) from which the aorta originates. The 
anatomical RV, on the other hand, lacks a conus (infun
dibulum), but gives origin to the pulmonary trunk. Because 
the A -V valves are part of the respective ventricular inflow 
portions (sinuses), the A-V valves are inverted in bulboven
tricular inversion and normally placed (noninverted) in 
isolated bulbar inversion. Thus, atresia of the left A-V valve 
occurs in TA with bulboventricular inversion, whereas the 
right A-V valve is atretic in TA with isolated bulbar inver
sion. For more complete details see specific articles listed 
in the bibliography. 

T A is associated with extracardiac anomalies affecting 
the musculoskeletal and gastrointestinal system, and also 
occurs rarely with Down syndrome, asplenia, Christmas 
disease (hemophilia B) and cat-eye syndrome. 
Clinical Features Children with T A and normally related 
great vessels are cyanotic from birth. Obstruction to pulmo
nary blood flow is caused by pulmonic stenosis or atresia. 
On the other hand, pulmonary overcirculation and even 
congestive heart failure are fairly common in T A with 
transposition of the great vessels. The electrocardiogram 
reveals LV hypertrophy with minimal R V forces. The axis 
is to the left at approximately -45°. In instances of TA 
with a VSD and large pulmonary blood flow and also in 
those with TGA the axis may be normal or even rightward. 
Enlargement of the RA suggests that the interatrial com
munication is inadequate. 
Ecbocardiograpby The echocardiographic findings of T A 

consist ofa small RV, a large LV and atresia of the tricuspid 
valve. In place of the tricuspid valve is a highly reflective 
bar of tissue that may have motion on M-mode similar 
to that of a patent tricuspid valve (Fig. 7-178A), with 
no opening motion on 2-D echocardiography (Fig. 7-178C 
and D). In hypoplastic right-heart syndromes without tri
cuspid atresia (e.g., pulmonary atresia with intact ventricu
lar septum) a small RV and a large LV are also demon
strated by echocardiography, but a functioning tricuspid 
valve is detected as well (Fig. 7-171). Single ventricle with 
a rudimentary outlet chamber and atresia of the right 
A-V valve may also be reminiscent ofTA. Fibrous continu
ity will be demonstrated between the mitral valve and a 
semilunar valve in TA (Fig. 7-178B), whereas conus muscle 
will be interposed in cases of single ventricle. Two-dimen
sional echocardiography also may aid in determining the 
relationship of the great vessels and in estimating the size 
of the interatrial communication relative to the need for 
atrial septostomy. 
Radiological (Plain Film) Features The pulmonary vascu
larity is usually decreased (pulmonary undercirculation), 
because of marked pulmonic stenosis (Fig. 7-179). Pulmo
nary flow may be increased in patients with a large VSD 
without pulmonic stenosis and in those with transposition 
of the great arteries. The heart is often enlarged, but it 
may be normal (Fig. 7-179). The pulmonary artery segment 
is flat or concave because of hypoplasia of the main pulmo
nary artery. The left upper heart border may be straight
ened or even convex in the presence of left-sided juxtaposi
tion of the atrial appendages or LA dilatation with an 
enlarged LA appendage (Fig. 7-180). The aorta tends to 
be enlarged. On occasion a right aortic arch may be noted. 
The cardiac apex is usually rounded and is often elevated, 
simulating enlargement of the RV (Figs. 7-181 and 7-182). 
This appearance is brought about because in the absence 
of a R V of significant size, the LV assumes the position 
normally occupied by the RV. The RV itself is usually 
small, its size being best evaluated in the LAO and lateral 
views (Fig. 7-181B). An enlarged LV posteriorly in con
junction with a dilated RA and small RV situated anteri
orly form a characteristic heart configuration. 
Hemodynamics The findings at catheterization are deter
mined by the associated defects. The R V cannot be entered 
directly from the RA. Oxygen saturations are equal in 
the superior and inferior venae cavae and RA; complete 
admixture of systemic and pulmonary venous blood occurs 
in the LA, resulting in identical saturations in the LV 
and systemic circulation. Pressure in the RA is greater 
than pressure in the LA. The venae cavae and RA pressure 
tracings show prominent a waves, while the LA, LV and 
aortic pressures are usually normal. In T A with normally 
related great vessels, pulmonary pressure and pulmonary 
blood flow are determined by the size of the VSD and 
severity of pulmonic stenosis. Usually the VSD is small 
and the pulmonary valve stenotic. Some infants are depen
dent on the ductus arteriosus for pulmonary blood flow. 
Thus, pulmonary flow and pressure are usually low. In 
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Fig. 7-178. Echocardiography in a 3-year-old girl with tricuspid 
atresia and normally related great vessels. A is an M-mode arc 
scan from the area of the atretic tricuspid valve (Atretic TV) to 
the aortic root (Ao). The motion of the atretic tricuspid valve 
is similar to the motion of a patent tricuspid valve. B is an 
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M-mode arc scan from the aortic root to the mitral valve showing 
aortic-mitral fibrous continuity. A right ventricular outflow tract 
(R VaT) of significant size is present anteriorly. Ao = aorta; 
LA = left atrium; AML = anterior mitral leaflet; LV = left ven
tricle. (Continued) 
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Fig. 7-178 (Cant.) In C and C', representing an apex four-cham
ber view during systole, a highly reflective bar of tissue (atretic 
tv) occupies the normal position of the tricuspid valve. The right 
atrium (RA) is larger than the left atrium (LA), while the right 
ventricle (R V) is smaller than the left ventricle (L V). A ventricu-

T A with TGA the pulmonary artery arises directly from 
the LV, often with little or no pulmonic stenosis. Pulmo
nary flow and pressure are high, and pulmonary resistance 
may be increased (Eisenmenger syndrome) in older infants 
and children with T A and TGA. Even a slight increase 
in pulmonary resistance constitutes a contraindication to 
a Fontan procedure (atriopulmonary connection). 
Contrast Studies The RA angiogram demonstrates the 
atretic tricuspid valve and the interatrial communication. 
Rarely, if the foramen ovale is restrictive, an aneurysm 
of the atrial septum may occur. Opacification of the LA 
and LV with little or no opacification of the R V (by way 
of a VSD) results in a triangular filling defect between 
the contrast-medium-filled RA and the LV on the dia
phragmatic border of the heart (Fig. 7-179B, 7-180B). 
Left ventriculography is valuable in determining the pres
ence or absence of a VSD (Fig. 7-180C, 7-182). If a VSD 
is present the R V and pulmonary arteries are opacified. 

lar septal defect (vsd) is demonstrated. mv = mitral valve; Sept. 
= interventricular septum. In the same apex view during diastole 
(D and D'), the mitral valve opens, but the atretic tricuspid 
valve (atr. tv) does not. AML = anterior mitral leaflet. 

The size of the R V, the size and function of the pulmonary 
valve and the anatomy of the pulmonary arteries are all 
important concerns relative to consideration of surgery. 
In the presence of transposition of the great arteries, sub
aortic stenosis may be caused by a restrictive VSD and 
may be accompanied by hypoplasia, coarctation or inter
ruption of the aorta. Other associated cardiovascular mal
formations are also identified (e.g., juxtaposition of the 
atrial appendages, patent ductus arteriosus, persistent left 
superior vena cava). T A should be differentiated from other 
heart malformations causing hypoplasia of the right heart. 
Among these malformations are pulmonary atresia with 
intact ventricular septum, congenital tricuspid stenosis and 
congenital unguarded tricuspid orifice (absence of tricuspid 
valvular tissue). On occasion, Ebstein malformation, tu
mors of the right heart and isolated rheumatic tricuspid 
stenosis may cause tricuspid valve obstruction and a right
to-left interatrial shunt resulting in cyanosis. 



Fig. 7-179. A Plain film of the chest and 
B right atrial angiogram in a cyanotic 5-day
old boy with tricuspid atresia and normally 
related great arteries. Marked pulmonary 
undercirculation is present. The size and 
configuration of the heart are normal. Theangi
ogram shows the typical "tricuspid se
quence"-that is, the right atrium, left 
atrium and left ventricle fill in that order. 
The right ventricle fills from the left ventricle 
through a ventricular septal defect, and the 
great vessels fill from their respective ventri
cles. A lucent triangle (clear window area, 
arrow) occupies the position of the inflow 
portion of the right ventricle. This sequence 
of filling of the cardiac chambers and the 
clear window area are considered character
istic of tricuspid atresia. These features are 
not pathognomonic, since they also may be 
encountered with other defects (e.g., pulmo
nary atresia or critical pulmonic stenosis 
with intact septum). 
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Fig.7-180. A roentgenogram of the chest and right atrial angiogra
phy in a 4-month-old cyanotic boy with tricuspid atresia and nor
mally related great arteries. In A the pulmonary blood flow is 
normal to slightly diminished. The heart is slightly enlarged, with 
straightening of the left upper border and mild rounding of the 
apex; elongation of the left heart border is also present, suggesting 
left ventricular and not right ventricular enlargement. The frontal 
view of the angiogram (B) demonstrates the filling sequence (right 

atrium, left atrium and left ventricle) and the triangular clear 
space (arrow) characteristic of tricuspid atresia. The left atrium 
(LA) is superimposed on the outflow tract of the left ventricle 
(L V), while the left atrial appendage (AA) contributes to straight
ening of the left heart border on the film of the chest. On the 
lateral view of the angiogram (C) the large left ventricle (L V) 
fills the right ventricle by way of a ventricular septal defect. R VOT 
= right ventricular outflow tract. 

c 



Fig. 7-181. A roentgenogram of the chest in 
a cyanotic 1-day-old girl with tricuspid atresia 
(same patient as in Fig. 7-182). In the frontal 
view (A) severe undercirculation is present. 
The heart is enlarged, and the apex is 
rounded and elevated, to an extent in excess 
of what is usually observed in tetralogy of 
Fallot. The pulmonary artery segment is con
cave. The right atrium appears normal. This 
type of cardiac configuration and pulmonary 
undercirculation with right axis deviation 
and right ventricular hypertrophy on the 
electrocardiogram are consistent with tetral
ogy of Fallot, critical pulmonic stenosis or 
other obstructive lesions of the right heart 
without hypoplasia of the right ventricle. 
When these findings on plain film are accom
panied by left axis deviation tricuspid atresia 
should be considered instead. Even in the 
absence of an appropriate history the lateral 
roentgenogram (B) is helpful because it 
shows left ventricular enlargement, and not 
right ventricular enlargement. The lower ret
rosternal area is relatively lucent, corre-
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sponding to a small right ventricle. A 

B 
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A B 
Fig. 7-182. Left ventriculogram in a cyanotic 1-day-old girl with 
tricuspid atresia (same patient as in Fig. 7-181). In the frontal 
view ofthe left ventriculogram (A) the large left ventricle accounts 
for the appearance of the cardiac apex on the plain film of the 
chest. The pulmonary arteries opacify faintly. In the lateral view 
(B) the left ventricle is markedly enlarged because all of the sys-

Treatment Balloon atrial septostomy during the initial car
diac catheterization procedure is recommended even if ob
struction to emptying of the RA is not demonstrated. 
Prostaglandin El is administered until palliative aorta-to
pulmonary shunts are created if pulmonary flow is inade
quate. Pulmonary banding may be useful in cases in which 
pulmonary flow is excessive. A recent approach to total 
correction involves prosthetic connections of the RA di
rectly to the R V outflow tract or main pulmonary artery 
(Fontan procedure). 

Postoperative findings after Fontan procedures may in
clude RA enlargement, ascites and obstruction at any level 
of the connection. Persistent high pulmonary vascular resis
tance will lead to the low output syndrome. Arrhythmias 
occurring after the Fontan procedure include sinus arrest 
and other atrial arrhythmias, as well as complete heart 
block, requiring a pacemaker. 

Cor Triatriatum Dexter 

This rare entity usually accompanies other forms of right
sided cardiac obstruction, but may occur as an isolated 

temic and pulmonary venous blood flows through it. The septum 
appears intact (type lA, see Table 7-6). Fibrous continuity be
tween the aortic and mitral valves is clearly demonstrated (open 
arrows), thus excluding single ventricle. The right atrial injection 
(not shown) demonstrated the typical filling sequence of tricuspid 
"atresia. " 

anomaly. It is characterized by an enlarged valve of the 
sinus venosus that separates the RA into an inflow portion 
and an outflow portion. The superior and inferior venae 
cavae enter the inflow chamber; blood flows from here 
through an opening in the membrane to reach the tricuspid 
valve. In the case reported by Verel et aI., no pressure 
gradient was measured across the membrane. In contrast 
in the case of Nakano et aI., surgical excision was required. 
Jones and Niles described a patient with tricuspid atresia 
and a large valve of the sinus venosus, which intermittently 
obstructed the foramen ovale and led to acute decompensa
tion and, eventually, death. The case reported by Gerlis 
and Anderson included cor triatriatum dexter with imper
forate Ebstein malformation of the tricuspid valve and atre
sia of the pulmonary valve. 

Clinical features and radiological findings vary, depend
ing on the severity of obstruction and associated defects. 
Isolated cor triatriatum dexter, with obstruction, produces 
enlargement of the RA, simulating Ebstein anomaly. Car
diac catheterization may reveal a right-to-Ieft shunt at the 
atrial level, while on angiography the RA is divided into 
two chambers by a membrane. 
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Chapter 7 ,Section 4 
Left Heart Obstruction 

In this section are included congenital defects that limit 
flow of blood through the left heart (Table 7-7). These 
are presented in reverse anatomical sequence, starting with 
coarctation and pseudocoarctation of the aorta, and pro
gressing proximally to include supravalvular aortic stenosis 
and disorders of the aortic valve, left ventricle (LV), mitral 
valve and left atrium (LA). Although aortic regurgitation 
and aortico-Ieft ventricular tunnel are not considered ob
structive lesions, they are included here because they inter
fere with forward flow through the left side of the heart. 

Congenital bicuspid aortic valve is not considered in 
this section, but is included in the chapter entitled Valvular 
Heart Disease. The major reason for this decision deals 
with the fact that patients with this disorder usually present 
clinically during adult life at about the same time as do 
individuals with rheumatic and degenerative diseases of 
the aortic valve. 

Aortic atresia and hypoplastic left heart syndrome are 
discussed as a single group because their clinical presenta
tions are similar. 

Coarctation of the Aorta 

Coarctation of the aorta consists of a discrete, localized 
narrowing of the aorta that usually occurs between the 
aortic arch and the descending aorta. Coarctation of the 
aorta accounts for 7%-8% of all congenital heart defects. 
In infants with congestive heart failure the incidence of 
coarctation, especially in association with other disorders, 
is much higher; accounting for 17% of all babies who died 
with congenital heart defects in one large series. The sex 
ratio is approximately 2: 1 with male predominance. 

Pathologically, coarctation of the aorta consists of an 
eccentric, ridgelike infolding of the media of the aortic 
wall with intimal proliferation resulting in eccentric nar
rowing of the aorta, usually opposite the aortic insertion 
of the ligamentum arteriosum or ductus arteriosus Uuxta
ductal) or immediately distal to the ductus (postductal). 
Juxtaductal and postductal coarctation have identical man
ifestations, differing only slightly in their appearance on 
angiography. Juxtaductal coarctation is the most frequent 
type of coarctation at all ages and is also called the adult 
type. Preductal coarctation is less common, and occurs 
in symptomatic neonates, usually in association with tubu
lar hypoplasia of the aortic isthmus (i.e., that part of the 
aorta between the left subclavian artery and the ductus 
arteriosus) or of the entire aorta (infantile coarctation). 
Preductal coarctation of the aorta with tubular hypoplasia 
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Table 7-7. Congenital Abnormalities Causing Left Heart 
Obstruction* 

A. Isolated lesions 
Coarctation and Pseudocoarctation 
Aortic stenosis 

Supravalvar 
Valvar 
Subvalvar (membranous, fibrous tunnel, muscular) 

Aortic insufficiencyt 
Aortico-Ieft ventricular tunnelt 
Congenital absence of the aortic valvet 
Mitral stenosis (valvar, supravalvar) 

Accessory mitral valve tissue 
Parachute mitral valve 
Anomalous mitral arcade 
Supravalvar mitral ring 

Cor triatriatum 
Stenosis, atresia, or agenesis of pulmonary veins 

B. Combined lesions 
Coarctation with: 

Patent ductus arteriosus 
Ventricular septal defect 
Atrial septal defect 
Tubular hypoplasia of aorta 
Bicuspid aortic valve 
Subaortic stenosis 
Endocardial cushion defect 
Single ventricle 
Endocardial fibroelastosis 
Hypoplastic left heart syndrome 
Shone syndrome 
Double-outlet right ventricle 

Biventricular origin of pulmonary trunk with subaortic 
stenosis (Becu complex) 

* Normal pulmonary vasculature or pulmonary venous hypertension; no 
cyanosis except in newborns. 
t Although these entities do not represent an anatomical obstruction, 
aortic insufficiency interferes with forward flow and therefore, for the 
purpose of classification, we include them in this group. 

of the ascending aorta and aortic arch usually is associated 
with aortic atresia or hypoplastic left heart syndrome. With 
preductal coarctation, right ventricular blood flows 
through the ductus arteriosus into the descending aorta 
as long as the ductus remains patent. Coarctation may 
also occur in the abdominal aorta. Multiple coarctations 
of the aorta have also been reported. Tubular hypoplasia 
without a focal coarctation may be found on occasion in 
seriously ill newborns. The clinical manifestations will be 
similar to those associated with coarctation of the aorta. 

In older children with coarctation of the aorta the exter
nal wall of the aorta is indented in the region of the focal 
thickening. The descending aorta is often widened just dis-



tal to the coarctation. In infants the external appearance 
of the aorta does not always reflect the infolding 
(R. W. M. Frater, personal communication). A jet lesion 
caused by flow through the constriction may be observed 
in the upper portion of the descending aorta. Left ventricu
lar hypertrophy and subendocardial fibrosis develop in re
sponse to the hypertension caused by the afterload lesion. 
Formation of collateral circulation to the lower body is 
roughly proportional to the severity of the constriction. 
The subclavian and the internal mammary arteries are the 
main sources of collateral flow. 
Associated Cardiac Defects The incidence of associated 
congenital malformations is high, bicuspid aortic valve be
ing the most frequently encountered lesion in older children 
and adults (up to 85%). The valve is rarely stenotic. Ventri
cular septal defect and patent ductus arteriosus are the 
most commonly associated cardiac disorders in infants. 
One type of ventricular septal defect occurring with coarc
tation of the aorta is a malalignment ventricular septal 
defect with displacement of the conus tissue into the LV 
outflow tract causing LV outflow tract obstruction. Other 
forms of subaortic obstruction and atrial septal defects also 
occur. Less frequent are anomalies of the mitral valve and 
malposition of the great arteries, with or without single 
ventricle. Coarctation may also be part of the Shone syn
drome (coarctation, aortic stenosis, subaortic diaphragm, 
parachute mitral valve and supravalvar mitral ring). Endo
cardial fibroelastosis may be observed in children with iso
lated coarctation of the aorta (Table 7-7). Studies in animal 
fetuses and the frequent association with intracardiac de
fects have led to the hypothesis that coarctation may be 
secondary to a decrease in aortic blood flow during fetal 
development. The right ventricle (R V) is enlarged because 
during fetal life it supplies the descending aorta by way 
of the ductus arteriosus. The LV and the aortic arch remain 
small because flow of blood through these is impaired. 
Thus, RV hypertrophy, patent ductus arteriosus, hypopla
sia of the LV and tubular hypoplasia of the aortic arch 
may be associated with coarctation of the aorta in infants. 

Tracheoesophageal fistula and cystic disorders of the 
kidneys are the most commonly associated extracardiac 
lesions. Gonadal dysgenesis (XO Turner syndrome) often 
occurs with coarctation of the aorta. Conversely, in Marfan 
syndrome coarctation is uncommon. The subclavian steal 
syndrome may be observed in children with coarctation 
if either subclavian artery is stenotic or atretic. The right 
subclavian artery may have an anomalous origin from the 
descending aorta below the coarctation. The most impor
tant complications of coarctation are (1) heart failure in 
neonates, (2) subarachnoid hemorrhage secondary to rup
tured berry aneurysms of the circle of Willis, (3) dissection 
of the aorta, (4) infective endocarditis and mycotic aneu
rysm. 
Clinical Features Coarctation of the aorta has two distinct 
clinical presentations. In infancy, coarctation often is re
sponsible for severe congestive heart failure. Older children 
and adults are generally asymptomatic, and the defect is 
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discovered during an evaluation for hypertension. These 
two clinical entities are described separately. 

As indicated, coarctation of the aorta in infancy pro
duces congestive heart failure, especially in the presence 
of significant associated disorders. Symptoms usually ap
pear within the first week of life. Rarely the clinical presen
tation is delayed. This delay may be caused by patency 
of the aortic end of the ductus arteriosus that maintains 
an adequate lumen of the aorta in spite of the infolding 
of tissue opposite the ductus. Tachypnea and loss of appe
tite are the first manifestations to appear, followed by pallor 
and diaphoresis on exertion. On physical examination the 
extremities are cool with the pulses normal or increased 
in the arms and weak or absent in the legs. The blood 
pressure in the arms mayor may not be increased. The 
blood pressure in the legs is lower and is nonpulsatile, 
resulting in difficulty measuring it by noninvasive tech
niques. A RV heave is palpated, and a gallop is usually 
heard. Murmurs occur in babies with associated intracar
diac defects such as PDA with left-to-right shunt or aortic 
stenosis. The liver and spleen may be enlarged. 

The electrocardiogram in infants with coarctation of 
the aorta may reflect the associated defect (e.g., single ven
tricle, atrioventricular canal) or may show R V hypertro
phy, as a result of the role of the RV during fetal life in 
assuming most of the fetal cardiac output. Acidosis may 
supervene as a result of the low cardiac output. Babies 
with isolated coarctation of the aorta may respond to di
goxin and diuretics, and may be managed without surgery. 
In the presence of associated cardiac defects, symptoms 
are usually refractory to medical management, so that sur
gical intervention is mandatory. 

The clinical manifestations of coarctation of the aorta 
in children and adults are quite different from those occur
ring in infants. Beyond infancy, symptoms are usually ab
sent. Weakness or atrophy of the legs (on occasion associ
ated with claudication) are subtle findings that may be 
elicited on diligent examination, but are not the presenting 
complaint in many instances. On occasion, absence offemo
ral pulses calls attention to the problem, but usually this 
is discovered during search for the etiology of hypertension. 
It is important to note that coarctation of the aorta does 
not necessarily produce a murmur. If a murmur is heard 
it can frequently be attributed to an associated cardiac 
disorder. Thus, continuous murmurs may be present with 
coarctation, but they are usually due to coexisting patent 
ductus arteriosus rather than collateral flow. Aortic clicks 
are also heard and are likely to be associated with abnor
malities of the aortic valve, although some authors suggest 
that dilatation of the ascending aorta and hypertension 
may produce a click. With valvar or subvalvar aortic steno
sis, systolic ejection murmurs and thrills may be heard. 
Mitral valve abnormalities cause characteristic findings of 
mitral insufficiency, mitral stenosis or both. The pulse in 
the right arm is bounding, and blood pressure in that ex
tremity is increased. The pulse and pressure in the left 
arm may be increased, depending on where the coarctation 
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is relative to the origin of the left subclavian artery. Pulses 
in the legs may be palpable, but weak. In older children 
and adults a radial-femoral lag will be recognized if the 
right radial pulse and the femoral pulse are palpated simul
taneously. Blood pressure in the legs is lower than that 
in the arm or may be unobtainable. Rarely pulsation or 
bruits or both will be identified over the left scapula due 
to flow in collateral vessels. The electrocardiogram may 
be normal or may show left ventricular hypertrophy. 
Echocardiography Two-dimensional echocardiography 
can demonstrate the coarctation from the suprasternal 
notch (Fig. 7-183). Tubular hypoplasia of the aorta may 
also be recognized and interruption of the aortic arch ex
cluded. A combined approach, using M-mode and 2-D 
echocardiography, is helpful in identifying associated ab
normalities. Recognition of tubular hypoplasia of the aorta, 
together with an associated defect (e.g., ventricular septal 
defect or ventricular septal defect with subaortic stenosis, 
aortic stenosis, mitral valve disease, left ventricular dys
function, single ventricle), should lead to consideration of 
early surgical intervention, since symptoms in such cases 
are often refractory to medical therapy. Echocardiography 
is most helpful in excluding hypoplastic left heart syn
drome, in which the clinical presentation may be similar 
to that of coarctation. Doppler echocardiography shows 
decreased systolic pulsations in the descending aorta as 
well as diastolic augmentation of blood flow (Fig. 2-49). 
Associated VSD, PDA and stenosis or insufficiency of ei
ther the aortic or mitral valve are also assessed. 
Radiological (Plain Film) Features Two principal radio
logical presentations occur in infants with coarctation of 
the aorta. With the symptomatic juxtaductal (uncompli
cated) coarctation (Fig. 7-184), the pulmonary vasculature 
shows signs of congestive heart failure, and the heart is 
of normal size or moderately enlarged. In most such cases 
the configuration of the heart and aorta are not characteris
tic. The findings are similar to those occurring with other 
forms of left heart obstruction (e.g., hypoplastic left heart 
syndrome, severe aortic stenosis, mitral stenosis). 

In preductal coarctation (with associated defects) the 
pulmonary pattern usually shows a combination of overcir
culation and pulmonary venous hypertension (congestive 
heart failure) (Fig. 7-185). The heart is enlarged with dila
tation of the right atrium (RA) and RV. The main pulmo
nary artery is large, and the aorta is inconspicuous. 

The radiological findings in older children and adults 
may be divided into two categories, the classical features 
and the more subtle manifestations. With the full-blown 
picture of coarctation of the aorta the pulmonary vascular
ity is normal. The heart is not enlarged, but the LV may 
be prominent and the ascending aorta dilated. The classic 
"three sign" is observed on the frontal and left anterior 
oblique projections (Fig. 7-186). The upper convexity is 
usually formed by a dilated left subclavian artery, but, 
on occasion, represents the aortic knob. The lower convex
ity is formed by the dilated proximal descending aorta 
with the indentation representing the site of coarctation. 

On the barium esophagogram the reverse three sign (or 
E sign) is caused by pressure on the esophagus by the 
convexities just described. Aneurysmal dilatation and calci
fication of the subclavian arteries may be present (Fig. 
7-187A). Rib notching usually affects the lower margins 
of the fourth through the eighth ribs (posterior segments) 
and is usually bilateral (Fig. 7-187B and C). Unilateral, 
right-sided rib notching occurs if the coarctation involves 
the origin of the left subclavian artery so that low pressure 
in that vessel prevents it from being a source of collaterals. 
Unilateral left-sided rib notching results if the right subcla
vian artery has an anomalous origin from the descending 
aorta below the coarctation. Retrosternal scalloping is due 
to erosion by dilated internal mammary arteries. It should 
be stressed that rib notching also occurs with other disor
ders that enlarge the intercostal arteries, veins or nerves. 
Commonly mentioned but rarely observed is unilateral rib 
notching on the ipsilateral side of a Blalock-Taussig shunt 
for cyanotic congenital heart disease. Unilateral absence 
of a pulmonary artery may also result in unilateral rib 
notching. 

Although the features just described are stressed as diag
nostic for coarctation, in most cases findings are more sub
tle and the radiologist should be alert to them. The first 
of these is discontinuity between the aortic arch and the 
descending aorta (Fig. 7-187A and 7-188A). The second 
is an inconspicuous aortic arch with a dilated descending 
aorta. On occasion the only clue might be a dilated ascend
ing aorta that may simulate aortic valvular disease. Another 
subtle clue is a dilated left subclavian artery that may even 
simulate a high cervical arch. 
Hemodynamics in Infants In infants with congestive heart 
failure the foramen ovale is often found to be sealed (prema
ture closure); thus no atrial shunt will occur, and entry 
of the venous catheter into the left heart will be prevented. 
If the foramen ovale is patent a left-to-right shunt may 
be detected at the atrial level, reflecting an atrial septal 
defect or incompetence of the flap of the foramen ovale 
in the presence of high left atrial pressure (congestive heart 
failure). An additional shunt at the ventricular level may 
indicate a ventricular septal defect. A shunt may occur 
at the ductal level if the ductus is shunting from left to 
right. In some cases the ductus shunts from right to left, 
causing desaturation in the descending aorta. Pressures in 
the R V and pulmonary artery are increased, usually to 
systemic levels. Pressure in the LA is elevated secondary 
to left heart failure. Left ventricular pressure mayor may 
not be increased. The descending aorta is usually reached 
by a catheter from the R V by way of the ductus arteriosus. 
Pressure in the descending aorta is damped if the ductus 
is partly closed. During infusion of prostaglandin El or 
during periods of hypoxia and acidosis, the ductus may 
widen so that pressures in the aorta, the pulmonary artery 
and the descending aorta are all equal. 
Hemodynamics in Children and Adults If the right heart 
is catheterized in asymptomatic children and adults with 
isolated coarctation of the aorta, no oxygen "step-up" is 



detected, and right heart pressures, including pulmonary 
wedge pressure, generally are normal. Pressures in the LV 
and ascending aorta are increased. Pressure in the descend
ing aorta is lower and has a narrow pulse pressure. Addi
tional gradients across the outflow tract of the LV and 
the aortic valve should be sought to exclude other stenotic 
lesions (e.g., valvar and subvalvar aortic stenosis). 
Contrast Studies The preferred location for the initial angi
ogram in a symptomatic infant with coarctation of the 
aorta is the LV if that chamber can be reached via the 
foramen ovale. The injected contrast agent will delineate 
the anatomical features of the aortic arch and site of coarc
tation and will identify intracardiac defects as well. In addi
tion, L V size and function are assessed. If the L V cannot 
be reached, then the venous catheter is directed from the 
pulmonary artery through the ductus into the descending 
aorta. The coarctation, the ductus and, on occasion, the 
transverse arch and isthmus can be delineated by injection 
of contrast medium in this location (Fig. 7-185). As an 
alternative, the levophase, after injection into the RV or 
main pulmonary artery, may opacify the LV, the aortic 
arch and the coarctation. Presence or absence of ventricular 
septal defect may also be determined from the levophase. 
Digital subtraction techniques may enhance the images so 
that a peripheral injection of contrast material may be 
sufficient to demonstrate the anatomical defects. 

For asymptomatic children and adults with characteris
tic findings of coarctation of the aorta but no evidence 
of significant associated defects, left ventriculography (Fig. 
7-186 Band C) or aortography is adequate to delineate 
the anatomical features. In the authors' experience the aor
tic root usually can be reached retrograde from the femoral 
artery, even though femoral pulses may be weak or absent. 
No complications have occurred with this approach. If 
the femoral artery cannot be entered, the right brachial 
approach may be necessary. In many children a venous 
catheter can be directed across the foramen ovale and into 
the LV. An angiogram obtained from that position will 
be adequate for diagnosis. The levophase, after injection 
into the main pulmonary artery, will also provide adequate 
images if the other approaches are not feasible. 

The information that may be obtained from the angio
gram is (1) location of the coarctation relative to the left 
subclavian artery and the ductus arteriosus (if visualized); 
(2) size of the left subclavian artery (important if a pros
thetic graft from the left subclavian artery to the descending 
aorta is to be considered; (3) source and size of collateral 
vessels; (4) presence or absence of other anomalies of the 
branches of the aorta (e.g., anomalous origin of the right 
subclavian artery); (5) presence or absence of aneurysmal 
dilatation of the ascending aorta, left subclavian artery, 
ductus diverticulum or collateral vessels and (6) abnormali
ties of the aortic valve. 

In children or in adults with evidence of additional car
diac abnormalities a left ventriculogram should be recorded 
as the initial angiogram. If visualization of the coarctation 
is not adequate, an aortogram becomes necessary. 
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Fig. 7-183. Two-dimensional echocardiogram from the supraster
nal notch in a lO-year-old boy with coarctation of the aorta. The 
posterior infolding (Shelf) that constitutes the coarctation appears 
as a highly reflective wedge of tissue protruding into the lumen 
of the aorta. The isthmus, the segment of the aorta between the 
left subclavian artery (LSA) and the coarctation, is narrow. Arch 
= aortic arch; da = descending aorta beyond the coarctation. 

Treatment In children and adults, hypertension secondary 
to coarctation is extremely difficult to treat without surgical 
intervention. In symptomatic infants, intensive therapy for 
congestive heart failure may reduce the symptoms to the 
point that surgical procedures can be delayed. If heart fail
ure is not rapidly controlled, however, operation is urgent, 
since acidosis and death can supervene suddenly in these 
infants. In very young babies, prostaglandin El will dilate 
the ductus so that the R V can perfuse the lower body 
temporarily until diagnostic studies and an operation can 
be performed. 

Repair of coarctation was first reported by Crafoord 
and Nylin and by Gross and Hufnagel in 1945. The tech
nique described was excision of the coarcted segment and 
reanastomosis. This procedure generally is satisfactory in 
older children and adults if the narrow segment is short 
and if the individual has reached nearly full growth. In 
infants this operation has not been satisfactory, because 
it does not solve the problem of tubular hypoplasia. In 
addition, the circumferential scar necessitates a secondary 
repair as the child outgrows the anastomotic site. 

Newer techniques for repair of coarctation in infancy 
constitute attempts to circumvent these problems. Large 
prosthetic roof patches may be applied over the coarcted 
segment, or the coarctation may be bypassed with a large 
tubular prosthetic graft from the left subclavian artery to 
the descending aorta (Fig. 7-188 A and B). The left sub
clavian artery of the affected infant may also be used as 
a patch, so that the entire circumference of the anastomotic 
site is living tissue. 

In some cases, coarctation and associated intracardiac 
defects such as VSD can be repaired in one stage during 
deep hypothermia and circulatory arrest. In other in
stances, two-stage repair is chosen in infants. During the 
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Fig. 7-184 Coarctation of the aorta and con
gestive heart failure in a I-month-old girl. 
A Frontal roentgenogram of the chest; B 
and C frontal and lateral views of the left 
ventriculogram. A Pulmonary venous hyper
tension and cardiomegaly are present. Band 
C The left ventricle is enlarged and hypertro
phied. A juxtaductal coarctation is present, 
with hypoplasia of part of the aortic arch. 
The ductus was probe patent; however, no 
flow through the ductus was demonstrated. 
The ascending aorta is dilated. Note that the 
venous catheter passed through the right 
atrium, the foramen ovale and the left atrium 
to reach the left ventricle. The left subclavian 
artery arises at the site of the coarctation. 

c 



Fig. 7-18S. Preductal coarctation, a hypoplastic aortic isthmus 
and a ventricular septal defect in a 3-month-old boy. A frontal 
film of the chest; B angiogram. 

A Cardiomegaly is present, with enlargement of the right 
atrium and right ventricle. A combination of pulmonary venous 
hypertension and pulmonary overcirculation is present. The pul
monary venous hypertension pattern predominates. B The venous 
catheter was directed through the right atrium, right ventricle, 
pulmonary artery and ductus arteriosus into the proximal portion 
of the descending aorta. The distal end of the ductus, the coarcta
tion, the aortic arch and the aortic root are all opacified from 
the proximal portion of the descending aorta. The coarctation 
is preductal; the isthmus of the aorta and the transverse arch 
are hypoplastic. The aortic root and the ascending aorta are nor
mal in size. At cardiac catheterization an atrial level left-to-right 
shunt was demonstrated, probably brought about by high left 
atrial pressure causing incompetence of the flap of the foramen 
ovale rather than an actual atrial septal defect. 
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Fig.7-186. Coarctation of the aorta in a lO-year-old boy. A Fron
tal roentgenogram of the chest; Band C left ventriculogram. 

A The heart is of normal size. Pulmonary vasculature is nor
mal. The two convexities along the left upper heart border consti
tute the "three sign." The upper convexity is the aortic arch; 
the lower convexity is the descending aorta. The indentation be
tween the convexities represents the coarctation of the aorta. B 
and C are the frontal and lateral views of the left ventriculogram. 

The ascending aorta is mildly dilated while the arch and the 
brachiocephalic vessels are normal in size. A small patent ductus 
arteriosus is present. The coarctation (arrow) is slightly distal 
to the ductus (postductal). The internal mammary arteries are 
dilated, serving as a source of collateral vessels. Note the anterior 
leaflet of the mitral valve (arrowheads) in fibrous continuity with 
the aortic valve. 
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first stage the coarctation is repaired, the ductus ligated 
and the main pulmonary artery banded if necessary. Heart 
failure can then be managed medically, and an open surgi
cal procedure can be delayed. Later in infancy the band 
is removed and the intracardiac defect repaired. 
Postoperative Findings Complications of surgical inter
vention include paraplegia, paradoxical hypertension, mes
enteric arteritis, recurrent laryngeal nerve palsy, paralysis 
of the left hemidiaphragm (injury to the phrenic nerve), 
local bleeding and development of an aneurysm or pseudo
aneurysm of the aorta at the site of the repair. 

Paraplegia is the most feared complication and may 
be due to compromise of the circulation to the spinal cord. 

Paradoxical hypertension often follows release of the 
cross-clamp after repair of coarctation; immediately upon 
release the blood pressure falls, but then rises rapidly to 
equal or excede the pressure in the ascending aorta prior 
to the repair. This paradoxical hypertension is thought 
to contribute to the etiology of mesenteric arteritis. The 
mechanism of paradoxical hypertension is thought to relate 
initially to activation of the sympathetic nervous system 
and is followed in a few days by a rise in plasma renin. 
This form of hypertension responds to reserpine and to 
alpha-methyldopa, which block the sympathetic nervous 
system, and to a combination of propranolol and vasodila
tors (e.g., diazoxide, nitroprusside, hydralazine). Inhibitors 
of angiotensin-converting enzyme (e.g., captopril) have also 
been successful in reducing blood pressure. 
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In children and adults, mesenteric arteritis may occur 
I to 2 weeks after repair of coarctation, resulting in ileus, 
ischemia or gangrene of the small bowel, usually requiring 
laparotomy. This complication is believed to occur as a 
result of mesenteric ischemia during aortic cross-clamping 
or as a result of high pressure and pulsatile flow to mesen
teric arterioles that have adapted to low pressure and non
pulsatile flow. 

After the patient's recovery from the surgical procedure, 
blood pressures in arms and legs are measured at rest and 
with exercise. If a marked pressure difference occurs during 
rest or during exercise, angiography is indicated to assess 
the site of repair looking for residual or recurrent narrow
ing. A repeat surgical procedure may be necessary. Some 
adults · continue to have systemic hypertension after ade
quate repair of coarctation. Strokes are frequent in these 
individuals, often secondary to berry aneurysms. 

Recently balloon angioplasty has been performed on 
unoperated coarctations and on repaired coarctations with 
residual gradients. Although initial reduction in pressure 
gradient has been obtained in some patients, the role of 
this new technique will be determined by further experience 
and longer follow-up. Although no significant morbidity 
or mortality has been reported in children or adults after 
balloon angioplasty a small number of neonates with coarc
tation and patent ductus arteriosus have died after the 
procedure, some associated with rupture of the aorta at 
the site of the ductus. Prophylaxis against infective endo-

C 
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Fig. 7-187. Films of the chest and ribs in adults with coarctation 
of the aorta. A In this woman extensive calcification is present 
in aneurysms of the subclavian arteries. The arrow points to dis-

continuity between the aortic arch and the descending aorta. B 
and C The heart is normal in size in this adult. Mild pulmonary 
venous hypertension is present. Bilateral rib notching is evident. 
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The mass in the left apex (B) represents aneurysmal dilatation 
of the left subclavian artery with calcification of its wall. The 
cone-down view (C) shows the rib notching. This patient had a 
subarachnoid hemorrhage, secondary to a berry aneurysm in the 
circle of Willis. 
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Fig. 7-188. A roentgenogram of the chest and an aortogram in 
a 21-year-old-male who had a bypass graft from the left subclavian 
artery to the descending aorta to repair a coarctation of the aorta. 
Also balloon dilatation of coarctation of the aorta in a different 
patient. A In the frontal roentgenogram of the chest the density 
in the left hilar area represents the tubular prosthesis. Calcium 
is present in the wall of the prosthesis (arrowheads). Note: Subtle 
findings of coarctation of the aorta are preserved in that the 
aortic arch is inconspicuous, whereas the descending aorta is 
prominent and the ascending aorta is dilated. B In the lateral 

view of the aortogram the aortic valve is bicuspid and the ascend
ing aorta is dilated. The coarctation and tubular prosthesis (arrow
heads) are evident. The aortic isthmus is hypoplastic. 

C, D, and E are frames from a different patient. In C a lateral 
view of the aortogram shows severe coarctation of the aorta. D 
shows the position of a balloon angioplasty catheter inflated in 
the coarctation. The tip of the guide wire is in the left ventricle. 
E is a frame from the aortogram after angioplasty. The coarctation 
has been dilated. No intimal tear is demonstrated. 
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Fig. 7-189. Roentgenograms of the chest in 
a 68-year-old man with pseudocoarctation of 
the aorta. The pulmonary vasculature is nor
mal. The left ventricle is enlarged although 
the cardiomegaly is accentuated by a poor 
inspiration. On the frontal view (A) the me
diastinum is widened and the aortic knob 
is obscured by the dilated left subclavian ar
tery. The descending aorta forms a spheroid 
density simulating an aortic arch, but in a 
slightly lower position than normal. On the 
lateral projection (B) the ascending aorta ap
pears as a mediastinal mass, while the de
scending aorta simulates an aortic arch, 
again in a slightly lower position than nor
mal. On the RAO view (C) the ascending 
aorta and brachiocephalic vessels form a 
mass accounting for the density on the fron
tal and lateral roentgenograms. The descend
ing aorta begins after the "kink" but in a 
lower position than a normal aortic arch. 
On the LAO view (D) the ascending and 
descending aorta are both prominent. The 
apparent discontinuity between them is 
caused by the kink (pseudocoarctation). The 
frontal and lateral views of the aortogram 
(E and F) confirm the location of the aortic 
arch with a "kink" just beyond the left sub
clavian artery and the area of dilatation of 
the descending aorta. 

carditis is continued after repair of coarctation of the aorta 
because of the high incidence of associated intracardiac 
defects (e.g., bicuspid aortic valve). 

Pseudocoarctation of the Aorta 

Aortic pseudocoarctation is characterized by tortuosity and 
elongation of the distal segment of the aortic arch and 
buckling (kinking) of the aorta at the site of the ductus. 
Pseudocoarctation of the aorta usually causes no symp
toms; thus it does not generally require treatment. The 
radiological manifestations may be a cause for concern, 
however, because a mass is observed on films of the chest. 
Adult males are predominantly affected (Fig. 7-189), but 
pseudocoarctation may also occur in children (Fig. 7-190). 
Pseudocoarctation is usually not obstructive. Associated 
aortic hypoplasia or severe kinking of the aorta may cause 
obstruction, necessitating surgical repair. An aneurysm 
may form in the descending aorta distal to the pseudocoarc
tation. The left subclavian artery may originate at or below 
the aortic kink. The authors have observed two cases of 
an aberrant right subclavian artery arising from the de
scending aorta just below the aortic kink. Pseudocoarcta
tion of the aorta may also be associated with other cardiac 
anomalies similar to those occurring with juxtaductal 
coarctation (e.g., bicuspid aortic valve). Pseudocoarctation 
may be observed in Turner syndrome, Noonan syndrome 
and Hurler syndrome. On roentgenograms of the chest 
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Fig. 7-190. A-B A left ventriculogram in a 
4-year-old girl with a bicuspid aortic valve 
and pseudocoarctation of the aorta. Blood 
pressures were equal in the arms and legs. 
The angiogram shows an elongated tortuous 
distal aortic arch with a "kink" at the site 
of the ductus arteriosus. 

the elongated aortic arch may widen the left side of the 
superior mediastinum, simulating a mediastinal mass. The 
descending aorta just distal to the aortic kink is dense 
and dilated, producing a convexity that may be mistakenly 
interpreted as the aortic arch. The lateral and LAO views 
are very helpful in delineating the characteristic aortic kink 
or indentation of pseudocoarctation (figure of three sign). 
The barium-filled esophagus may be indented by the dilated 
aortic segments (reversed three or E sign). The left subcla
vian artery is usually dilated and contributes to the widen
ing of the left side of the superior mediastinum. Notching 
of the ribs will not occur, since the pseudocoarctation is 
not obstructed. 

Echocardiography will identify associated anomalies of 
the aortic valve, LV or mitral valve. The view of the aorta 
from the suprasternal notch may delineate the kink in the 
aorta. The kink may simulate the posterior shelf, occurring 
in true coarctation of the aorta. 

At catheterization, difficulty in passing the catheter 
across the site of pseudocoarctation may be caused by tor
tuosity of the aorta in this area. No pressure gradient, or 
at most a mild pressure gradient, may be encountered. 

On angiography, pseudocoarctation of the aorta appears 
as a marked kink of the aorta at the site of the ligamentum 



arteriosum. Pseudocoarctation must be distinguished from 
true coarctation and from cervical aortic arch. 

Aortico-Left Ventricular Tunnel 

This rare congenital abnormality is characterized by an 
anomalous communication between the aorta and left ven
tricle. The communication starts above the right semilunar 
sinus of Valsalva near the commissure between the right 
and the noncoronary sinuses. The communication courses 
behind the RV outflow tract and pierces the interventricu
lar septum to end in the LV below the right aortic cusp. 
The tunnel or duct may be aneurysmal and may partially 
obstruct the R V outflow tract. Histologically the proximal 
end of the tunnel resembles the aortic wall, containing 
elastic fibers. The distal end of the tunnel wall is composed 
of collagen and endothelial lining, suggesting that the tun
nel probably represents an anomalous vessel. The aortico
left ventricular tunnel is, on occasion, associated with other 
cardiac defects. Among these, lesions of the aortic valve 
are the most common (e.g., bicuspid valve, dysplastic 
valve). 

These infants present with a high-intensity, continuous 
murmur and evidence of LV hypertrophy by electrocardi
ography. The peripheral arterial pulses are bounding. Heart 
failure often develops in the first year of life. 

M-mode echocardiography shows a dilated hyperkinetic 
LV, flutter of the mitral valve and early closure of the 
mitral valve, all of which may also occur with aortic regur
gitation. Two-dimensional echocardiography may actually 
delineate the tunnel. The LV end of the tunnel may resem
ble a ventricular septal defect; however, echocardiographic 
contrast fails to pass through the opening from R V to 
LV, even though clinical evidence of elevated R V pressure 
is present. Careful scanning from multiple positions on 
the chest and in the suprasternal notch may delineate the 
course of the tunnel and its opening into the aorta. 

Roentgenograms of the chest show cardiomegaly with 
LV enlargement and marked dilatation of the ascending 
aorta. In the lateral view of the chest the ascending aorta 
may obliterate the restrosternal clear space. The barium 
esophagogram may show an anterior indentation, also 
caused by the dilated aorta. 

On aortography marked dilatation of the aorta is present 
with immediate filling of the LV through the tunnel. The 
aortic end of the tunnel opens above the aortic valve near 
the right coronary artery and enters the LV below the 
right coronary cusp. These anatomical features are best 
demonstrated in the LAO view. The tunnel may form an 
aneurysm that projects anteriorly and toward the left to 
encircle and compress the pulmonary trunk. 

On left ventriculography two outlets are noted between 
the LV and the aorta. One outlet is the aortic valve, and 
the other, the tunnel, which is anterior and to the right 
of the aortic valve. Again the lateral and LAO views (stan
dard and angulated) are most helpful. Failure of the RV 
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to opacify excludes ventricular septal defect with aortic 
insufficiency or rupture of a sinus of Valsalva into the right 
ventricle with aortic insufficiency. Demonstration of two 
coronary arteries, separate from the tunnel, excludes coro
nary arteriovenous fistula. 

Aortico-Ieft ventricular tunnel results in deformity of 
the aortic valve and aortic insufficiency, if untreated. Sud
den death may occur during medical treatment. Early sur
gical intervention, even in infancy, is therefore recom
mended. Repair consists of a patch or direct suture in 
the aortic end of the tunnel. 

Congenital Aortic Insufficiency due to 
Absence of a Cusp of the Aortic Valve 

Congenital absence of the leaflets of the aortic valve is 
extremely rare. The authors have encountered a neonate 
in whom the non-coronary cusp was absent and only a 
ridge was present. Two other cusps were present. A recent 
report describes another case of fetal aortic insufficiency 
in which all three cusps of the aortic valve were absent. 

In the case identified by the authors the deformity of 
the aortic valve was associated with a large infracristal 
ventricular septal defect extending into the inlet portion 
of the ventricular septum. The membranous portion of the 
ventricular septum and the membranous portion of the 
atrioventricular septum were partially intact and were 
larger than normal. Valvar pulmonic stenosis was also pres
ent. The ductus arteriosus was widely patent. In the patient 
described by Bierman, et al. multiple anomalies were associ
ated (i.e., polysplenia, with absence of the right superior 
vena cava and anomalous drainage of the left superior vena 
cava into the right atrium; azygos continuation of the infe
rior vena cava with drainage into the left superior vena 
cava; A-V communis with a hypoplastic left ventricle; hy
poplastic mitral valve; double-outlet right ventricle; double 
aortic arch with hypoplastic left arch). In addition, malro
tation of the midgut was present without obstruction. Dop
pler echocardiography allowed prenatal diagnosis of the 
aortic insufficiency. Clinically both babies had systolic and 
diastolic murmurs as well as progressive congestive heart 
failure, leading to death during the first few days of life. 

Echocardiography in the case identified by the authors 
revealed a dilated aorta with hyperdynamic pulsations. The 
motions of the aortic leaflets were indistinct. Both ventricles 
were dilated. The location of the ventricular septal defect 
was identified on 2-dimensional echocardiography. 

Roentgenograms of the chest (Fig. 7-191) showed pro
nounced bilateral pulmonary undercirculation with marked 
generalized cardiomegaly. 

At angiography a large patent ductus arteriosus was 
present with bidirectional shunting. The injection in the 
ductus arteriosus opacified not only the descending aorta 
but also the ascending aorta and the left ventricle (due 
to severe aortic insufficiency). Injection in the left ventri
cle demonstrated a markedly dilated hypokinetic left ven-
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tricle with a left-to-right shunt through the ventricular 
septal defect. The aortic anulus was mildly hypoplastic. 
The ascending and descending aorta were markedly di
lated, reminiscent of the dilatation of the main pulmo
nary artery occurring with tetralogy of Fallot with 
absence of the pulmonary valve. The pulmonic valve was 
thickened. 

Supravalvular Aortic Stenosis (Williams Syndrome) 

The anatomical features of this lesion are variable, ranging 
from a simple membranous diaphragm above the aortic 
valve to hypoplasia of the entire aorta. The usual form 
(coarctation of the supravalvar aorta) is characterized by 
a circular narrowing of the aorta just distal to the coronary 
ostia. Williams et a1. suggested that the combination of 
mental retardation, a characteristic (elfin) facies and supra
valvular aortic stenosis may constitute a new syndrome. 
The typical facies consists of a full face, broad forehead, 
heavy cheeks, wide mouth, prominent lips and ears and 
pointed chin. Some affected individuals also have strabis
mus, hernia and dental abnormalities; sexual precocity may 
be present in the females. Features of Marfan syndrome 
may also occur in some patients with Williams syndrome. 
The findings in Williams syndrome are reminiscent of a 
syndrome associated with neonatal hypervitaminosis D and 
hypercalcemia (the neonatal hypercalcemic syndrome). It 

has been suggested that Williams syndrome may be a 
chronic form of this entity even though neonatal hypercal
cemia has not been recognized in many patients with supra
valvar aortic stenosis. 

Peripheral pulmonary artery stenosis is another com
monly associated disorder of Williams syndrome. Other 
anomalies include postductal coarctation of the aorta and 
stenosis of the branches of the aortic arch. 
Clinical Features The cardiac findings may be indistin
guishable from those of valvar or subvalvar obstruction. 
Supravalvar aortic stenosis may be suspected if the murmur 
and thrill are transmitted strongly to the neck and if there 
is no systolic ejection click. 
Echocardiography Two-dimensional echocardiography 
shows narrowing of the aorta just above the sinuses of 
Valsalva. The enlargement of the coronary arteries may 
be recognized. Doppler study from the suprasternal notch 
may demonstrate the site of the pressure difference. 
Radiological (Plain Film) Features Dilatation of the aorta 
is uncommon in this anomaly. The ascending aorta and 
aortic arch are often inconspicuous, producing the "empty 
vascular pedicle." This feature, together with clinical evi
dence of aortic stenosis, should alert the radiologist to con
sider the diagnosis of supra valvular aortic stenosis. Multi
ple pulmonary artery branch stenosis may be diagnosed 
on plain films by the "sausagization" sign (stenosis of a 
pulmonary artery branch followed by poststenotic dilata
tion; see Fig. 7-144). Signs of pulmonary venous hyperten
sion may be present. 

A 
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Fig. 7-191. Radiographic findings in a 1 day old baby with con
genital absence of the aortic valve. The frontal film of the chest 
(A) shows massive cardiomegaly and severe pulmonary undercir
culation. The frontal and lateral views of the left ventriculogram 
(B and C) show a dilated and hypokinetic left ventricle (L V) 
with mild hypoplasia of the aortic anulus (arrowheads in B, unla
beled in C). The ascending aorta (Ao.) and descending aorta 
(DA) are markedly dilated. The right ventricle (R V) and pulmo
nary artery (PA) are opacified by way of the VSD. The main 
pulmonary artery forms a double density superimposed on the 
ascending aorta in the frontal view. The aorta and pulmonary 
artery are separated in the lateral view so that the full width of 
each vessel can be appreciated. The thickened pulmonic valve 
is indicated by arrowheads in C. Note that mitral to aortic fibrous 
continuity is present. The arrows in C point to the anterior leaflet 
of the mitral valve. After injection in the patent ductus arteriosus 
(D and E) the dilated descending aorta opacifies. Contrast also 
flows retrograde into the ascending aorta and the LV due to 
severe aortic regurgitation. The mildly thickened cusps of the 
aortic valve are indicated by arrowheads in E. LPA = left pulmo
nary artery. 
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A B 
Fig. 7-192. Cine aortogram in a 19-year-old girl with supravalvu
lar aortic stenosis (Williams syndrome). A diastolic frame; B sys
tolic frame. Localized narrowing is present just above the coro
nary ostia, but the aorta is normal beyond the stenosis. The 

Hemodynamics The pressure tracings on withdrawal of 
the catheter from the LV show three distinct curves: (1) 
high LV pressure, (2) followed by equally high aortic pres
sure above the aortic valve but proximal to the stenosis, 
and then (3) by abruptly lower systolic pressure, which 
represents the pressure in the aorta distal to the stenosis. 
Contrast Studies Angiocardiography is helpful in localiz
ing the area of stenosis, characterized by a ringlike narrow
ing of the ascending aorta immediately above the origins 
of the coronary arteries or a tubular narrowing of the as
cending aorta and aortic arch (Fig. 7-192). The coronary 
arteries are dilated and tortuous. Rarely the coronary ostia 
are narrowed by the stenotic ring. Some degree of hypopla
sia of the aorta distal to the stenosis is a frequent finding. 
The aortic valve is usually normal (trileaflet). Tethering 
of the aortic cusps to the area of supravalvular stenosis 
has been noted. The LV is hypertrophied. Associated (uni- . 
lateral or bilateral) multiple pulmonary artery branch ste
nosis may be recognized on pulmonary angiography. Steno
sis of the origins of the brachiocephalic vessels together 
with hypoplasia of these vessels has been described. 
Treatment Treatment consists of excision of a discrete 
membrane, application of a patch to widen a short segment 
of stenosis or insertion of a tubular prosthesis to replace 
a long segment of stenosis. 

Critical Valvar Aortic Stenosis in Infancy 

The most common anatomical defect causing valvar aortic 
stenosis is a bicuspid aortic valve. The usual presentation 

coronary arteries are not dilated. During systole the leaflets open 
incompletely, because of tethering of the leaflets to the orifice 
of the stenotic area. Multiple pulmonary branch stenoses were 
also present (see Fig. 7-144). 

of aortic stenosis during adult life is discussed in Chapter 
5, Valvular Heart Disease. Aortic valve stenosis may also 
be present with congestive heart failure in the newborn 
period. Pathologically the valve may be bicuspid with se
vere stenosis, unicuspid (acommissural or unicommissural) 
or tricuspid (diminutive, dysplastic or with cuspal inequali
ties). A dysplastic aortic valve consists of thickened leaflets 
with myxomatous deposits in the sinuses of Valsalva. The 
anulus may be small or normal in size. An aortic valve 
with four or more cusps occurs exceptionally and, on occa
sion, may be stenotic. In the presence of aortic stenosis 
in a newborn the LV may be small, secondary to decreased 
flow during fetal life, or large, secondary to fetal valvular 
cardiomyopathy. Endocardial fibroelastosis may develop 
secondary to high left ventricular diastolic pressure that 
prevents adequate perfusion to the endocardium. For simi
lar reasons subendocardial ischemia and subendocardial 
infarction may occur in the newborn period, further com
promising cardiac output. 

Symptoms of severe heart failure due to critical aortic 
stenosis occur almost immediately after birth. This is in 
contrast to left-to-right shunts, which may not become clin
ically significant until 3 to 6 weeks after birth. Pallor and 
mottling accompany cyanosis because of venous desatura
tion. Tachypnea, dyspnea and rales are present on ausculta
tion of the lungs. The heart is enlarged with a R V heave. 
The liver and spleen are enlarged. The extremeties are cool 
and pale, and all the pulses are weak. The blood gases 
show normal or slightly decreased oxygenation, with meta
bolic acidosis secondary to low cardiac output. The electro
cardiogram may demonstrate LV hypertrophy with strain 
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Fig. 7-193. M-mode echocardiogram in a I-day-old boy with se
vere congestive heart failure due to critical valvar aortic stenosis. 
This arc scan from the left ventricle to the aortic root shows 
the free wall of the left ventricle and the septum to be hypertro
phied (left ventricular wall = 0.6 cm, septum = 0.9 cm). The 

(negative T waves in Vs) or may show RV hypertrophy, 
inasmuch as the RV has been supplying a larger than nor
mal share of the combined cardiac output during fetal life. 

Echocardiography (Fig. 7-193) indicates a normal or 
slightly small diameter of the aortic root. If the diameter 
of the aortic root is less than 0.5 cm, then aortic atresia 
rather than aortic stenosis is suspected. Motion of the leaf
lets of the aortic valve may occur in both aortic stenosis 
and aortic atresia. The LV may be dilated and hypocontrac
tile or hypoplastic with relatively thick walls. An end-dia
stolic diameter of the LV on M-mode echocardiography 
less than 1.3 cm or a cross-sectional area of the LV on 
2-D echocardiography less than 1.6 cm2 indicates a hypo
plastic LV, which presages a poor prognosis after surgery. 
The LA has a large diameter. The R V and pulmonary 
artery may be dilated because of excessive RV output prior 
to birth or because of a left-to-right shunt at the atrial 
level. The motion of the pulmonary valve and the pulmo
nary systolic time intervals are consistent with pulmonary 
hypertension. Doppler echocardiography shows a flow dis
turbance in the ascending aorta and a greater than normal 
velocity corresponding to the pressure difference across 
the valve. 

excursion of the mitral valve is reduced because of elevation of 
the left ventricular diastolic pressure. No subaortic narrowing 
is present, but the orifice of the aortic valve is small (open arrows). 
The left atrium is enlarged. 

The roentgenograms of the chest (Fig. 7-194A) demon
strate evidence of pulmonary venous hypertension with 
the heart being mildly to markedly enlarged. 

At cardiac catheterization a step-up in oxygen saturation 
may be detected in the RA. The pressures in the R V and 
pulmonary artery are increased. LA pressure and LV end
diastolic pressure also are increased. The systolic pressure 
in the LV may be normal or increased. Aortic pressures 
are lower than LV pressures and are damped unless the 
ductus arteriosus is open. Pressure in the aorta may be 
equal to that in the pulmonary artery in the presence of 
a widely patent ductus arteriosus. 

A left ventriculogram from a venous approach by way 
of the foramen ovale is the preferred method to identify 
critical aortic stenosis (Fig. 7-194B-C). The function of 
the LV will be assessed, and associated defects, such as 
ventricular septal defect and deformities of the mitral valve, 
will be demonstrated. 

Treatment of congestive heart failure with digoxin, do
pamine and diuretics will reduce the risk of cardiac cathe
terization and a surgical procedure. Prostaglandin El is 
given to open the ductus so the R V can supply blood to 
the aorta and thereby relieve the acidosis. Medical treat-
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.... Fig. 7-194. Roentgenogram of the chest in a I-day-old boy with 
critical aortic stenosis (A) and left ventriculogram in a I-month
old boy with critical aortic stenosis and severe congestive heart 
failure (IJ-C). A The heart is mildly enlarged. The lungs show 
a reticulated pattern consistent with severe pulmonary venous 
hypertension. B The RAO view shows a dilated ventricle with 
thick walls. The left ventricle shows severe global hypokinesis 
with minimal change in size between diastole and systole. C The 
LAO view during systole shows the aortic valve to be thickened 
and domed. The aortic arch and isthmus are narrow. 

ment may provide transient improvement, but usually not 
long-term survival in critical aortic stenosis. 

Surgical treatment consists of valvotomy, with success 
depending on the finding of a valve whose orifice can be 
improved without causing severe aortic insufficiency. In 
neonates with critical aortic stenosis the aortic valve is 
seldom repairable, resulting in a very low incidence of sur
vival. Poor LV function also contributes to high operative 
mortality. 

Subaortic Stenosis 

Entities that produce obstruction of the outflow tract of 
the left ventricle (L VOT) include idiopathic hypertrophic 
cardiomyopathy, discrete membranous subaortic stenosis, 
subaortic fibrous tunnel and, rarely, malattachment or ad
herence of the anterior leaflet of the mitral valve to the 
ventricular septum associated with accessory endocardial 
cushion tissue (mitral). 

In individuals with endocardial cushion defects subaor
tic stenosis may be caused by tethering of the mitral compo
nent of the common anterior leaflet to the top of the ventri
cular septum, by an abnormal position of the papillary 
muscles in the LVOT or by hypoplasia of the LVOT. Dis
crete membranous subaortic stenosis can also occur with 
endocardial cushion defect. In infants, obstruction of the 
L VOT may be caused by a malalignment type of ventricular 
septal defect with deviation of the conus septum into the 
LVOT (Becu syndrome). Overriding of the pulmonary 
valve above the ventricular septum is also part of the Becu 
syndrome. This syndrome is usually associated with coarc
tation of the aorta, aortic atresia or interruption of the 
aortic arch. Moulaert et al. suggest that the muscle mass 
in the LVOT in Becu syndrome represents the anterolateral 
muscle bundle of the LV rather than a deviated conus 
muscle. The muscle mass usually results in severe stenosis. 

Some infants of diabetic mothers have a transient form 
of hypertrophic cardiomyopathy causing obstruction of the 
L VOT. In patients with single ventricle and a subaortic 
chamber the conus muscle or a restrictive bulboventricular 
foramen (ventricular septal defect) may produce subaortic 
stenosis. The subaortic conus may also be obstructive in 
instances of levotransposition of the great arteries. 

In this chapter, discrete membranous subaortic stenosis 
and fibrous subaortic tunnel are discussed. Idiopathic hy
pertrophic cardiomyopathy and transient hypertrophic car-
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diomyopathy are included in Chapter 6, Cardiomyopathy. 
The malalignment type of ventricular septal defect (Becu 
syndrome) is described with ventricular septal defect. Sub
aortic stenosis with endocardial cushion defect is addressed 
in the discussion of endocardial cushion defects. Subaortic 
stenosis caused by a subaortic conus is considered in the 
section on single ventricle and transposition. 

Discrete Membranous Subaortic Stenosis 
and Fibrous Subaortic Tunnel 
Discrete membranous subaortic stenosis (DMSS) and fi
brous tunnel subaortic stenosis comprise approximately 
16% of cases of congenital obstruction ofthe LVOT. DMSS 
is a congenital obstructing lesion of the L VOT, located 
just below the aortic valve or within 2 cm below it. The 
obstructing lesion varies from a fibrous membrane (web), 
less than 1 mm thick, to diffuse, fibrous or fibromuscular 
narrowing (tunnel-like obstruction). The severity of the 
obstruction differs from case to case and is frequently pro
gressive. The aortic valve is deformed and thickened, per
haps because of a jet or turbulence from the subaortic 
narrowing. Aortic insufficiency is frequently present. Rela
tives of affected individuals with DMSS have a high inci
dence of LV obstruction (13%). The incidence of infective 
endocarditis is also high (13%). DMSS is frequently associ
ated with other congenital heart lesions, such as coarctation 
of the aorta, mitral valve deformity, ventricular septal and 
endocardial cushion defect. DMSS is also part of the Shone 
syndrome. It is important to diagnose DMSS in the pres
ence of other defects so that L VOT obstruction will not 
be neglected when surgical therapy is undertaken. DMSS 
should also be sought in patients suspected of having idio
pathic hypertrophic cardiomyopathy, since the membrane 
may be the cause of stenosis, with the hypertrophy being 
secondary. 

On examination a systolic ejection murmur is heard 
at the right upper sternal border or at the left midsternal 
border with radiation to the neck. Absence of an ejection 
click in the presence of this murmur of aortic stenosis 
should suggest a form of aortic stenosis other than valvular. 
The murmur of aortic regurgitation may be evident. Periph
eral pulses are normal unless stenosis is severe. The electro
cardiogram may be normal or may reflect LV hypertrophy. 
A LV pattern of strain (T wave changes) correlates with 
severe obstruction. 

On M-mode echocardiography the membrane appears 
as an echodense structure attached to the left side of the 
ventricular septum just below the aortic valve. The LVOT 
may be narrowed. The aortic valve shows flutter and early 
systolic closure (Fig. 7-195). On 2-D echocardiography 
the fibrous diaphragm is attached to the ventricular septum 
and to the mitral valve (anterior leaflet), protruding into 
the LVOT (Fig. 7-195). See also Fig. 7-71, which illustrates 
a similar formation in the L VOT in dextrotransposition 
of the great arteries (D-TGA). Pulsed Doppler echocardi
ography from the apex window may define the level of 
stenosis within the LVOT. The flow disturbance and in-
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Fig. 7-195. Two-dimensional echocardiograms in a lO-year-old 
boy with discrete membranous subaortic stenosis. During diastole 
(A) the membrane is represented by a narrow line (arrow) across 
the left ventricular outflow tract approximately three mm. below 
the aortic valve. The aortic leaflets are not thickened. The line 
of coaptation of the aortic leaflets forms a linear density rather 
than a dot within the aortic root. This appearance is caused by 
a slight obliquity of the angle of the transducer. During systole 
(B) the membrane (arrow) curves toward the aorta while the 
aortic leaflets open completely so that only their attachments 
are perceptible. C is an M-mode arc scan from the left ventricle 
(L V) to the aorta (Ao. ) in another 10-year-old boy with the same 
diagnosis. The subaortic membrane (open arrows) appears as an 

echo-dense structure attached to the left side of the ventricular 
septum. The left ventricle contracts normally. The septum and 
left ventricular free wall are not thickened. D The M-mode tracing 
of the aortic valve shows early systolic closure (ESC) and marked 
systolic flutter, representing signs of subaortic stenosis. The valve 
is symmetrical with a normal excursion. E A systolic ejection 
murmur (SEM) without a systolic ejection click is recorded on 
the phonocardiogram, and systolic shudder (open arrow) is pres
ent on the carotid pulse tracing. Absence of a systolic ejection 
click in a patient with a shudder on the carotid tracing should 
lead to the likely possibility of aortic stenosis at a level other 
than the aortic valve (e.g., subvalvar, supravalvar). Sj = first 
heart sound; S2 = second heart sound. 
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creased velocity associated with subaortic stenosis will ex
tend into the aorta so that stenosis of the aortic valve 
may not be detected by Doppler in the presence of DMSS. 
Aortic insufficiency is an important associated finding if 
present and may be detected by Doppler echocardiography 
in patients without the characteristic diastolic decrescendo 
murmur. 

On roentgenograms of the chest in a patient with a 
murmur of aortic stenosis, absence of dilatation of the as
cending aorta (see Fig. 7-197A) suggests subaortic stenosis 
rather than valvar aortic stenosis. If the aortic root is di
lated in a patient with isolated DMSS the roentgenogram 
of the chest will not help to distinguish valvar aortic steno
sis from DMSS. 

At cardiac catheterization a pressure gradient is detected 
between the LV and the aorta. In some instances, careful 
withdrawal of the catheter may localize the pressure gra
dient just below the aortic valve. In many individuals, how
ever, the membrane is close to the valve, and the pressure 
gradieht may falsely appear to be at the aortic valve. On 
left ventriculography DMSS appears as a thin radiolucent 
line (Fig. 7-196), as a polypoid filling defect or as diffuse 
narrowing of the outflow tract. In some instances, DMSS 
is delineated on the standard frontal and lateral or in the 
LAO and RAO views. If DMSS is suspected but not visible 
in these standard projections, a LAO view with cranial 
angulation will usually demonstrate the membrane (Fig. 
7-196C). In the presence of aortic insufficiency the regurgi
tant stream may outline the obstructing lesion during aor
tography. The LV may be enlarged, with the degree of 
hypertrophy of this chamber depending on the severity 
of the obstruction. Hypertrophy is usually concentric, but 
in severe cases it may be asymmetrical, simulating idio
pathic hypertrophic cardiomyopathy. Careful analysis of 
the angiograms (left ventriculography and aortography) 
usually will be sufficient to identify an obstructive mem
brane. Cases with small gradients may tend to progress 
in severity, and patients must be followed carefully in the 
event surgery is needed at a later time. 

Surgical treatment involves removal of the subaortic 
membrane or fibrous excrescence, great care being taken 
not to damage the bundle of His or the mitral valve. DMSS 
may recur after surgical removal. A fibrous subaortic tunnel 
is difficult to repair, and an LV apex-to-aortic conduit may 
be required to bypass the obstruction (Fig. 7-197). Another 
method involves reconstruction of the LVOT. The aortic 
valve and subaortic ventricular septum are incised and a 
patch placed to close the resulting ventricular septal defect, 
while a prosthetic aortic valve is inserted. The RV outflow 
tract is then widened by a patch to accommodate the aortic 
valve that encroaches into it. 

Shone Syndrome 

This syndrome is a developmental complex consisting of 
multiple defects producing obstruction of the left heart. 

The four defects that coexist frequently are coarctation 
of the aorta (Fig. 7-196), discrete membranous or fibromus
cular subaortic stenosis, parachute deformity of the mitral 
valve and supravalvular ring ofthe LA. In parachute mitral 
valve the chordae tendineae converge on a single papillary 
muscle. The leaflets resemble the canopy of a parachute, 
the chordae, its shrouds or strings and the papillary muscle, 
the harness. The chordae are often thick and short with 
small interchordal spaces causing reduced mobility of the 
valve and obstruction to blood flow from the LA to the 
LV. LV inflow obstruction (mitral stenosis) can also be 
produced by two papillary muscles being close together 
or fused so that the chordae converge as in parachute mitral 
valve. The supravalvular ring of the LA is a circumferential 
ridge of connective tissue protruding into the inlet of the 
mitral valve at the base of the atrial surfaces of the mitral 
leaflets. On occasion a supravalvular ring of the LA is 
obstructive. 

Hypoplastic Left Heart Syndrome 

Hypoplastic left heart syndrome (HLHS) is the second 
most frequent defect of the heart reported in the first week 
of life (Fyler) and is the most common cause of cardiac 
failure in the first week of life (Lambert et al.). It encom
passes several pathological entities related by their patho
physiological alterations. The common denominator is an 
obstructive lesion to the left side of the heart. HLHS char
acteristically leads to congestive heart failure and death 
in early infancy, accounting for 25% of deaths in infants 
from congenital heart defects (dextrotransposition of the 
great vessels is more frequent but occurs with cyanosis). 

The obstructive anomalies include: (1) aortic valve ste
nosis or atresia, (2) mitral stenosis or atresia, (3) combined 
mitral and aortic atresia, (4) atresia of the transverse aortic 
arch, (5) hypoplasia of the aortic arch (tubular hypoplasia) 
and (6) preductal coarctation of the aorta. The left atrium, 
the left ventricle, and the ascending aorta are generally 
small or rudimentary. Endocardial fibroelastosis is often 
noted in the LV and LA. The R V and the pulmonary 
artery are large, and a large patent ductus arteriosus is 
generally present. The descending aorta is in continuity 
with the pulmonary trunk by way of a patent ductus arte
riosus. The coronary arteries arise normally from the aorta. 
In individuals with aortic atresia or severe aortic stenosis 
the coronary and brachiocephalic vessels are supplied by 
retrograde flow from the ductus arteriosus. The relative 
sizes of the components of the left heart depend on the 
flow of blood through each of these components during 
fetal life. Thus in a patient with atresia of the mitral and 
aortic valves the LV will be vestigial. Conversely, with 
mitral atresia, a ventricular septal defect and a patent aortic 
valve, the LV may be of significant size. The LA is almost 
always small. If the mitral valve is atretic and no interatrial 
communication is present an alternate route for pulmonary 
venous flow may be present. These routes include anoma-



Fig. 7-196. Left ventriculography in a 4-
year-old girl with discrete membranous sub
aortic stenosis. The membrane is approxi
mately 1 mm below the aortic valve. A On 
the frontal view the membrane (open arrows) 
forms two indentations in the left ventricular 
outflow tract. B On the lateral view the at
tachment of the membrane to the ventricular 
septum is visualized (open arrow). C On the 
LAO view with cranial tilt (four-chamber 
view) the membrane extends across the left 
ventricular outflow tract (arrows). The aortic 
valve is thickened. The left ventricle is hyper
trophied, and only a single large posterior 
papillary muscle (m) is identified. The ante
rior papillary muscle is absent. The identifi
cation of a single papillary muscle is consis
tent with a parachute mitral valve. Other 
significant findings are coarctation of the 
aorta and a hypoplastic aortic arch. The 
combination of coarctation of the aorta, dis
crete membranous subaortic stenosis and sin
gle papillary muscle (parachute mitral valve) 
constitutes the Shone syndrome. 
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Fig. 7-197. A roentgenogram of the chest and 
left ventriculogram in an 8-year-old boy after 
apicoaortic conduit for fibrous subaortic tun
nel. A and B Frontal and lateral films of 
the chest; C and D frontal (systole) and lat
eral (diastole) frames of the left ventriculo
gram. In A the heart is enlarged with promi
nence of the left ventricle and mild left atrial 
enlargement. The ascending aorta is not di
lated. A dense tubular area in the left hemi
thorax represents the conduit connecting the 
apex of the heart to the descending aorta. 
The ring represents the site of the porcine 
valve. In the lateral film (B) the conduit is 
not well delineated. The prosthetic valve ring 
is posterior. C and D The left ventriculogram 
outlines the course and sites of anastomosis 
of the conduit. 

A 

lous pulmonary venous drainage, a vertical vein from the 
LA to the left innominate vein, a channel connecting a 
pulmonary and a systemic vein and a fenestration of the 
coronary sinus into the LA, permitting blood to flow from 
the LA through the coronary sinus into the RA. 

Premature closure of the foramen ovale, with consequent 
absence of the physiological right-to-Ieft fetal shunt, has 
been postulated as the pathogenetic mechanism of this syn
drome. It is also believed that this syndrome results from 
a large ductus arteriosus that reduces the flow of blood 
to the LV and ascending aorta. It would appear that im
paired growth of the left side of the heart might result 
from any abnormality tending to reduce flow to or through 
this side of the heart during early fetal life. 
Clinical Features Males are affected more frequently than 
females in a ratio of 3: 2. Almost all infants with HLHS 
develop cyanosis, tachypnea and congestive heart failure 
during the first few hours to first few days of life. The 
peripheral pulses are weak or absent, and a systolic murmur 
usually is heard at the left sternal border. The electrocardio
gram shows right axis deviation and RV hypertrophy, with 
decreased LV forces. RA hypertrophy may also be present. 
Analysis of blood gases may demonstrate a higher p02 
in the right arm than in the left, indicating that the ascend
ing aorta is perfused in an antegrade direction from the 
LV while the aortic arch is perfused by the R V via the 
ductus. Profound metabolic acidosis is common. 
Echocardiography Echocardiography is extremely helpful 

in distinguishing the hypoplastic left heart syndrome from 
defects such as critical aortic stenosis, severe coarctation 
of the aorta, myocarditis and cardiomyopathy. These last 
named may have similar clinical presentation but can be 
salvaged by conventional medical or surgical treatment. 

The characteristic features of HLHS on echocardiogra
phy (Fig. 7-198) include a hypoplastic aortic root in its 
normal location (usually less than 5 mm in diameter), a 
dilated main pulmonary artery anterior and to the left of 
the aorta (normally related great arteries) and a large RV 
cavity. The diastolic dimension of the LV is small, measur
ing 10 mm or less, and the mitral valve shows an excursion 
of less than 5 mm. On occasion, no LV cavity or mitral 
valve is demonstrated. 

An atretic aortic valve may also be recognized in an 
abnormal location, anterior to the pulmonary valve or side 
by side with it. In such instances, aortic atresia may be 
part of a single ventricle with transposition of the great 
vessels or double-outlet right ventricle. Two A-V valves 
are present in these affected infants unless A-V communis 
or atresia of one of the A-V valves is associated. 

Until recently, all cases of aortic atresia were considered 
uniformly fatal, and the echocardiographic diagnosis of 
aortic atresia eliminated the need for cardiac catheteriza
tion. Now that palliation and correction are available for 
some infants with HLHS, cardiac catheterization may be 
indicated to delineate the associated defects. 
Radiological (Plain Film) Features EvideQce of pulmonary 
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Fig.7-198. M-mode echocardiograms in hypoplastic left heart syn
drome. A Arc scan from the right ventricle to the hypoplastic 
aorta; B arc scan from the tricuspid valve to the pulmonary 
valve in the same patient; C right and left ventricle in another 
patient. A shows no left ventricular cavity posterior to the right 
ventricle. The right ventricle (R V) is dilated. The hypoplastic 
aorta (Ao.) is in its normal position. LA = left atrium. In B 
the operator has noted that the tricuspid valve (tv) is inferior 

and to the right of the aortic root (Ao.), and the pulmonary 
valve (pv) is superior and to the left of the aortic root (normally 
related great arteries). RA = right atrium; LA = left atrium. 
In C the left ventricular diastolic dimension (LVDD) is 4 mm, 
and the mitral valve excursion is less than 5 mm, both consistent 
with a hypoplastic left ventricle. R V ~ right ventricle; L VPW 
= posterior wall ofleft ventricle. The 10 mm marks are indicated. 
(Continued) 
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Fig. 7-198 (Cont.). Two-dimensional echocardiogram in a 2-day
old baby with hypoplastic left heart syndrome (HLHS). In D and 
D', a parastemallong axis view, the hypoplastic ascending aorta 
(arrows) is in continuity with the aortic arch, which has a greater 

w 
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caliber. The innominate artery (INN.) is the first branch of the 
aorta. The left common carotid artery (LC) and the left subclavian 
artery (LSA) are also present in this plane. The descending aorta 
(DA) continues inferiorly. (Continued) 
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Fig. 7-198 (Cant. ). In E and E', a parasternal long axis view, 
the right ventricular outflow tract (R VaT) and the hypoplastic 
left ventricle (Iv) are visualized. The narrow lumen of the ascend
ing aorta is delineated between the main pulmonary artery (MPA) 
and the left atrium (LA) as it arises from the left ventricle. mv 
= mitral valve. F and F' are from an apex four-chamber view. 
The left ventricle (L V) is small and the right ventricle (R V) is 

venous hypertension constitutes the usual pattern (Figs. 
7-199, 7-200), but associated increased pulmonary vascu
larity (pulmonary overcirculation) also may be present. 
The heart usually is moderately to markedly enlarged. The 
combination of cardiomegaly, marked dilatation of the pul
monary artery and a pattern of congestive heart failure 
is characteristic of the hypoplastic left heart syndrome. 

These characteristic findings should be distinguished 
from those in sick infants with total anomalous pulmonary 
venous return with obstruction and from those in infants 
with cor triatriatum in whom the heart tends to be normal 
in size. The respiratory distress syndrome may closely sim
ulate any of the entities just named. The heart in these 
infants is mildly to moderately enlarged with a ground
glass appearance of the lungs. The clinical features together 
with the findings on echocardiography are essential in dis
tinguishing these entities from each other. 
Hemodynamics This description refers to HLHS without 

enlarged. The atrial septum is barely perceptible. The left atrium 
(LA) is small. (Note: the right-left orientation of this image is 
reversed compared to other four-chamber views in this book.) 
In some patients with HLHS the left ventricle is atretic. In patients 
with no LV cavity the finding of a hypoplastic ascending aorta 
is the key to the diagnosis. (D-F courtesy of Henry Issenberg, 
M.D., Bronx, N.Y.) 

a ventricular septal defect. The LA and LV are small, 
and the foramen ovale is restrictive, preventing exit of pul
monary venous blood from the LA. The only source of 
systemic blood flow is the ductus arteriosus. Prior to car
diac catheterization of a patient with HLHS an infusion 
of prostaglandin E1 is begun in order to prevent closure 
of the ductus arteriosus so that systemic blood flow is main
tained. At the time of cardiac catheterization a left-to-right 
shunt (oxygen step-up) is encountered in the RA, which 
allows mixing of the two venous streams in the RA (venous 
admixture). Oxygen saturation is equal in the RV, pulmo
nary artery, and aorta. Pressure in the R V, pulmonary 
artery, and aorta are also identical. If the LA can be entered 
via the foramen ovale the pressure in that chamber will 
be found to be elevated. Systemic and pulmonary blood 
flow are determined by the relative resistances of the two 
circuits. 
Contrast Studies In classic hypoplastic left heart syndrome 



Fig. 7-199. Plain film and angiocardiographic studies in a 5-day
old boy with hypoplastic left heart syndrome. In A mild to moder
ate cardiomegaly is present. The configuration of the heart is 
not characteristic. The right atrium and right ventricle are en
larged. Widening of the mediastinum might be mistakenly inter
preted as total anomalous pulmonary venous return of the supra
cardiac type. The left-sided widening of the mediastinum is due 
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to dilatation of the main pulmonary artery, whereas the widening 
on the right is probably due to enlargement of the superior vena 
cava. The pulmonary arteries are tortuous and are observed on 
end (dotted appearance). This pattern often occurs with pulmo
nary venous hypertension, with or without pulmonary overcircu
lation. (Continued) 
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Fig. 7-199 (Cont.). In Band C the venous catheter reaches the 
left ventricle from the right atrium across the atrial septum, left 
atrium, and mitral valve. The left ventriculogram demonstrates 
a hypoplastic left ventricle with a very thick wall. Small collections 
of contrast medium surrounding the cavity of the left ventricle 
represent myocardial sinusoids. The ascending aorta is diffusely 
narrowed (tubular hypoplasia). The sinuses of Valsalva are small 
but well formed, and the coronary arteries arise normally. The 
arch and brachiocephalic vessels do not fill from the left ventricle, 

but are opacified retrogradely from the ductus arteriosus. D and 
E are frames from the right ventriculogram. The venous catheter 
was withdrawn to the right atrium and then advanced across 
the tricuspid valve to the right ventricle. The right ventricle and 
pulmonary artery are dilated, with the pulmonary artery project
ing almost to the apex of the left hemithorax. In E, a later frame, 
the brachiocephalic vessels (arrow) and the descending aorta fill 
from the main pulmonary artery via the ductus arteriosus. 



Fig. 7-200. Roentgenogram of the chest in 
a neonate with hypoplastic left heart syn
drome. The heart is mildly to moderately 
enlarged. Pulmonary edema is present, pro
ducing an appearance similar to the ground
glass appearance occurring with idiopathic 
respiratory distress syndrome. 

with atresia of the aortic valve, atresia of the mitral valve 
and a vestigial LV, injection of contrast medium into the 
large RV will demonstrate a massively dilated pulmonary 
trunk that fills dilated pulmonary branches and is con
nected to the descending aorta by way of a ductus arterio
sus. When the ductus is fully open and maintains the same 
diameter as the descending aorta, an erroneous diagnosis 
of truncus arteriosus may be entertained, although in 
HLHS the coronary arteries do not arise above the pulmo
nary valve. (In truncus arteriosus the coronary arteries, 
pulmonary arteries, brachiocephalic vessels and descending 
aorta all arise from the truncus.) In HLHS, retrograde 
flow fills the aortic arch and the brachiocephalic vessels 
(Fig. 7-199D and E). The ascending aorta also fills in a 
retrograde direction with blood ending in the coronary 
vessels. The pulmonary branches are dilated, but the pe
ripheral pulmonary vessels are constricted, secondary to 
increased arteriolar resistance. The pulmonary veins drain 
normally into a small LA. Pulmonary venous blood then 
crosses an atrial septal defect or stretched foramen ovale 
into a dilated RA, finally recirculating through the lungs. 
Injection into the LV will reveal a diminutive chamber 
with thick walls and numerous myocardial sinusoids (Fig. 
7-199B and C). 

Important variations include mitral atresia with ventri
cular septal defect, in which the LV fills from the RV, 
resulting in a LV of significant size. The aorta fills from 
the LV, and the size of the aorta is variable. A patent 
ductus arteriosus fills the brachiocephalic vessels in varying 
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degrees, depending on the volume of antegrade flow 
through the aortic valve. 

In some patients, severe coarctation of the aorta (Fig. 
7-201) or interrupted arch is part of the complex ofHLHS. 
In interrupted arch the ductus does not fill the ascending 
aorta, and injection into the LA or LV may be necessary 
to assess the size of the ascending aorta. 
Treatment Infants with this group of defects, left un
treated, as a general rule do not survive beyond infancy, 
death usually occurring within a few days. Medical pallia
tion with prostaglandin El maintains patency of the ductus. 
At the same time, treatment of acidosis and congestive 
heart failure may allow time for diagnostic studies and 
surgical palliation. Surgical approaches involve anastomo
sis of the R V to the aorta, using a tubular prosthesis be
tween the pulmonary artery and the aortic arch or between 
a ventriculotomy incision and the descending aorta. The 
pulmonary branches or the main pulmonary artery are 
banded, and the atrial septal defect is enlarged, if necessary, 
thus producing a univentricular heart. 

Norwood et al. achieve a similar result by another proce
dure. The main pulmonary artery is transected and the 
distal vessel oversewn. The ascending aorta is anastomosed 
to the proximal portion of the main pulmonary artery. 
The ductus arteriosus is ligated, and the flow of blood 
into the lungs is reestablished by use of a shunt from the 
aorta to the distal portion of the pulmonary artery. The 
atrial septal defect is enlarged, if necessary. In the second 
stage of this procedure the pulmonary and systemic circula-
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Fig. 7-201. Pulmonary angiogram in a 6-day-old boy with hypo
plastic left heart syndrome. A Lateral view; B frontal view, early 
phase; C frontal view, later; D frontal view, levophase. In A 
the pulmonary artery is in continuity with the descending aorta 
by way of a constricted ductus arteriosus. The aortic arch, bra
chiocephalic vessels and ascending aorta (open arrows) opacify 
retrogradely. A preductal coarctation of the aorta (arrow) is dem-

B 

onstrated. In Band C the main pulmonary artery (MPA) fills 
the descending aorta (DA). Tubular hypoplasia of the ascending 
aorta is better appreciated (open arrows). The aortic arch is also 
smaller than normal. The coarctation is noted in C (small arrow). 
In D the left atrium (LA) is small, and the right atrium (RA) 
is opacified by way of a left-to-right shunt across the atrial septum. 
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tions are separated by closing the atrial septal defect and 
connecting the RA to the pulmonary arteries (Fontan pro
cedure), as is accomplished with tricuspid atresia and some 
forms of single ventricle. 

Congenital Mitral Stenosis 

Congenital mitral stenosis (MS) may affect any or all of 
the components of the apparatus of the mitral valve (leaf
lets, chordae tendineae, papillary muscles, anulus and adja
cent supravalvar and infravalvar regions). Congenital MS 
is a rare malformation, occurring in only 0.6% of autopsied 
patients with congenital heart disease and in 0.21 %-0.42% 
of a general series. A male predilection, with a 2.2: 1 ratio, 
has been noted. 

Congenital MS includes a large variety of anomalies, 
such as hypoplasia of all components of the mitral valve 
without sclerosis, supravalvar mitral stenosis (supravalvar 
left atrial ring), accessory tissue of the mitral valve, con
genital commissural mitral stenosis, short chordae tendi
neae, anomalous mitral arcade (direct insertion of leaflets 
onto papillary muscles), anomalous position of the papillary 
muscles and single papillary muscle (parachute mitral 
valve). Combinations of these occur frequently. The inci
dence of associated cardiovascular defects is high (in 74% 
of affected individuals) consisting of ventricular septal de
fect, patent ductus arteriosus, coarctation of the aorta and 
aortic stenosis. More infrequently tetralogy of Fallot, pul
monic stenosis and atrial septal defect may be observed. 
MS due to supravalvar left atrial ring and parachute mitral 
valve is also part of the Shone syndrome. The incidence 
of associated noncardiac anomalies is also high-37%. The 
most frequent are genitourinary tract abnormalities and 
cystic ovaries with accessory lobation of the lungs (Collins
Nakai et al.). 
Clinical Features Symptoms appear early in life-before 
1 month of age in about one third of the infants and before 
1 year in about three fourths of the group. Dyspnea, cough, 
difficulty in feeding, frequent respiratory infections and fail
ure to thrive are common. On examination, diastolic mur
murs are frequently but not invariably present. A loud 
S1. a loud P2 and an opening snap are also heard on auscul
tation, but not in all patients. Many neonates have stigmata 
relative to the associated defects that obscure the findings 
of mitral stenosis (e.g., ventricular septal defect, patent 
ductus arteriosus, coarctation of the aorta, atrial level left
to-right shunt). The classic murmur-sound-snap complex 
is unusual. The electrocardiogram shows RV hypertrophy, 
right axis deviation and RA and LA enlargement. Associ
ated cardiac anomalies alter this electrocardiographic pat
tern. 
Echocardiography (Fig. 7-202A) The E-F slope (diastolic 
closure rate) of the anterior mitral leaflet is reduced (less 
than 25 mm per second in a term newborn infant). A 
diminished opening excursion (D-E) of the mitral valve 
suggests hypoplasia of this valve (deficient tissue of the 
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leaflets or short chordae tendineae) or hypoplasia of the 
LV or both. Anterior motion of the posterior leaflet of 
the mitral valve during diastole suggests chordal fusion. 
A single papillary muscle of a parachute mitral valve may 
be observed on 2-D echocardiography. Additional echoes 
in the LA may be due to a supra valvular left atrial ring. 
The diameter of the LA is usually increased. Doppler echo
cardiography shows a flow disturbance and an increased 
velocity just inside the mitral valve. 
Radiological (Plain Film) Features Pulmonary venous hy
pertension of varying degrees may be present but may be 
obscured by overcirculation in the presence of large left
to-right shunts or pneumonia. The size of the heart may 
be normal or considerably increased with right ventricular 
enlargement. The LA generally is enlarged. The radiologi
cal features are usually modified by the associated anoma
lies. 
Hemodynamics At cardiac catheterization the hemody
namic features may be similar to those occurring with rheu
matic mitral stenosis. Cardiac catheterization is useful in 
assessing the severity of the associated cardiac lesions. 
Contrast Studies Left ventriculography delineates the ap
paratus of the mitral valve, the pathological features of 
the LV (Fig. 7-202B) and the associated malformations 
(e.g., ventricular septal defect, aortic stenosis, coarctation). 
Pulmonary or LA injections are useful in distinguishing 
congenital MS from other causes of pulmonary venous 
hypertension, especially cor triatriatum and supravalvular 
ring of the LA. 
Treatment Medical treatment with diuretics and rest may 
be adequate for mild to moderate MS. Surgical intervention 
is indicated if the MS is severe or if a supravalvular left 
atrial ring is identified. Resection of a supra valvular ring, 
in which the operative mortality is low, usually results 
in relief of the obstruction. Surgical repair of a congenitally 
stenotic mitral valve, on the other hand, is accompanied 
by high mortality and often does not relieve the obstruction 
completely. Replacement of the mitral valve in infants also 
is associated with high operative mortality, as well as signif
icant late morbidity. Thus it is important to differentiate 
stenosis of the mitral valve from supravalvular ring, since 
treatment of the two disorders differs. 

Cor Triatriatum 

This rare congenital anomaly is reported in 0.4% of autop
sies in cases of congenital heart defects (Jegier et al). Most 
varieties of cor triatriatum can be explained as failure of 
incorporation of the common pulmonary vein into the back 
wall of the LA. The typical form consists of a posterior 
chamber (accessory chamber) that receives the pulmonary 
veins and communicates with the LA through a restrictive 
opening. 

Variations of cor triatriatum include communication of 
the posterior chamber to the RA by way of an abnormal 
communication between the posterior chamber and the 
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Fig. 7-202. AM-mode echocardiogram through the mitral valve 
in a 2-day-old boy with congenital mitral stenosis. The D to E 
excursion of the valve is mildly reduced, and the leaflets separate 
only minimally during diastole. B is a lateral view of the left 
ventriculogram during diastole. The left ventricle is of normal 
size and is markedly retrodisplaced by a dilated right ventricle. 
The ventricular contractions were poor. Only the interventricular 
septum and the posterolateral wall showed normal contractions. 
The orifice of the mitral valve appears as a narrow ovoid lucency 
when unopacified blood is entering the LV during diastole. At 
autopsy the mitral valve anulus was hypoplastic, but the leaflets 
were well formed and were not thickened. AML = anterior mitral 
leaflet; PML = posterior mitral leaflet. 



RA, a vertical vein from the posterior chamber to the left 
innominate vein or a common pulmonary vein to the portal 
vein. On occasion, the posterior chamber receives only two 
pulmonary veins with the other pulmonary veins connect
ing normally to the LA or by way of anomalous connections 
to the RA (unilateral cor triatriatum). In other instances 
the posterior chamber may fail to communicate with the 
LA, resulting in the pulmonary venous blood returning 
entirely through anomalous venous connections or through 
an abnormal communication to the RA. An additional 
right-to-Ieft shunt at the atrial level is obligatory for sur
vival in patients with cor triatriatum. Cor triatriatum is 
usually not associated with other cardiac or noncardiac 
anomalies. In some adults the intraatrial membrane may 
calcify. Thrombus may form in the posterior chamber. 
Complex forms of cor triatriatum may demonstrate the 
physiological parameters of total anomalous pulmonary 
venous return. The usual form of cor triatriatum causes 
obstruction to pulmonary venous return, so that the physio
logical features are similar to those of mitral stenosis. 

The age at presentation and the severity of symptoms 
are determined by the degree of pulmonary venous obstruc
tion. Presentation may occur in childhood or adult life 
with dyspnea on exercise and a history of multiple pulmo
nary infections. 

On physical examination a RV heave and a loud second 
sound are characteristic. The murmur may be a soft systolic 

Fig. 7-203. Radiological findings in a 17-
month-old girl with cor triatriatum. 

The frontal film of the chest (A) shows 
severe pulmonary venous hypertension (pul
monary edema) without cardiomegaly. Any 
congenital obstruction to the left side of the 
heart may produce these features. The heart 
is normal in size, lending evidence to the 
diagnosis of congenital mitral stenosis, cor 
triatriatum, left atrial tumor or stenosis of 
the pulmonary veins. Total anomalous pul
monary venous drainage with obstruction 
(infradiaphragmatic) may present this ap
pearance but is unlikely at this age. (Contin
ued) 
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ejection murmur, a diastolic flow rumble or even a continu
ous murmur. 

On M-mode echocardiography, the intraatrial membrane 
appears as an extra echoreflective layer behind the mitral 
valve, which may on occasion move in a manner similar 
to a stenotic mitral valve. If obstruction is severe the R V 
will be dilated and signs of high pulmonary resistance will 
be present (e.g., abnormal RV systolic time intervals). An 
additional finding is a diastolic flutter of the mitral leaflets. 
Two-dimensional echocardiography may show the dia
phragm separating the posterior from the anterior chamber. 
Transesophageal 2-D echocardiography has been deter
mined to be more sensitive than transthoracic 2-D echocar
diography (Schluter et al.). 

The roentgenogram of the chest (Fig. 7-203A) shows 
pulmonary venous hypertension. The heart is often normal 
in size, or the pulmonary artery, RV, and RA may be 
enlarged. In contrast to mitral valve disease the LA is 
not enlarged in patients with cor triatriatum. 

Other defects which must be considered in patients with 
pulmonary venous hypertension and normal heart size are 
total anomalous pulmonary venous return below the dia
phragm (infants), congenital mitral stenosis, left atrial myx
oma, supravalvar mitral stenosis, ball valve thrombus, and 
obstruction of the pulmonary veins by tumor, thrombus, 
membrane (web) or mediastinal fibrosis. 

At cardiac catheterization in symptomatic patients, pres-
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Fig. 7-203 (Cont.). The frontal and lateral 
views of the levophase of the pulmonary an
giogram (B and C) show two left atrial cham
bers, a posterior chamber (high-pressure 
chamber, open arrows) and an anterior cham" 
ber (low pressure chamber, closed arrows). 
The obstructive membrane is represented by 
a curved line between the chambers. In the 
lateral view the mitral valve (arrowheads) 
forms the anterior extent of the low-pressure 
chamber. Each atrial chamber can be distin
guished by following its outline, starting 
from the arrows and arrowheads. 



sures in the R V and pulmonary artery are increased, and 
the pulmonary capillary wedge pressure will be higher than 
the LV diastolic pressure. If the venous catheter passes 
through the foramen ovale into the low pressure anterior 
chamber (true LA) then the distinction between cor triatri
atum and stenosis or atresia of the pulmonary veins may 
not be appreciated. If the catheter enters the posterior 
chamber, which has a high pressure, the differential diagno
sis includes cor triatriatum and mitral stenosis. Pulmonary 
angiography (Fig. 7-203B and C) is definitive in the diagno
sis of cor triatriatum. The posterior chamber fills from 
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Chapter 7 Section 5 
Abnormalities of the Great Vessels 

Abnormalities of the aortic arch and pulmonary arteries 
are not necessarily symptomatic. The lesions causing symp
toms may be categorized into three groups: vascular rings 
causing stridor or dysphagia, interruptions of the aortic 
arch causing congestive heart failure, and associated intra
cardiac disorders causing cyanosis or congestive heart fail
ure. 

A vascular ring consists of a combination of vascular 
structures, in continuity, that encircle the esophagus and 
trachea. This congenital abnormality occurs in cases of 
double aortic arch, left aortic arch with right descending 
aorta and right ductus arteriosus, and with right aortic 
arch and left ductus arteriosus or ligamentum arteriosum. 
A vascular ring may also result from anomalous origin 
of a pulmonary artery (pulmonary sling) or rarely from 
an anomalous connection between the right pulmonary ar
tery and the thoracic aorta (ductus sling). 

Two concepts are helpful in understanding these and 
other abnormalities of the great vessels. The first is the 
theoretical double aortic arch system described by Edwards 
(Fig. 7-204) and the concept of single and double atresia or 
interruption (break) defined by Garti et al. (Fig. 7-205). 
The hypothetical double aortic arch (Fig. 7-204B, 7-205A) 
consists of the ascending aorta and the two arches, each with 
a common carotid artery, a subclavian artery and a ductus 
arteriosus. The arches join posteriorly to form the descend
ing aorta. The esophagus and trachea are present inside 
the ring formed by the hypothetical double arch system. 
If no break or regression occurs, then a double aortic arch 
results. A break in the right aortic arch posterior to the 
right ductus, and regression of the right ductus arteriosus 
result in a normal human aortic arch (Figs. 7-204, 7-205). 
Breaks elsewhere result in all varieties of right aortic arch, 
interruption of the aorta and other abnormalities of the 
aortic arch described subsequently in this section. 

Also included in this section is hemitruncus, which may 
result from abnormal migration of the sixth branchial arch, 
resulting in ectopic origin of either pulmonary artery from 
the ascending aorta. Table 7-8 lists congenital abnormali
ties of the great vessels. 

Double Aortic Arch 

Double aortic arch is a rare anomaly that usually occurs 
without intracardiac defects, resulting from persistence of 
all components of the hypothetical double aortic arch. One 
or both ducti may be patent (Fig. 7-205A). Both arches 
may be of equal size, or one, usually the left, may be hypo
plastic or atretic. The vascular structures surround the tra
chea and esophagus. 
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Table 7-8. Abnormalities of the Great Vessels· 

I. Double aortic archt 
II. Right aortic arch 

A. Right arch with mirror-image branching 
1) With ductus arising from innominate artery 
2) With ductus arising from aortic diverticulumt 

B. Right aortic arch with aberrant left subclavian artery 
1) With ductus from left subclavian arteryt 
2) With left-sided descending aorta and with ductus from 

left subclavian arteryt 
C. Right aortic arch with aberrant innominate artery and 

left ductust 
D. Right aortic arch with isolation of left subclavian artery 

or innominate artery 
III. Left aortic arch 

A. Left aortic arch with normal branching 
1) With left ductus (normal) 
2) With right ductus from aortic diverticulumt 

B. Left aortic arch with aberrant right subclavian artery 
1) With left-sided ductus 
2) With right ductus arising from aberrant right subcla

vian arteryt 
3) With right ductus and right-sided descending aortat 

C. Left aortic arch with isolation of the right subclavian 
artery 

D. Left aortic arch with anomalous origin of the innominate 
or left common carotid artery (bicarotid origin) 

E. Single brachiocephalic trunk arising from the aortic arch 
IV. Cervical aortic arch 
V. Interruption of the aortic arch 

A. Distal to the left subclavian artery 
B. Between the left common carotid and left subclavian 

arteries 
C. Between the innominate and left common carotid ar

teries 
VI. Slings 

A. Pulmonary artery sling 
B. Ductus arteriosus sling 

VII. Anomalous origin of one pulmonary artery from the ascend
ing aorta (hemitruncus) 
A. Right hemitruncus 
B. Left hemitruncus (variant of tetralogy of Fallot) 

* Pulmonary vascularity is normal unless associated defects are present. 
t Lesions that constitute vascular rings. 

Fig. 7-204. Development of the normal aortic arch and its ~ 
branches. A represents the basic Rathke diagram showing six 
pairs of branchial arches that form between the dorsal aortae 
and the ventral aortae. The seventh (intersegmental) branches 
eventually become the subclavian arteries. B shows regression 
of the first, second and fifth arches (dotted lines on the left of 
the picture). The intersegmental arteries migrate up from the 
descending aorta to the dorsal arch, eventually moving proximal 
to the sixth arch (dotted arrow). The truncoaortic sac divides 
into the aorta and the main pulmonary artery. At the same time 
the ostia of the sixth arches migrate to attach to the main pulmo
nary artery. The right and left pulmonary arteries are outgrowths 
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from the sixth arches, which penetrate the developing lung buds. 
Thus the proximal portions of the sixth arches become the right 
and left pulmonary arteries, while the distal sixth arches become 
the right and the left ductus arteriosus. The right ductus arteriosus 
normally disappears, as does the right aortic arch between the 
right subclavian artery and the descending aorta (area demarcated 
by dashed lines). B also illustrates the hypothetical double aortic 
arch of Edwards. In addition, the letters A, B, C, D in B corre
spond to those in Fig. 7-205. These letters denote the locations 
of breaks in the hypothetical double aortic arch, which result 
in normal and abnormal development of the aortic arch and pul
monary arteries (e.g., double aortic arch, right aortic arch, vascu
lar rings, interruption of the aortic arch). C shows the results 
of all the normal regressions. The aortic arch is formed from 
the ventral aorta, the fourth branchial arch and the left dorsal 
aorta. The innominate artery is derived from the right ventral 
aorta, while the right subclavian artery develops from the fourth 
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branchial arch, the proximal segment of the dorsal aorta, and 
the right seventh intersegmental artery. The pulmonary arteries 
represent the proximal portion of the sixth arches, while the duc
tus arteriosus is derived from the distal portion of the left sixth 
arch. D represents an image similar to C, but drawn to approxi
mate the normal appearance of the great vessels. 

AA = ascending aorta; DA = descending aorta; Ext. CA = 
external carotid artery; Int. CA = internal carotid artery; LCC 
= left common carotid artery; LDA = left ductus arteriosus; 
LPA = left pulmonary artery; LSA = left subclavian artery; 
MPA = main pulmonary artery; RCC = right common carotid 
artery; RDA = right ductus arteriosus; RPA = right pulmonary 
artery; RSA = right subclavian artery. Modified from Langman 
J, (1969) Medical embryology human development-normal and 
abnormal, 2nd ed., p . 216. Copyright The Williams and Wilkins 
Co., Baltimore, Maryland. 
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Fig. 7-205. The hypothetical embryologic double aortic arch. A 
Double aortic arch results from persistence of all structures with 
no breaks or interruptions (portions may be hypoplastic or 
atretic). Single or multiple interruptions (breaks) at various posi
tions (A,B,e,D) explain the normal aortic arch as well as the 
reported anomalies of the aortic arch. The development of unre
ported anomalies is predicted. As an example, a break in the 
right aortic arch at position A results in a normal left aortic 
arch, whereas a break in the left arch at position A results in a 
right aortic arch with mirror-image branching (B). The ductus 
remains attached to the innominate artery. A break in the left 
arch at B results in the rare form of right aortic arch with mirror
image branching and left ductus (B'). A break in the right arch 
at B results in the rarely encountered left arch with normal 
branching and right ductus arteriosus. Both anomalies represent 
vascular rings. Of incidental significance is the aortic diverticulum 
formed from portion A. A break at e on the left results in a 
right aortic arch with aberrant left subclavian artery. If the left 

B' 

ductus persists a vascular ring results. A break at e on the right 
results in a left aortic arch with an aberrant right subclavian 
artery. Persistence of a right ductus arteriosus would complete 
the vascular ring. 
A break at D on the left is rare and results in right aortic arch 
with aberrant left innominate artery. Of the anomalies resulting 
from two interruptions, isolation of a subclavian artery is the 
most common. The breaks occur at A and e so that the subclavian 
artery has no connection to the aorta, but is attached by way 
of the ductus arteriosus to the pulmonary artery (C). 

AA = ascending aorta; AD = aortic diverticulum; DA = de
scending aorta; Lee = left common carotid artery; LDA = left 
ductus arteriosus; LP A = left pulmonary artery; LSA = left sub
clavian artery; MPA = main pulmonary artery; Ree = right 
common carotid artery; RDA = right ductus arteriosus; RPA 
= right pulmonary artery; RSA = right subclavian artery; T 
= trachea; E = esophagus. 



Stridor and dysphagia usually begin in infancy; although 
rare, asymptomatic cases have been reported in adults. Re
current pulmonary infections are common and may obscure 
the diagnosis. On physical examination the airway sounds 
are easily audible. The heart is not enlarged, no murmur 
is present, and the pulses generally are normal. The electro
cardiogram is normal. The typical finding on plain films 
in older children and adults is the presence of bilateral 
aortic arches indenting the trachea (Fig. 7-206). The right 
arch is usually larger and higher than the left, occurring 
at or above the level of the azygos vein. The aorta usually 
descends on the right. On the lateral film the trachea may 
be indented by the posterior component of the ring. 

In symptomatic infants these characteristic findings are 
rarely present, and even identification of the right aortic 
arch may be difficult. Useful clues when the right-sided 
aortic arch is not evident consist of a slight indentation 
of the trachea on the right side and a right-sided descending 
aorta (Figs. 7-207, 7-208). This radiological pattern in 
an infant with respiratory difficulty should lead to the suspi
cion of double aortic arch or another form of vascular 
ring. 

In all age groups the barium esophagogram shows bilat
eral and posterior indentations at the level of the aortic 
arches. Usually the right-sided indentation is higher than 

Fig. 7-206. Double aortic arch in an adult. 
A P A film of the chest with barium-filled 
esophagus demonstrates the classic findings 
in an asymptomatic adult. The right arch 
is larger and higher than the left. The trachea 
is indented on the right, and the esophagus 
is indented on both sides. The aorta descends 
on the right side. (Continued) 

Right Aortic Arch 587 

the left-sided indentation. The retroesophageal portion of 
the aorta is a continuation of the left arch, which courses 
obliquely down from left to right to join the right arch. 
The proximal two thirds of the thoracic aorta descend 
on the right and then cross the midline to enter the aortic 
hiatus on the left. 

Computerized axial tomography, magnetic resonance 
imaging, digital angiography and 2-D echocardiography 
all have the potential for demonstrating this anomaly if 
both arches are patent. On angiography, studies of the 
aortic arch are diagnostic even though one arch is atretic 
(Fig. 7-207). Compound axial views may be of assistance 
in exposing the small arch encircling the esophagus and 
in defining the origins of the brachiocephalic vessels. 

Right Aortic Arch 

Right aortic arch represents persistence of the right fourth 
arch with a break in the left. It is classified according to 
the pattern of branching of the brachiocephalic vessels. 
The two most common patterns are right aortic arch with 
mirror-image branching and right aortic arch with aberrant 
left subclavian artery. Either may be associated with a vas
cular ring. 

A 
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Fig. 7-206 (Cant.). The lateral projection 
(B) shows mild posterior indentation of the 
trachea and esophagus. Both arches are out
lined (arrowheads), the left being smaller and 
appearing sharper in this lateral film. A 
"coned" view of the arches in the right ante
rior oblique projection (C) demonstrates the 
indentation of the trachea on the right and 
the descent of the right arch as it joins the 
left arch posteriorly to form the descending 
aorta (arrows). 



Fig. 7-207. Double aortic arch in a 6-month
old boy with stridor. A The frontal film shows 
the usual presentation in this age group in 
which the right arch may be difficult to ap
preciate until subtle clues are considered. 
Here the presence of the right-sided descend
ing aorta (arrowheads) should suggest the 
correct diagnosis. B The lateral film shows 
narrowing of the trachea. (Continued) 
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Fig. 7-207 (Cont.). C,D,E,F AP and lateral views of the aorto
gram. C The ascending aorta and both arches, each giving off 
a carotid and a subclavian artery. D The right-sided descending 
aorta and a large aortic diverticulum, which represents the poste
rior segment of the left aortic arch (arrow). This diverticulum 

is responsible for the posterior indentation of the trachea and 
esophagus. E The left aortic arch (arrowheads) and atresia of 
the left arch (arrow) just beyond the left subclavian artery. F 
Aortic diverticulum (arrows). 



Fig. 7-208. Double aortic arch in a 2-year-old child with stridor 
and dysphagia. A Frontal roentgenogram of the chest; Band C 
AP and lateral views of the barium esophagogram. D Left ventric
ulogram; E lateral film of selective opacification of the left arch. 
A The signs of the right aortic arch are less obvious than those 
occurring in adults and older children. Clues to the diagnosis 
include the following: (1) There is widening of the superior me-
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diastinum and slight indentation of the trachea on the right; (2) 
the left arch is not conspicuous; (3) the right-sided descending 
aorta is outlined sharply (arrow). In many infants visualization 
of the right-sided descending aorta is the only clue to the diagnosis 
of right aortic arch. In a child with stridor and dysphagia, signs 
of a right arch should suggest a double aortic arch or other vascu
lar ring. (Continued) 
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Fig. 7-208 (Cant.). B On the frontal view the esophagus is com
pressed on both sides by the two arches. The posterior component 
of the left arch indents the esophagus on the lateral view (C) 
and courses obliquely inferiorly from left to right on the frontal 
film, merging with the right arch to form the descending aorta 
(arrow). The trachea also is narrowed on the lateral view. (Contin
ued) 

c 



D 
Fig. 7-208 (Cant.). D Two patent aortic arches are shown; each 
gives off a carotid and a subclavian artery. The right aortic arch 
is larger and higher than the left. The aorta descends on the 
right, then crosses the midline and enters the aortic hiatus. 

Right Aortic Arch with Mirror-Image Branching 
The usual form of right aortic arch with mirror-image 
branching (Figs. 7-20SB and 7-209) represents a break 
in the left aortic arch between the left ductus arteriosus 
and the descending aorta (position A on the left, Fig. 7-
20SA). The first branch of the right arch is the left innomi
nate artery; the second branch is the right common carotid; 
and the last branch is the right subclavian artery. The 
ductus arteriosus is attached to the left innominate artery 
anterior to the esophagus. No vascular ring is present. The 
aorta descends on the right, then crosses the midline to 
enter the aortic hiatus of the diaphragm. This form of 
right aortic arch is almost always associated with cyanotic 
congenital heart defects, usually tetralogy of Fallot and 
its variants. Other cyanotic defects such as truncus arterio
sus, transposition of the great vessels, pulmonary atresia 
and tricuspid atresia are also associated. 

The rare form of right aortic arch with mirror-image 
branching represents a break in the left arch between the 
left subclavian artery and the left ductus arteriosus (posi
tion B, Fig. 7-20SA). The branching is the same as in 
the previous form of right arch; however, the ductus is 
attached to an aortic diverticulum that originates from 
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E The left arch is hypoplastic, particularly the posterior segment. 
The branches of the left arch, the left common carotid artery 
and the left subclavian artery, are delineated. 

the proximal descending aorta and passes behind the 
esophagus. A vascular ring is present. This rare form of 
right aortic arch with mirror-image branching is not associ
ated with cyanotic heart defects. 

In most individuals with a right aortic arch the aorta 
descends on the right; rarely the aorta encircles the esopha
gus and descends on the left. 

On plain films in older children and adults a right aortic 
arch with mirror-image branching indents the trachea and 
esophagus on the right side (Fig. 7-209). The aorta usually 
descends on the right side. In infants a right-sided aortic 
arch may be difficult to identify; however, an indentation 
of the trachea on the right or a right-sided descending 
aorta is the most reliable sign of right aortic arch when 
the aortic arch is not conspicuous. 

Barium swallow in individuals with a right aortic arch 
and mirror-image branching will show indentation on the 
right side of the esophagus. A posterior indentation will 
be present only in the rare form with a retroesophageal 
aortic diverticulum and left-sided ductus (vascular ring). 
Aortography (Fig. 7-209B and C) or digital angiography 
is definitive for the diagnosis of right aortic arch. 

E 
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... Fig. 7-209. Right aortic arch with mirror-image branching in a 
19-month-old-girl with tetralogy of Fallot. The roentgenogram 
of the chest (A) shows the characteristic boot-shaped heart (coeur 
en sabot). The superior mediastinum is widened on the right 
by the dilated ascending aorta. The aortic arch indents the trachea 
on the right, and the thoracic aorta descends on the right. B 
The right ventriculogram in the same patient shows atresia of 
the pulmonary valve and an aorta being filled by a right-to-Ieft 
shunt through the VSD. The aortic arch is right sided with mirror 
image branching. C The aortogram also shows the right aortic 
arch with mirror image branching. The first branch is the left 
innominate artery. The second branch is the right common carotid 
artery, and the third branch is the right subclavian artery. In 
this patient the innominate artery gives off the left common ca
rotid artery, the thyrocervical trunk, the vertebral artery, and 
the internal mammary artery. 

A 

Right Aortic Arch with Aberrant Left Subclavian Artery 
Right aortic arch with aberrant left subclavian artery (Fig. 
7-210) is not associated with cyanotic congenital heart 
defects. It is usually an incidental finding in asymptomatic 
adults. The theoretical break occurs in the left aortic arch 
between the left common carotid and the left subclavian 
artery (position C in the left arch, Fig. 7-20SA). The first 
branch of the right aortic arch is the left common carotid 
artery. The second branch is the right common carotid 
artery, and the third is the right subclavian artery. The 

Fig. 7-210. Right aortic arch with aberrant left subclavian artery 
noted incidentally during evaluation for scoliosis. The right-sided 
aortic arch and the right-sided descending aorta are clearly recog
nized on the frontal view (A). The left subclavian artery passes 
obliquely and superiorly behind the esophagus, creating an 
oblique indentation in the barium column on the frontal view 
and a posterior indentation on the lateral film (B). 
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fourth branch is the left subclavian artery, which originates 
from the proximal descending aorta and passes obliquely 
superiorly behind the esophagus. 

Some patients have a large retroesophageal diverticulum 
from which the left subclavian artery arises. The posterior 
indentation of the esophagus (Fig. 7-21OB) may be pro
duced either by the aberrant left subclavian artery or by 
the aortic diverticulum. The ductus arteriosus is on the 
left, arising from the aortic diverticulum if present, or from 
the left subclavian artery. This combination of a right aortic 
arch and left ductus arteriosus forms a vascular ring; never
theless, most individuals with this anomaly do not have 
symptoms of vascular ring because the ring remains rela
tively loose. 

In a few patients with a right aortic arch, aberrant left 
subclavian artery and left ductus, the aorta encircles the 
trachea and esophagus and descends on the left. These 
are more likely to exhibit symptoms of vascular ring. 

Right Aortic Arch with Aberrant Left Innominate Artery 
Right aortic arch with an aberrant left innominate artery 
is rare. It represents a break in the primitive left aortic 
arch proximal to the left carotid artery (position D on 
the left, Fig. 7-20SA). The first branch of the right aortic 
arch is the right common carotid artery; the second is 

B 
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the right subclavian artery. The last branch, the innominate 
artery, passes behind the esophagus and gives off the left 
subclavian and the left common carotid arteries. The left 
ductus arises from the innominate artery and forms a vascu
lar ring. Again this vascular ring mayor may not be symp
tomatic. 

Isolation of a Subclavian Artery 
Isolation of a subclavian artery (Fig. 7-20SC) results theo
retically from two breaks in the primitive aortic arch system 
that leave the subclavian artery and the ductus arteriosus 
separated from the rest of the system (positions A and C 
in either arch, Fig. 7-20SA). This anomaly occurs on the 
side opposite the aortic arch, being more common with a 
right arch so that the left subclavian artery is most often 
involved. The ductus may be patent or atretic. 

If the ductus is atretic the subclavian artery receives 
its blood supply by way of the vertebral arteries and the 
circle of Willis, resulting in a subclavian steal. If the ductus 
is patent and pulmonary pressure is low, blood from the 
vertebral artery will flow to the arm as well as through 
the ductus arteriosus into the pulmonary circulation; thus 
a left-to-right shunt results in addition to a subclavian steal. 
If pulmonary pressure is elevated, blood will flow from 
the pulmonary artery through the ductus arteriosus into 
the arm, resulting in a right-to-Ieft shunt and differential 
cyanosis, the affected arm being blue. 

This congenital anomaly can be recognized clinically 
if pulses are weak or absent in the affected arm. Isolation 
of a subclavian artery can be suspected on angiography 
if the vessel is not visualized as the aortic arch opacifies. 
Isolation is confirmed if the subclavian artery fills late from 
the vertebral artery or from the pulmonary artery via the 
ductus. It is important that isolation of a subclavian artery 
be recognized either clinically or angiographically in all 
cyanotic cardiac disorders so that an operating surgeon 
will not attempt the use of an isolated subclavian artery 
to construct a Blalock-Taussig shunt. Isolation of the left 
innominate artery has also been reported. This occurs sec
ondary to breaks in the left arch anterior to the left common 
carotid artery and posterior to the ductus arteriosus (posi
tions A and D, Fig. 7-20SA). 

The interested reader is referred to the article by Garti 
et al., which presents the concepts of single and double 
breaks of the hypothetical double aortic arch, describes 
some of the unusual entities and predicts others. 

Left Aortic Arch 

Left Aortic Arch with Normal Branching 
and Right Ductus Arteriosus 
Consisting of a normal aorta with a right ductus arteriosus 
this disorder results from a break in the hypothetical double 
arch between the right ductus arteriosus and the descending 
aorta (position A on the right, Fig. 7-20SA). This abnor
mality differs from normal, in that the right ductus persists, 

being attached to the innominate artery and thereby pro
ducing no vascular ring. If the break in the hypothetical 
double arch occurs anterior to the right ductus (position 
B on the right, Fig. 7-20SA) the ductus will remain at
tached to an aortic diverticulum (if present) or to the proxi
mal segment of the descending aorta to complete a vascular 
ring. In some cases reported with vascular ring the ao~ic 
arch encircled the esophagus and trachea and descended 
on the right (Fig. 7-211). This last anomaly, encountered 
rarely, is important, because it represents an example of 
a vascular ring with a left-sided aortic arch. 

Left Aortic Arch with Aberrant Right Subclavian Artery 
Three distinct patterns exist: (1) with left ductus arteriosus 
and left-sided descending aorta (Figs. 7-212, 7-213A), (2) 
with right ductus arteriosus and left-sided descending aorta 
(Fig. 7-213B), (3) with right ductus arteriosus and right
sided descending aorta (Fig. 7-213C). 

Any of these three complexes may be associated with 
an aortic diverticulum. The most common form is left aor
tic arch with an aberrant right subclavian artery and a 
left ductus arteriosus, which has an incidence varying from 
0.4% to 2.0% of all congenital heart defects. Embryologi
cally, left aortic arch with aberrant right subclavian artery 
results from a break in the right aortic arch between the 
common carotid and subclavian arteries (position C on 
the right, Fig. 7-20SA). The right ductus also disappears. 
The aberrant right subclavian artery arises as the last 
branch of the aortic arch or proximal descending aorta 
and ascends obliquely and superiorly behind the esophagus 
to reach the right arm. This form is usually recognized 
incidentally during the performance of a gastrointestinal 
examination or on obtaining a cardiac series. An aberrant 
right subclavian artery has also been encountered among 
the anomalies associated with tetralogy of Fallot, patent 
ductus arteriosus, coarctation and pseudocoarctation of the 
aorta and ventricular septal defect. The major roentgeno
graphic finding is an oblique indentation on the posterior 
aspect of the barium-filled esophagus above the aortic arch, 
extending upward and to the right. Cine fluorography with 
barium swallow may show the pulsations of the aberrant 
vessel. 

This anomaly generally is asymptomatic, but occasion
ally it may be responsible for severe symptoms. Klinkhamer 
described children with respiratory symptoms but no dys
phagia and found that the combination of an aberrant right 
subclavian artery and common origin of the carotid arteries 
(bicarotid trunk), or abnormal juxtaposition of the carotid 
vessels, was associated with anterior tracheal compression. 

If an aberrant right subclavian artery is associated with 
coarctation of the aorta it may arise above, at or below 
the coarctation. If the aberrant artery arises at or below 
the site of the coarctation, the blood pressure in the right 
arm will be low. On angiography, subclavian steal may 
be encountered. 

Rarely a right ductus arteriosus may persist, arising 
from an aberrant right subclavian artery or from an aortic 
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Fig. 7-211. Left aortic arch with a right-sided descending aorta, 
normal brachiocephalic branching and a right ductus arteriosus 
arising from the descending aorta (vascular ring). This 2~ month 
old girl had minimal stridor and dysphagia. A Frontal roentgeno
gram of the chest. B-C Frontal and lateral views of the barium 
esophagogram. D-E Frontal and lateral views of the left ventricu
logram. In A the aortic arch is not clearly defined and no indenta
tion is present on either side of the trachea. The descending aorta 
is on the right. In B the esophagus is indented on both sides, 
more on the right. An oblique indentation runs inferiorly and 
from left to right. In C a large posterior indentation is present 
in the esophagus. The trachea is also narrowed. (Continued) 
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Fig. 7-211 (Cant.). On angiography (D-E) the aortic arch is 
on the left and crosses posteriorly behind the esophagus account
ing for the posterior indentation. A diverticulum of the descending 
aorta points toward the right pulmonary artery (right ductus 
diverticulum). The brachiocephalic branches are normal. 

diverticulum. The ductus thus will complete a vascular 
. ring, which mayor may not cause symptoms of dysphagia 
or obstruction to the airway. On occasion the aorta encir
cles the esophagus and trachea and descends on the right, 
resulting in a posterior indentation in the esophagus. The 
indentation may be horizontal, or it may be oriented 
obliquely downward toward the right. With an aortic diver
ticulum and with a right-sided descending aorta, the inden
tation is large. 

Left Aortic Arch with Anomalous Origin of the Innominate 
or Left Common Carotid Artery (Bicarotid Origin) 
Reported by Gross and by Klinkhamer, this entity is an 
unusual cause of dysphagia or dyspnea. The first two 
branches of the aorta arise very close together, or the in
nominate artery arises distal to its normal origin, thus en
veloping the trachea anteriorly. 

According to Gross and Klinkhamer the diagnosis is 
suggested by anterior compression of the trachea noted 
on a lateral roentgenogram of the chest or by tracheoscopy. 
The diagnosis of bicarotid origin is especially likely if the 

narrowing is relatively constant during all phases of the 
respiratory cycle . 

In contradistinction, if tracheal narrowing varies greatly 
during respiration, tracheomalacia is considered more 
likely. Klinkhamer reported relief of symptoms secondary 
to bicarotid origin after suturing the innominate artery 
to the sternum. 

Single Brachiocephalic Trunk Arising from 
the Aortic Arch 
Unless associated with other abnormalities of the aortic 
arch this rare anomaly is asymptomatic. The carotid and 
subclavian arteries may arise independently from the com
mon trunk or from an "innominate" vessel on each side. 
In the case illustrated in Fig. 7-214 coarctation of the 
aorta was associated, and there was a ligament between 
the left subclavian artery and the proximal descending 
aorta. The case reported by McDowell et al. was discovered 
during carotid artery angiography for cerebral ischemia 
due to atherosclerosis. 

E 
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Fig. 7-212. Aberrant right subclavian artery discovered inciden
tally during evaluation for ventricular septal defect in a 2-year
old girl. On injection into the aortic root (A) four separate bra
chiocephalic vessels are opacified. The right subclavian artery 
is only faintly filled (arrow). As the descending aorta fills during 
systole (8) the right subclavian artery fills more densely. In this 
frame the origin of the right subclavian artery from the descending 
aorta is demonstrated (arrow) . On the lateral projection (C) the 
aberrant right subclavian artery (arrow) is the fourth branch of 
the aortic arch. A closing patent ductus arteriosus is also noted 
(open arrow). 

c 
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Fig. 7-213. Three varieties of left aortic arch with aberrant right 
subclavian artery. In all three types the right subclavian artery 
arises from the descending aorta. In A (left ductus arteriosus, 
left descending aorta) the right subclavian artery courses obliquely 
upward behind the trachea and esophagus, causing an oblique 
indentation in the barium esophagogram. In B (right ductus, 
left descending aorta) the right subclavian artery is tethered to 
the pulmonary artery by a ductus or ductus ligament, forming 
a vascular ring. In C (right ductus, right descending aorta) the 
aortic arch encircles the trachea and esophagus, producing a large 
indentation. The right ductus arteriosus is attached to the aorta 
near the aberrant right subclavian artery, creating a vascular ring. 
Modified from Stewart JR, et al. (1964) An atlas of vascular 
rings and related malformations of the aortic arch system. Tho
mas, Springfield, 111., p 64. 

AA = ascending aorta; DA = descending aorta; LCC = left 
common carotid artery; LDA = left ductus arteriosus; LPA = 
left pulmonary artery; LSA = left subclavian artery; MPA = 
main pulmonary artery; RCC = right common carotid artery; 
RDA = right ductus arteriosus; RPA = right pulmonary artery; 
RSA = right subclavian artery; T = trachea; E = esophagus. 
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Fig. 7-214. Single arterial trunk from the aortic arch in an infant 
with coarctation of the aorta. The frontal projection of the left 
ventriculogram (A) demonstrates mitral insufficiency and a shunt 
at the atrial level. Coarctation of the aorta is delineated. The 
lateral film of the same angiogram (B) demonstrates the common 

Cervical Aortic Arch 

Cervical aortic arch is a rare, frequently asymptomatic, 
congenital anomaly in which the aortic arch lies high in 
the superior mediastinum on either side (Figs. 7-215 and 
7-216), on occasion extending into the soft tissues of the 
neck. Variability of the origins of the branches of the aorta 
provides evidence for various hypotheses relating to the 
embryogenesis of the anomaly, although no single hypothe
sis explains all cases. The typical patient has a supraclavicu
lar, pulsating mass on either side of the neck. Affected 
children may also have vascular rings as part of the cervical 
arch. Some children have symptoms of compression of the 
airway, even though a vascular ring is not present. 

Moncada et ai., and Shuford and Sybers have described 

arterial trunk (T) arising from the aorta. The left subclavian 
artery (LSA) is retracted posteriorly by a ligament noted at sur
gery to be attached to the proximal portion of the descending 
aorta. The right subclavian and the right common carotid arteries 
arise from an innominate-like vessel. 

the plain film findings of cervical aortic arch. These findings 
pertain primarily to right cervical aortic arch with a left
sided descending aorta and include nonspecific widening 
of the mediastinum, absence of the aortic knob, an oblique 
cutoff of the tracheal air column at the level of the thoracic 
inlet on the frontal view, and anterior displacement of the 
trachea on the lateral projection. The trachea is displaced 
and its air column obliterated by the retroesophageal seg
ment of the aortic arch. In addition the authors of this 
work have noted a high takeoff of the descending aorta 
which is specific for a right cervical aortic arch with a 
left-sided descent (Fig. 7-215A). The barium swallow 
shows anterior displacement of the esophagus by the retro
esophageal portion of the aortic arch. 

In the authors' cases with left cervical aortic arch (Fig. 
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Fig. 7-215. Right-sided cervical aortic arch in a 4-year-old boy 
with clinical findings of aortic stenosis. The frontal roentgenogram 
of the chest (A) shows mild cardiomegaly with left ventricular 
enlargement. The superior mediastinum is widened by a right-

sided cervical aortic arch. The trachea is obliterated by the poste
rior portion of the arch as it crosses to the left. The descending 
aorta starts high in the superior mediastinum (arrow). (Contin
ued) 
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Fig. 7-215 (Cont.). On the lateral view (B) the trachea is dis
placed anteriorly by a density representing the aortic arch (arrow). 
The aortogram (C) demonstrates a right cervical arch that curves 
posteriorly behind the trachea and esophagus and descends on 
the left. The four brachiocephalic vessels that arise separately 

7-216A) the most prominent roentgenographic feature is 
widening of the mediastinum by the aortic arch (aortic 
knob) which is in the apex of the left hemithorax. Continuity 
between the aortic arch and the descending aorta differenti
ates cervical aortic arch from other causes of widening 
of the mediastinum. The density of the ascending and de
scending aorta partially obliterates the carina and the proxi
mal portion of the left main bronchus. The trachea is not 
deviated. 

The barium swallow in patients with left cervical aortic 
arch shows that the esophagus is not indented but follows 
the course of the descending aorta in all views. 

The two-dimensional echocardiogram from the supra
sternal notch (Fig. 7-216B) shows the high position of the 
aortic arch and an acute angle formed between the aortic 

are the left common carotid artery, the right common carotid 
artery, the right subclavian artery and the left subclavian artery, 
which arises from the descending aorta. A bicuspid aortic valve 
was also noted (not shown). 

arch and the descending aorta. The branching may also 
be delineated. Doppler studies confirm the normal flow 
patterns. 

On aortography (Figs. 7-215C, 7-217) the arch and 
the branching of the brachiocephalic vessels are delineated. 
Branching may be normal or mirror-image in type. The 
common carotid artery on the ipsilateral side with the arch 
may be absent, the internal and external carotid arteries 
arising separately from the aorta. The subclavian artery 
on the side opposite the arch often has an anomalous origin 
from the descending aorta. If the site of origin is stenotic, 
subclavian steal may result. Angiography will also delineate 
other congenital anomalies such as tetralogy of Fallot and 
bicuspid aortic valve. 
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Fig. 7-216. Left-sided cervical aortic arch in a 12-year-old boy 
with a pulsating mass in the left side of the neck. A The frontal 
roentgenogram of the chest shows widening of the superior me
diastinum. The aortic arch is high in the left thoracic apex. The 
descending aorta begins higher than usual. The carina and left 
main bronchus are partially obliterated by the ascending and 
descending portions of the aorta and by the esophagus. The tra
chea is not deviated. On the barium esophagogram (not shown) 
the esophagus followed the course of the descending aorta in 
all views. B The two-dimensional echocardiogram from the su
prasternal notch demonstrates the high position of the aortic 
arch (AA) and the acute angle between the aortic arch and the 
descending aorta (DA) . Aortography was not considered essential 
for diagnosis in this patient. 



Fig. 7-217. Aortography in an adult with left-sided cervical aortic 
arch. The roentgenogram of the chest (not shown) demonstrated 
a soft tissue density in the left apex, which was in continuity 
with the descending aorta. The high position of the arch is demon
strated. The brachiocephalic vessels (not shown) arose in this 
order: (1) right common carotid, (2) left common carotid, (3) 
left subclavian, (4) right subclavian artery (aberrant). Courtesy 
of Alfred Kurtz, M.D., Jefferson Hospital Medical Center, Phila
delphia, Pennsylvania. 

Interruption of the Aortic Arch (Steidele Complex) 

Interruption of the aortic arch is a rarely encountered car
diovascular malformation occurring in less than 1 % of 
all congenital heart defects. It is characterized by failure 
of connection between the ascending and the descending 
aorta. The descending aorta receives blood from the pulmo
nary artery by way of the ductus arteriosus during fetal 
life and until the ductus closes after birth (Fig. 7-218). 

Interruption of the aortic arch should be distinguished 
from atresia of the aortic arch, which is also a very rare 
anomaly. Interruption of the aortic arch is characterized 
by complete absence of tissue connecting the arch and the 
descending aorta, whereas atresia of the aortic arch has 
a fibrous band between the aortic arch and the descending 
aorta. Interruption of the aortic arch usually occurs be
tween the left common carotid artery and the left subcla
vian artery (45%; type B, Figs. 7-218, 7-219), between 
the left subclavian artery and the ductus arteriosus (42%; 
type A, Fig. 7-218) or between the innominate and left 
common carotid arteries (4%; type C, Fig. 7-218). Varia
tions of these three types occur when the right subclavian 
artery arises from the proximal segment of the descending 
aorta (aberrant right subclavian artery) or from the right 
ductus (isolation of the right subclavian artery). Physiologi-
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cally, interruption of the aortic arch resembles severe coarc
tation of the aorta proximal to the ductus arteriosus (pre
ductal coarctation). In both disorders the ascending aorta 
is supplied by the LV and the descending aorta by the 
R V through the ductus. 

Interruption of the aortic arch invariably is associated 
with a patent ductus arteriosus and almost always with a 
ventricular septal defect. Another defect frequently associ
ated with interruption of the aortic arch is absence of the 
subpulmonary infundibulum. An atrial septal defect is not 
uncommon. Among other associated cardiovascular abnor
malities are the hypoplastic left heart syndrome, transposi
tion of the great vessels and aortic stenosis. 

The ventricular septal defect and the characteristic 
subaortic stenosis in some patients with interruption of 
the aortic arch appear to be the result of malalignment 
of the infundibular septum and septal band (trabecula sep
tomarginalis), with posterior and leftward deviation of the 
conal or infundibular septum. The ventricular septal defect 
is often subpulmonary in location. Prolapse of an aortic 
cusp may be observed, and the pulmonary artery may over
ride the interventricular septum. A combination of all these 
cardiac disorders associated with interruption of the aortic 
arch constitutes the Becu complex. The Becu complex 
should be differentiated from the Taussig-Bing complex, 
a form of double-outlet R V in which the pulmonary artery 
overrides the ventricular septum. In the Becu complex the 
aorta arises from the LV, and the great vessels are related 
normally, whereas in the Taussig-Bing complex the aorta 
arises from the RV and is anterior to the pulmonary artery. 

Interruption of the aortic arch has been sporadically 
reported in association with truncus arteriosus and with 
aorticopulmonary septal defects (aorticopulmonary win
dow). In the latter, the ventricular septum is commonly 
intact. The DiGeorge syndrome (third and fourth pharyn
geal pouch syndrome) consists of underdevelopment of the 
thymus and parathyroid glands, together with abnormali
ties of the conotruncus (e.g., truncus arteriosus, tetralogy 
of Fallot) and aortic arch (e.g., right aortic arch, inter
rupted aorta). Although patients with DiGeorge syndrome 
have hypocalcemia and a deficit in cellular immunity 
(T-cell deficiency) the initial symptoms often are related 
to the severe congenital cardiac defects. 
Clinical Features Most infants with interruption of the 
aortic arch have generalized cyanosis and congestive heart 
failure. If pulses are absent in the legs the clinical picture 
may be indistinguishable from severe coarctation of the 
aorta. If the pulses are weak in the arms as well, the presen
tation is like that observed in the hypoplastic left heart 
syndrome. A clue to the diagnosis of interrupted arch is 
the presence of bounding pulses in the carotid arteries with 
weak pulses elsewhere. Differential cyanosis is a rare find
ing. The electrocardiogram, while not specific, usually 
shows RA and RV hypertrophy. 
Echocardiography Echocardiography is helpful in delin
eating the nature of the intracardiac abnormalities. Two
dimensional echocardiography, with the probe in the su-
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prasternal region, may outline the interrupted arch. The 
ascending aorta may be small and has a vertical course, 
rather than curving posteriorly as is normal. The descend
ing aorta is continuous with the ductus arteriosus. 
Radiological (Plain Film) Features Films of the chest may 
show overcirculation or pulmonary venous hypertension 
or both, with enlargement of the right side of the heart 
and marked prominence of the pulmonary artery segment. 
A trachea positioned in the midline, not deviated by the 
crossing of the aorta, and absence of the normal aortic 
impression on the barium-filled esophagus are helpful signs, 
particularly in an individual with poor pulses or absence 
of pulses in the extremities and bounding carotid pulses. 
Hemodynamics In the neonatal period if these defects are 
suspected clinically and by echocardiography, an infusion 
of prostaglandin El is begun prior to cardiac catheterization 
in order to maintain patency of the ductus arteriosus, which 
is the only source of blood flow to the descending aorta. 
Usually a left-to-right shunt (oxygen step-up) is encoun
tered in the RA due to elevation of LA pressure and stretch
ing of the foramen ovale (congestive heart failure). If a 
ventricular septal defect is present, a left-to-right shunt 
is encountered in the RV as well. Pressure in the RV, 
the pulmonary artery, and the descending aorta are equal 
if the ductus is widely patent. The LV is normally saturated; 
whereas the descending aorta has a lower oxygen content 
because its source of supply is the ductus arteriosus. De
saturation in the descending aorta may not be severe, as 
the blood in the right side of the heart is fairly well saturated 
due to the atrial and ventricular left-to-right shunts. 
Contrast Studies Angiocardiography is essential in demon
strating the site of interruption and associated anomalies 
(e.g., ventricular septal defect commonly with a left-to
right shunt and an obligatory right-to-Ieft ductus shunt). 
The ascending aorta may be small. A subclavian steal may 
be present when one or both subclavian arteries arise from 
the descending aorta and the ductus is partially or com
pletely closed, producing lower pressure in the descending 
aorta than in the ascending aorta. 

An important clue to the distinction among interrupted 
arch, severe coarctation, hypoplasia of the aortic isthmus, 
and aortic atresia, is the curve of the ascending aorta. With 
coarctation and aortic atresia, the aorta curves posteriorly 
and leftward toward the transverse arch. With aortic inter
ruption, the ascending aorta follows a relatively straight 
vertical course toward the brachiocephalic vessels. Only 
type A (beyond the left subclavian artery) may have a 
slight curve, which is not the normal curve of the aorta. 
Treatment Prostaglandin El may temporarily open the 
ductus arteriosus in infants with no blood flow to the lower 
body. Surgical intervention consists of interposition of a 
tubular prosthetic graft to establish continuity between the 
ascending and descending aorta. The ductus arteriosus is 
closed as well. The ventricular septal defect may be closed 
at the same time, or a pulmonary artery band may be 
placed to control the left-to-right shunt through the ven
tricular septal defect. 

RCC LCC 

Type A 

A' 

A" 

Fig. 7-218. The types of interrupted aortic arch. All forms of 
interrupted arch have in common discontinuity between the as
cending aorta and the descending aorta. The pulmonary artery 
is in continuity with the descending aorta by way of the ductus 
arteriosus. In type A the interruption occurs beyond the left sub
clavian artery; in type B, between the left common carotid and 
the left subclavian artery; in type C, between the innominate 
artery and the left common carotid artery. In each of the three 
types the right subclavian artery (RSA) may arise normally from 



B" 

the innominate artery (types A, Band C) or may arise aberrantly 
from the proximal segment of the descending aorta (A', B' and 
C') or from the right pulmonary artery by way of a right ductus 
arteriosus (A", B" and C"). 

AA = ascending aorta; D = ductus arteriosus; DA = descend
ing aorta; LCC = left common carotid artery; LPA = left pulmo
nary artery; LSA = left subclavian artery; MPA = main pulmo
nary artery; RCC = right common carotid artery; RPA = right 
pulmonary artery; RSA = right subclavian artery. 
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Fig. 7-219. Aortogram in a I-day-old boy with interrupted aortic 
arch in association with dextrotransposition of the great arteries 
and ventricular septal defect. The baby was in shock because 
the ductus arteriosus was closing, leaving the lower portion of 
the body with inadequate circulation. The infant eventually died; 
death was due to necrotizing enterocolitis. The aortogram (A 
and B) shows that the ascending aorta has a rather straight verti
cal course, giving off the two common carotid arteries. The 
V-shaped configuration is characteristic of type B interruption 
between the left common carotid and left subclavian artery with 
an aberrant or isolated right subclavian artery. Injection into 
the descending aorta (C) shows both subclavian arteries arising 
from the descending aorta. D is an injection into the left subcla
vian artery showing its origin from the descending aorta. 

B 
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Fig. 7-220. A Diagram of a pulmonary sling. 
The left pulmonary artery (LPA) arises from 
the right pulmonary artery (RPA) and passes 
between the esophagus (E) and trachea (T) 
to enter the left lung. MPA = main pulmo
nary artery. (Continued) 

Pulmonary Artery Sling 

Pulmonary artery sling (aberrant left pulmonary artery) 
is an uncommon anomaly in which the left pulmonary 
artery arises from the proximal portion of the right main 
pulmonary artery. The aberrant left pulmonary artery then 
courses between the esophagus and trachea to enter the 
left lung (Fig. 7-220A). A pulmonary sling usually occurs 
as an isolated anomaly. However, cardiovascular, tracheo
esophageal and gastrointestinal anomalies may be noted. 
Cardiovascular anomalies include ventricular septal defect, 
atrial septal defect, patent ductus arteriosus, tetralogy of 
Fallot, single ventricle and persistent left superior vena 
cava. The ductus (or ligamentum arteriosum), if present, 
connects the proximal descending aorta to the main pulmo
nary artery rather than to the aberrant left pulmonary 
artery. The aberrant left pulmonary artery causes compres
sion of the trachea and right main bronchus, resulting in 
respiratory symptoms in the neonatal period. Stridor asso
ciated with a pulmonary sling is said to be most evident 
on expiration, while stridor associated with other vascular 
rings is more evident on inspiration. Dysphagia is unusual 
with a pulmonary sling. 

Radiographic findings include indentation of the distal 
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trachea and proximal right main bronchus on the frontal 
view and a soft-tissue mass interposed between the trachea 
and esophagus on the lateral film (Fig. 7-220B-C). The 
trachea is narrow on the lateral projection. The barium 
esophagogram exhibits an anterior pressure defect (Fig. 
7-220C). A similar anterior indentation on the barium
filled esophagus may also be present in ductus arteriosus 
sling. Rarely an aberrant subclavian artery may course 
between the trachea and the esophagus. Right-sided or 
left-sided lobar emphysema is often observed during early 
infancy. Atelectasis and infection are also found. An 
opaque right or left upper lobe, due to retained fetal pulmo
nary fluid, may be the only radiographic finding in neo
nates. 

The pulmonary arteriogram demonstrates the-Qrigin of 
the left pulmonary artery from an elongated main pulmo
nary trunk. 

At surgery the aberrant vessel is divided and anasto
mosed to the main pulmonary artery or brought forward 
and reanastomosed to the original stump anterior to the 
trachea. An interposing graft or conduit may be needed. 
Surgical results have been uniformly poor. However, 
Campbell et al. have reported a 24-year follow-up of the 
first patient operated on for this anomaly. 
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Fig. 7-220 (Cont.). B-C Pulmonary sling in 
an infant in severe respiratory distress. The 
lateral roentgenogram (B) of the chest shows 
a dense mass interposed between the trachea 
and the air-filled esophagus. The barium 
esophagogram (C) confirms the plain film 
findings. The esophagus is indented anteri
orly by the aberrant pulmonary artery. The 
baby died before further studies or a surgical 
procedure could be performed. 

Ductus Arteriosus Sling 

Ductus arteriosus sling consists of an abnormal vessel con
necting the right main pulmonary artery and the isthmic 
portion of the thoracic aorta. The vessel passes between 
the trachea and the esophagus, causing airway compression 
(Fig. 7-221). The unusual course may represent persistence 
of a primitive connection between the primary pulmonary 
arteries that has been identified in 8-mm embryos connect
ing to the aorta by way of the most dorsal segment of 
the ductus arteriosus. Binet et al. reported a patient who 
also had an aberrant right subclavian artery. 

The clinical presentation is similar to that reported with 
pulmonary sling. The barium esophagogram shows a mass 
between the trachea and esophagus. 
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Fig. 7-221, A ductus arteriosus sling. The ductus arteriosus sling ~ 
(DS) arises from the right pulmonary artery (RPA), passes be
tween the trachea (T) and esophagus (E) and attaches to the 
isthmic portion of the aorta. In this drawing the other brachioce
phalic vessels have been eliminated for clarity. LPA = left pulmo
nary artery; MPA = main pulmonary artery; Ao = aorta; RSA 
= right subclavian artery; RB = right bronchus; LB = left bron
chus. In the case described by Binet et al. there was also an 
aberrant right subclavian artery. 

Aortography will demonstrate patency of the abnormal 
vessel with the unusual course described here. At surgery 
the anomalous vessel may be divided at both ends. The 
indentation in the trachea may persist thereafter so that 
stridor may not resolve for some time. 
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Fig. 7-222. Anomalous origin of the right 
pulmonary artery from the aorta (right hemi
truncus). A Mild cardiomegaly is present 
with unilateral, right-sided pulmonary over
circulation. The lateral projection (8) is from 
the same patient 7 years later. The large right 
pulmonary artery is reflected as a circular 
structure anterior to the trachea. The poste
rior view of a pulmonary perfusion scan (0, 
using 1311_MAA (macroaggregated albumin 
human serum tagged with 1311) demonstrates 
perfusion of the left lung only, with no perfu
sion to the right lung. This occurs because 
venous blood enters the left lung, while the 
right lung receives its blood supply from the 
aorta. Left ventriculography in the frontal 
view (D) demonstrates the origin of the right 
pulmonary artery from the posterior wall of 
the ascending aorta, accounting for the uni
lateral pulmonary overcirculation on the 
plain film of the chest. The second catheter 
is the venous catheter, which traverses the 
right atrium and right ventricle to enter the 
main pulmonary artery. (Continued) 

Anomalous Origin of One Pulmonary Artery from 
the Ascending Aorta (Hemitruncus) 

Ectopic origin of the right or left pulmonary artery from 
the aorta (so-called hemitruncus) is a rare cardiovascular 
malformation. It is probably the result of faulty septation 
of the truncus with dorsal rotation of the left or right 
truncoconal ridge causing the ipsilateral sixth arch to be 
incorporated into the ascending aorta. Flow patterns in 
the affected fetus are thought to favor persistence of the 
contralateral fourth arch. Thus the aortic arch is found 
on the side opposite the ectopic pulmonary artery. 

Anomalous origin of the right pulmonary artery 
(A-RPA) is by far the most common variety (Fig. 7-222). 
It is almost always associated with a patent ductus arterio
sus, but rarely with an aorticopulmonary window; however, 
it usually presents without a defect in the ventricular sep
tum. Anomalous origin of the left pulmonary artery (A
LPA) usually occurs as part of complex tetralogy of Fallot 
(Fig. 7-223) with right aortic arch and rarely with right 
ductus arteriosus. 
Clinical Features Respiratory distress, congestive heart 
failure and cyanosis are the predominant clinical manifesta
tions. The electrocardiogram usually shows right ventricu
lar hypertrophy or combined hypertrophy. Signs of severe 
pulmonary hypertension and pulmonary vascular disease 
usually appear early if therapy is not instituted. 
Radiological (Plain Film) Features The characteristic find
ings in patients without additional defects are overcircula-
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tion, which is marked on the side of the ectopic pulmonary 
artery (unilateral overcirculation pattern). The heart is en
larged, but its configuration is usually not specific. A pul
monary perfusion scan reveals the apparent paradox of 
absence of uptake in the overly perfused lung and normal 
or increased uptake in the contralateral lung (Fig. 7-222C). 

In one of the authors' patients a pattern of lobar emphy
sema of the right lower lobe and predominant overcircula
tion on the left with marked cardiomegaly and a right
sided aortic arch led to the suspicion of A-LPA with tetral
ogy of Fallot and absence of pulmonary valve (Fig. 7-
223A). The lobar emphysema pattern was caused by a 
huge right pulmonary artery compressing the bronchus. 
Hemodynamics and Contrast Studies in Patients with 
A·RPA At catheterization only one pulmonary artery can 
be entered from the RV, and the lung supplied by this 
artery receives the entire systemic venous return. The oppo
site lung receives blood from the aorta. The pressure is 

Fig. 7-222 (Cant.). The pulmonary arterio
gram (E) fills the left pulmonary artery only. 
The circular structure above the catheter is 
the mouth of a large patent ductus arteriosus. 
The descending aorta (arrows) is faintly opa
cified by way of the ductus. 

at systemic levels in the ectopic pulmonary artery and is 
usually elevated in the normally arising artery as well. The 
shunt at the ductus is left to right, but it may be bidirec
tional or right to left if pulmonary artery hypertension is 
present. The diagnosis is usually established by aortography 
and by right and left ventriculography. A patent ductus 
arteriosus may also be identified. 
Hemodynamics and Contrast Studies in Patients with 
A·LPA A-LPA is generally associated with tetralogy of 
Fallot with absent pulmonary valve or other complex de
fects. In addition to the hemodynamic findings of tetralogy 
of Fallot with absent pulmonary valve, the left lung is 
subjected to systemic pressure. 
Treatment Reimplantation of the ectopic pulmonary ar
tery to the main pulmonary trunk with or without a tubular 
graft has been performed with good results in some patients. 
A fixed increase of pulmonary vascular resistance is a con
traindication to corrective surgery. 



Fig. 7-223. Anomalous origin of the left pulmonary artery from 
the aorta (left hemitruncus) in association with tetralogy of Fallot 
and absence of the pulmonary valve in an 8-month-old boy. A 
frontal film of the chest (A) shows marked cardiomegaly with 
a right aortic arch. The apex is uplifted, and the main pulmonary 
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artery segment is concave. Pulmonary overcirculation is present 
bilaterally. The right lower lobe is relatively underperfused. 
Marked enlargement of the right-sided chambers is also evident 
in the lateral projection (B). (Continued) 
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Fig. 7-223 (Cont.). The aortogram (C) demonstrates the origin 
of the left pulmonary artery from the ascending aorta. The aortic 
arch is on the right with mirror-image branching. The catheter 
has passed from the right atrium to the right ventricle, and then 
into the overriding aorta. When the catheter can be passed easily 
from the right ventricle into the aorta, transposition of the great 
arteries, atrioventricular canal, double-outlet right ventricle or 
overriding of the aorta should be considered (see also Fig. 7-
219). A late film of the right ventriculogram (D) shows an aneurys
mally dilated right pulmonary artery with no filling of the left 
pulmonary artery. The pulmonary anulus (arrow) is hypoplastic, 
with absence of the pulmonary valve (pulmonary regurgitation 
was noted on pulmonary cine angiography). The base of the right 
lung is hyperlucent because the enlarged right pulmonary artery 
compresses the right bronchus, resulting in lobar emphysema. 
The catheter tip is in the pulmonary outflow tract. The second 
catheter is a retrograde catheter, the tip of which is in the left 
ventricle. The lateral projection of the left ventriculogram (E) 
shows the aorta (Ao) overriding the ventricular septum. The di
lated right pulmonary artery (rpa) is under the aortic arch. The 
catheter entered the right atrium and was directed across the 
foramen ovale, and through the left atrium to enter the left ventri
cle (L V). R V = right ventricle. 
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Chapter 7 Section 6 
Abnormalities of Visceroatrial Situs 

Diagnosis of the visceroatrial situs (position and morphol
ogy of the atria) is of paramount importance in the analysis 
of complex congenital cardiac defects. The Latin term situs 
solitus (SS) is used to indicate normal position of the vis
cera, including the cardiac atria. The mirror-image presen
tation of the normal visceroatrial morphology and relation
ships is termed situs inversus (SI). Thus there are two nor
mal or determinate types of situs. In SS the morphological 
right atrium (RA) is on the right side and the morphologi
cal left atrium (LA) is on the left side. The liver, the spleen 
and other noncardiac viscera are also in normal position. 
In SI the morphological RA is on the left side of the mor
phological LA, which is right sided. The liver, spleen and 
other noncardiac viscera also have a mirror-image relation
ship. The immotile cilia syndrome on occasion is associated 
with situs inversus (Kartagener triad of SI, sinusitis and 

'. bronchiectasis). Table 7-9 is a list of abnormalities of vis
ceroatrial situs. 

Anatomically the morphological RA is identified by the 
crista terminalis and the limbus of the fossa ovalis. On 
angiography the RA is identified by the RA appendage, 
which is a broad, triangular structure with a wide orifice 
and coarse pectinate muscles. The RA and LA have no 
distinctive appearance on roentgenograms of the chest; 
however, their respective positions correspond to the tho
racic situs. The RA is under the right main-stem bronchus 
and right pulmonary artery. The LA is under the left main
stem bronchus and left pulmonary artery. Therefore, analy
sis of the pattern of branching of the tracheobronchial tree 
and the central pulmonary arteries permits a prediction 
concerning the locations of the cardiac atria (Figs. 7-224, 
7-225). In SS the right lung has three lobes, and the right 
main bronchus has a relatively vertical course. Its first 
branch, the upper lobe bronchus or eparterial bronchus, 
lies above the right pulmonary artery. The eparterial bron
chus arises almost immediately after the tracheal bifurca
tion and travels initially in a horizontal direction, appearing 
on end in the lateral view. Thus the right bronchus is 
recognized on the frontal view because of its short course, 
proximal to the first branch. The morphological right pul
monary artery arises at a right angle from the pulmonary 
trunk, appearing in the lateral projection as a dense sphere 
of varying size in front of the proximal left main bronchus. 

The left lung has two lobes. The left main bronchus is 
called hyparterial because it is situated beneath the mor
phologicalleft pulmonary artery. An anatomical left main 
bronchus is recognized on the frontal radiograph of the 
chest by its longer course and more distal bifurcation. The 
left upper-lobe bronchus is directed in a more horizontal 
plane, thus being visualized on end on the lateral film of 
the chest as a round lucent area a variable distance below 
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Table 7-9. Abnormalities of Visceroatrial Situs· 

Situs inversus totalis (may have no heart defect) 
Levoisomerism (polysplenia syndrome) 
Dextroisomerism (asplenia syndrome) 
M-anisosplenia (third syndrome) 
F-anisosplenia (fourth syndrome) 
Thoracoabdominal discordance 

* Pulmonary vascular pattern reflects the presence or absence of pulmonic 
stenosis or atresia 

the right upper lobe bronchus. The proximal portion of 
the morphological left pulmonary artery is above the left 
bronchus, and its distal segment curves behind the left 
bronchus, being visible on the lateral film as a dense tube 
curving posteriorly and inferiorly. This anatomical configu
ration is in contrast to the dense sphere cast by the right 
pulmonary artery. 

When the morphological right bronchus and right pul
monary artery are on the right and the morphological left 
bronchus and pulmonary artery are on the left, SS is pres
ent. A mirror-image relationship of the bronchi and pulmo
nary arteries indicates SI. These anatomical arrangements 
predict the location of the RA and LA. In SS the RA is 
on the right side and below the eparterial bronchus, while 

Fig. 7-224. The two types of normal (determinate) situs: situs ~ 
solitus and situs inversus. The pattern of branching of the tracheo
bronchial tree defines the thoracic situs and corresponds to the 
position of the cardiac atria. The right bronchus is recognized 
by its short, relatively vertical course before the first branch (the 
eparterial branch), while the left bronchus has a longer, more 
horizontal course and is slightly concave. The right atrium is 
under the right main bronchus (eparterial), and the left atrium 
is under the left main bronchus (hyparterial). In situs solitus 
the anatomical right main-stem bronchus and right atrium are 
on the right, while in situs inversus the anatomical right bronchus 
and right atrium are on the left. The apex of the heart usually 
is on the left in situs solitus and on the right in situs inversus. 
Other locations of the apex are associated with an increased inci
dence of congenital abnormalities of the heart. Situs solitus with 
mesoversion often has no cardiac abnormality, and if an abnor
mality is present it is likely to be L-TGA. SS with dextroversion 
tends to be associated with complex cyanotic defects (pulmonary 
stenosis or atresia or tricuspid atresia). Similarly situs inversus 
with dextroversion and situs inversus with mesoversion are associ
ated with relatively less complex defects while situs inversus with 
levoversion is associated with more complex defects. A normal 
heart is unlikely in individuals with situs solitus and dextroversion 
or situs inversus with levoversion. Although this diagram depicts 
atrioventricular concordance (left atrium connected to left ventri
cle, right atrium connected to right ventricle) it is important to 
note that the ventricles may be concordant or discordant. Thus 
the tracheobronchial tree predicts the position of the atria but 
not of the ventricles. 

SS = situs solitus; SI = situs inversus; RA = right atrium; 
LA = left atrium; R V = right ventricle; LV = left ventricle. 



Situs Solitus 

SS with levoversion (levocardia) 
(Norma l) 

SS with mesoversion (mesocardia ) 

SS with dextroversion (dextrocardia) 
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Situs I nversus 

SI w ith dextroversion (dextrocardia) 
(M irror image of normal) 

SI w ith mesoversion (mesocardia) 

Sl with levoversion (levocardia) 
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Fig. 7-225. The tracheobronchial tree with situs solitus. The right 
bronchus has a short, relatively vertical course. The first branch, 
the eparterial branch, runs above the right pulmonary artery. 
The left bronchus has a longer more horizontal course and is 
slightly concave, coursing beneath the left pulmonary artery 

(hyparterial). These findings define the thoracic situs as situs soli
tus and predict the locations of the cardiac atria. Thus the right 
atrium is beneath the right bronchus, and the left atrium is be
neath the left bronchus. 



in SI the anatomical RA is on the left. In this regard it 
is important to understand that the configuration of the 
tracheobronchial tree predicts only the position of the atria 
(visceroatrial situs) and not that of the ventricles or the 
great arteries. The ventricles may be concordant or discor
dant. Concordance means normal connection, that is, the 
RA connects with the right ventricle (R V), and the LA 
connects with the left ventricle (LV). Discordance indicates 
abnormal connection, the RA being connected to the ana
tomical LV, while the LA is connected to the RV (ventricu
lar inversion). The location ofthe cardiac apex (ventricular 
mass) is also independent of the position of the atria (Fig. 
7-224). The cardiac apex is usually left sided in SS; how
ever, it may be located on the right (dextroversion) or in 
the midline (mesoversion). On the other hand, in SI the 
cardiac apex is usually right sided, but it can be left sided 
(levoversion) or midline (mesoversion). The terms dex
troversion, mesoversion and levoversion (Fig. 7-224) specifi
cally indicate the position of the cardiac apex when this 
structure is not in its usual location for the corresponding 
visceroatrial situs (e.g., SS with mesoversion or dextrover
sion; SI with mesoversion or levoversion). The incidence 
of cyanotic congenital heart disease is higher in patients 
with SS and dextroversion and in SI with levoversion. Pa
tients with SS and mesoversion (Fig. 7-226) usually have 
a normal heart, but on occasion may have levotransposition 
(L-TGA) of the great arteries. SS with dextroversion (Fig. 
7-227) is associated with complex cyanotic cardiac abnor
malities, and only rarely is the heart normal. Similarly, 
SI with mesoversion (Fig. 7-228) is associated with rela
tively less complex defects, and SI with levoversion (Fig. 
7-229) is associated with more complex defects. 

The terms dextrocardia, mesocardia and levocardia indi
cate the position of the heart within the thorax without 
consideration of the visceralatrial situs. These terms have 
been used interchangeably with dextroversion, mesoversion 
and levoversion. Therefore the type of visceroatrial situs 
should be stated when either terminology is used. 

It is usual for patients with thoracic SS (atrial SS) to 
have concordant abdominal situs (e.g., abdominal SS, left
sided gastric air bubble and right-sided liver). On occasion 
a discordant thoracoabdominal situs is identified, indicating 
that the situs of the thorax and the situs of the abdomen 
are different. Thoracoabdominal discordance has been re
ported with no cardiac malformations; however, cardiac 
abnormalities are not infrequently encountered in this 
group of individuals. As examples, in instances of thoracic 
SS solitus and abdominal SI, tetralogy of Fallot and stig
mata of asplenia (Howell-Jolly bodies) have been identified. 
The authors have studied a patient with this type of situs 
who also had ostium primum atrial septal defect (Fig. 7-
230). In addition, thoracic SI may be associated with ab
dominal situs indeterminus (stomach and liver on same 
side) (Fig. 7-229). 

Failure of lateralization of the thoracic and abdominal 
viscera into a pattern of either SS or SI results in a sym
metrical visceral configuration (isomerism), with duplica-
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tion of either left- or right-sided structures, termed situs 
ambiguus (also referred to as indeterminate situs or hetero
taxy syndrome) (Fig. 7-231). This configuration frequently 
is associated with splenic abnormalities and with major 
malformations in the cardiovascular system (see Table 7-
10). 

Asplenia 

Situs ambiguus with dextroisomerism or bilateral right
sidedness (asplenia syndrome or Ivemark syndrome) (Figs. 
7-231, 7-232) results in duplication of the right-sided struc
tures-that is, bilateral right lungs (trilobed) with bilateral 
eparterial bronchi, common atrium with anatomical char
acteristics suggesting bilateral RA (bilateral crista termi
nalis and sinus node), two superior venae cavae, hepatic 
symmetry and a left- or right-sided stomach (Figs. 7-231 
and 7-232). Absence of the spleen is associated with the 
presence of Heinz or Howell-Jolly bodies in the peripheral 
blood smear. 

Among the cardiovascular abnormalities observed in the 
asplenia syndrome are: (1) bilateral superior. venae cavae, 
(2) common atrium or a large atrial septal defect, (3) single 
ventricle or a large ventricular septal defect, (4) A-V com
munis (atrioventricular canal), (5) transposition of the great 
arteries, (6) anomalous pulmonary venous return (either 
supracardiac or infracardiac), (7) cardiac malposition, (8) 
midline crossing of the inferior vena cava just below the 
diaphragm to enter the systemic venous atrium, (9) a com
mon course of the inferior vena cava and abdominal aorta 
and (10) severe pulmonic stenosis or atresia often accompa
nying any of the foregoing (Fig. 7-232, Table 7-10). 

Structural anomalies of the gastrointestinal and geni
tourinary systems include malrotation of the gut, agenesis 
of the gallbladder, annular pancreas, imperforate anus, 
horseshoe kidney and ureteral and urethral valves (Table 
7-10). 

It should be stressed that absence of the spleen results 
in frequent life-threatening infections. 

Polysplenia 

Bilateral left-sidedness (levoisomerism, polysplenia) is 
characterized by bilateral left lungs (bilobed, absence of 
the minor fissure) with bilateral hyparterial bronchi (Fig. 
7-233) and a common atrium with anatomical characteris
tics suggestive of bilateral left atria (LA isomerism). The 
liver is symmetrical, and the stomach may be on either 
side. Multiple spleens are present, but no Heinz or Howell
Jolly bodies are found on peripheral blood smears. (Howell
Jolly bodies have also been identified in individuals with 
a normal spleen or with polysplenia. Such patients are con
sidered to have functional hyposplenia.) 

Cardiovascular anomalies associated with polysplenia 
include: (1) anomalous systemic venous connections (bilat

(Continued on page 634) 
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Table 7-10. Asplenia, Polysplenia and Related Syndromes (Situs Ambiguus) 

I. ASPLENIA 
Bilateral right sidedness-males affected twice as commonly 
as females. More severe anomalies than polysplenia-poor 
prognosis. Associated with cyanosis. 

A. Cardiac Anomalies 
1. Common atrium or large atrial septal defect 
2. If two atria, both resemble right atrium in configu

ration of atrial appendage and presence of sinoatrial 
node 

3. Absent coronary sinus (approx. 80%) 
4. Atrioventricularis communis (A-V communis) 
5. Anomalous pulmonary venous return (usually total) 
6. Bilateral superior venae cavae (approx. 50%) 
7. Single ventricle or large VSD 
8. Dextrocardia (approx. 50%) 
9. Pulmonary atresia or severe stenosis 

10. Dextro- or levotransposition of great vessels (D-
TGA, L-TGA) 

Rarely, double outlet right ventricle, hypoplastic left heart, 
single coronary artery. 

B. Noncardiac Anomalies 
1. Bilateral eparterial bronchi-bilateral right lung with 

three or more lobes in each lung 
2. No spleen-Howell Jolly bodies on peripheral smear 
3. Transverse or symmetric liver 
4. Abdominal heterotaxy 
5. Genitourinary abnormalities, i.e., horseshoe kidney, 

hydroureter (approx. 15%) 
6. Fused or horseshoe adrenals 
7. Malrotations of the bowel 
8. Susceptibility to sepsis (21 %) 

C. Findings on roentgenograms of the chest 
1. Pulmonary vascularity undercirculated 
2. Bilatentl eparterial bronchi 
3. Malposition of the heart 
4. Transverse liver 

D. Liver spleen scan showing no spleen 

II. POL YSPLENIA 
Splenic tissue divided into two or more spleens of nearly 
equal size so that total splenic mass approximates that of 
a normal spleen. Slight female predominance. Bilateral left 
sidedness. Milder course-approximately 25% with no sigc 

nificant cardiac anomaly. 

A. Cardiac Anomalies 
1. Azygos continuation of inferior vena cava 
2. Atrial septal defect or endocardial cushion defect 
3. Bilateral left atria 
4. Anomalous pulmonary venous return (usually partial 

with each lung returning blood to its ipsilateral 
atrium) 

This table was prepared by Joel Rakow, M.D., during his rotation in 
Cardiac Radiology at Montefiore Medical Center, Brqnx, N.Y. 

References: 
Landing, et al. (1971) Am J Cardiol 28:456-462 
Moerman, et al. (1982) Clinical Genetics 22:143-147 

5. Pulmonic stenosis-not severe (33%) 
6. Ventricular septal defect 
7. Double outlet right venticle (15-25%) 
8. Dextrocardia (approx. 50%) 
9. Malpositions of the great vessels, single ventricle, 

single atrium-all quite rare 
B. Noncardiac Anomalies 

1. Bilateral hyparterial bronchi-bilateral left lung with 
two lobes in each lung 

2. Two or more spleens 
3. Transverse or symmetric liver 
4. Abdominal heterotaxy 
5. Gall bladder abnormalities (including biliary atresia) 
6. Genitourinary abnormalities (approx. 15%) 

C. Findings on roentgenograms of the chest 
1. Pulmonary vascularity normal or overcirculated 
2. Bilateral hyparterial bronchi 
3. Malposition of the heart 
4. Azygos arch-smooth rounded prominence at upper 

right or left base of heart 
5. Transverse liver 
6. Absent IVC on lateral projection 

D. Liver spleen scan showing multiple spleens 

III. ANISOSPLENIA 
Variant described by Landing consisting of congenital heart 
disease, symmetrical pulmonary lobation, and abnormality 
of the spleen but not typical of polysplenia. Spleen described 
as bifurcated--consisting of one or more large main spleens 
and one or more accessory spleens. Occasionally associated 
with bronchopulmonary-atrial discordance 

A. M-Anisosplenia (Males, Third Syndrome) 
1. Bilateral eparterial bronchi-resembling a mild form 

of asplenia 
2. Total anomalous pulmonary venous return 
3. Pulmonary stenosis 
4. Atrioventricularis communis (A-V comm4nis) 
5. Bilateral superior venae cavae 
6. Right aortic arch 
7. Relatively normal abdominal visceral situs 

B. F-Anisosplenia (Females, Fourth Syndrome) 
1. Bilateral hyparterial bronchi-resembling a severe 

form of polysplenia 
2. Abnormalities of the great veins-bilateral superior 

venae cavae, azygos continuation of the inferior vena 
cava 

3. Double-outlet right ventricle 
4. Abnormalities of situs of the abdominal viscera 

Moss (1983) Heart Disease in Infants, Children, and Adolescents, 3rd 
ed. pp 341-349 
Rose et al. (1975) Br Heart J 37:840--852 
Shinohara et al.: (1982) Acta Pathol (Jpn) 32(3):505-511 
Waldman JD, Rosenthal A, Smith AL, Shurin S, Nadas AS (1977) Sepsis 
and congenital asplenia. J. Pediat . 90:555-559. 
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Fig. 7-226. Situs solitus and mesoversion (mesocardia). The epar
terial bronchus is on the right, and the hyparterial bronchus is 
on the left. No cardiac abnormality is present in this patient. 
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Fig. 7-227. Situs solitus with dextroversion (dextrocardia). The 
eparterial bronchus on the right and the hyparterial bronchus 
on the left define the thoracic situs as solitus and predict the 
locations of the atria. This patient has L-TGA (ventricular inver-

sion) with atresia of the right atrioventricular valve and severe 
pulmonic stenosis. Thus the ventricles are not concordant, demon
strating that the structural anatomy of the tracheobronchial tree 
does not predict the location of the ventricles. 



Fig. 7-228. Situs inversus with mesoversion (mesocardia). The 
eparterial bronchus (anatomical right bronchus) is on the left, 
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and the hyparterial bronchus is on the right. The apex is in the 
midline. This 12 year old boy had no intracardiac defect. 
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Fig. 7-229. Situs inversus with levoversion (levocardia). The ana
tomical right bronchus (eparterial) is on the left, and the anatomi
cal left bronchus (hyparterial) is on the right side. Thoracic situs 
inversus is present. The liver and stomach are both on the right, 

, 

indicating abdominal heterotaxy. Double-outlet right ventricle 
with atresia of the pulmonary valve is present. The aortic arch 
is on the right. 
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Fig. 7-230. Thoracoabdominal discordance. The configuration of 
the tracheobronchial tree indicates situs solitus, while the posi
tions of the liver, stomach and spleen are reversed (abdominal 

situs inversus). Pulmonary overcirculation is present. An atrial 
septal defect of the endocardial cushion type was found. 
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Asplen ia 

Fig. 7-231. Two types of indeterminate situs: asp/enia (dextro
isomerism) and polysplenia (levoisomerism). In asplenia each lung 
has three lobes, the bronchi are symmetrical (each bronchus hav
ing an eparterial branch), the liver is symmetrical, and the stom
ach bubble can be on either side. The systemic and pulmonary 
veins often have anomalous drainage. The atria frequently have 
the appearance of bilateral right atria or common atrium. This 
type of visceroatrial situs is associated with heart defects such 
as single ventricle with A-V communis. Severe pulmonic stenosis 
or pulmonary atresia is also frequently present in the asplenia 
syndrome resulting in severe cyanosis. In polysplenia each lung 
has two lobes, and the bronchi are symmetrical, each main bron-
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Polysplen ia 
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chus having a hyparterial bronchus. The cardiac apex may be 
on either side. The liver is symmetrical, and the stomach bubble 
may be on either side. Multiple small spleens are present. The 
inferior vena cava is often interrupted with azygos continuation. 
This type of visceroatrial situs is associated with relatively less 
severe forms of endocardial cushion defects (e.g., ostium primum 
ASD)and anomalous pulmonary venous drainage as well as other 
congenital disorders (see text and Table 7-10). The polysplenia 
syndrome, therefore, is noted later in life than the asplenia syn
drome and includes a left-to-right shunt rather than obstruction 
of the right heart. 



Fig. 7-232. Asplenia syndrome in a 14-year-old girl. The frontal 
roentgenogram of the chest (A) shows bilateral eparterial bronchi 
(dextroisomerism). The cardiac apex is on the right (dextrocar
dia). The liver is symmetrical, and the stomach bubble is on 
the left. On the lateral projection (B) a dense area representing 
the right pulmonary artery is present, but none is apparent in 
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the position ofthe left pulmonary artery. Widening ofthe superior 
mediastinum in the frontal view (A) and a dense mass anterior 
to the trachea on the lateral view (B) is consistent with total 
anomalous pulmonary venous drainage of the supracardiac type. 
Bilateral pulmonary undercirculation indicates right heart ob
struction. An additional finding is dextroscoliosis. (Continued) 
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C D 
Fig. 7-232 (Cont.). In C and D a catheter has been advanced 
from the right-sided inferior vena cava across the midline to enter 
a common atrium and thence into an anomalous pulmonary vein 
to demonstrate total anomalous pulmonary venous return. The 
anomalous pulmonary vein accounts for widening of the superior 

mediastinum in the frontal projection and the dense mass anterior 
to the trachea on the lateral projection. The abnormal course 
of the inferior vena cava is characteristic of the asplenia syndrome. 
In E and F a venous catheter has been advanced to the ventricle. 
(Continued) 
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eral superior venae cavae) and interruption of the inferior 
vena cava with azygos continuation, (2) anomalous pUlmo
nary venous return (partial or total of the cardiac variety), 
(3) common atrium, (4) primum or secundum atrial septal 
defect, (5) ventricular septal defect, often of the endocardial 
cushion type, (6) double-outlet right ventricle, (7) left-sided 
obstructive lesions (coarctation of aorta, subaortic stenosis, 
hypoplastic left heart syndrome), (8) cardiac malposition 
(Figs. 7-233, 7-234, and Table 7-10). In contrast to asple
nia, transpositions and severe pulmonic stenosis are rare, 
although the authors have found that mild to moderate 
pulmonic stenosis often is present. 

Although the polysplenia syndrome is a well-defined 
entity in which anomalies of the cardiovascular system 
usually dominate the clinical picture, an additional sub
group of cases of polysplenia has been reported in which 
no congenital cardiac anomalies are identified. Malrota
tions of the bowel are common, and other noncardiac 
anomalies such as biliary atresia also contribute to the 
relatively high mortality in individuals with polysplenia 
and no cardiac defect (Table 7-10). 

In summary, the cardiovascular complications of asple
nia tend to occur earlier, with severe cyanosis and pulmo
nary undercirculation, in contrast to polysplenia, which 

Fig. 7-232 (Cont.). A single ventricle of the left ventricular type 
with A-V communis and a rudimentary outlet chamber is demon
strated. Both great vessels arise from the outlet chamber with 
dextromalposition of the great arteries. On cine ventriculography, 
no conus tissue separated the aortic from the pulmonary valve. 
Pulmonic stenosis was caused by compression of the pulmonary 
valve by the aortic valve. The pUlmonary arteries are identical 
on the frontal view (E), both being anatomical right pulmonary 
arteries, confirming the findings on the roentgenogram of the 
chest. Observe that the inferior vena cava overlaps the aorta below 
the diaphragm in E, another characteristic feature of the asplenia 
syndrome. 

presents later and is characterized by pulmonary overcircu
lation on plain films. 

Anisosplenia 

Anisosplenia, another group of defects with situs ambig
uus (isomerism) is characterized by a symmetrical visceral 
configuration and splenic abnormalities with a bifid spleen 
(one or two large spleens with multiple accessory spleens). 
Two complexes have been described: M-anisosplenia or 
"third syndrome" and F-anisosplenia or "fourth syn
drome." 

M-anisosplenia consists of bilateral right lungs, bilateral 
eparterial bronchi, anomalous pulmonary venous return, 
bilateral superior venae cavae, atrioventricularis communis, 
pulmonic stenosis, dextrocardia and right aortic arch. 
M-anisosplenia has a striking male preponderance. 

F-anisosplenia is associated with bilateral left lungs, bi
lateral hyparterial bronchi, bilateral superior venae cavae, 
abnormal inferior caval pattern, dextrocardia, double
outlet right ventricle, left aortic arch, and malrotation. 
F-anisosplenia has a marked predilection for females. 



Fig. 7-233. Polysplenia syndrome in a 2-
year-old boy. On the P A film of the chest 
(A) cardiomegaly and pulmonary overcircu
lation are present. The bronchi are both hy
parterial (levoisomerism). Hilar density on 
the lateral view represents the two anatomi
cal left pulmonary arteries. The cardiac apex 
is on the left (levocardia), and the stomach 
bubble on the right, but it is obscured by 
the colon in this film. The liver is symmetri
cal. On the lateral view (B) the stomach is 
posterior; no inferior vena cava is identified. 
Individuals with polysplenia often have left
to-right shunts (pulmonary overcirculation), 
whereas those with asplenia are more likely 
to have pUlmonary undercirculation due to 
obstruction of the right side of the heart. 
This patient has interruption of the inferior 
vena cava with azygos continuation. (Contin
ued) 
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C D 

E F 
Fig. 7-233 (Cont.). In C the venous catheter (arrows) is advanced 
from the inferior vena cava through the azygos vein into the 
superior vena cava. The catheter then passes through the right 
atrium to enter the right ventricle with its tip lying in the outflow 
tract of the right ventricle. The retrograde arterial catheter (open 
arrow) is in the aorta at the level of the diaphragm. The aorta 
and inferior vena cava do not cross below the diaphragm in pa
tients with polysplenia. In D and E the azygos continuation is 
demonstrated. The typical candy-cane appearance is noted on 
the lateral film. The hepatic veins (arrows) are opacified by reflux 

from the right atrium. In some individuals the hepatic veins may 
simulate the density of the inferior vena cava on the lateral film 
of the chest. In F the venous catheter has been advanced from 
the right atrium across the atrial septal defect through the left 
atrium and into the left ventricle. The typical gooseneck deformity 
of an endocardial cushion defect is demonstrated. An ostium 
primum atrial septal defect is present. The M-mode echocardio
gram also demonstrated the equivalent of a gooseneck deformity 
(Fig. 7-8). (Continued) 



G 
Fig. 7-233 (Cant.). The right ventriculogram after sur
gery for atrial septal defect (G) shows thickening and 
doming of the pulmonary valve, with poststenotic dilata
tion of the pulmonary artery consistent with valvar pul
monic stenosis. 
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8 Neoplasms of the Heart 

Neoplasms of the heart may be divided into primary (be
nign or malignant) and secondary (metastatic). Primary 
cardiac neoplasms are rare, but may occur at any age. 
The majority are benign, the most common being the myx
oma, which develops as a polypoid mass usually arising 
from the left atrium (LA). Sarcoma and rhabdomyoma 
are the second and third most common primary neoplasms 
of the heart. Other rare benign neoplasms (hamartoma, 
fibroma, fibromyxoma, lymphangioendothelioma) and ma
lignant neoplasms (lymphosarcoma, fibrosarcoma, leio
myosarcoma and rhabdomyosarcoma) have been reported. 
Cardiac neoplasms are further classified by their location 
in and around the heart (e.g., intracavitary, myocardial 
or intramural, pericardial). The myxoma, the polypoid fi
broma and the sarcoma arise from the endocardium (intra
cavitary tumors), whereas the rhabdomyoma and myocar
dial fibroma originate from the myocardium (intramural 
tumors). Neoplasms of pericardia 1 origin are mesothelioma, 
lipoma, pericardial fibroma and angioma. Teratoma may 
also occur within the pericardium. 

Bronchogenic cyst, large metastatic lymph nodes, in
flammatory lymph nodes and other extracardiac mediasti
nal masses that are contiguous with the heart may produce 
plain film findings identical to those occurring with pericar
dial neoplasms. The echocardiographic and angiographic 
findings with large vegetations, free-floating thrombi and 
cysts of the valves may be indistinguishable from those 
associated with intracardiac tumors. Endomyocardial fi
brosis may also simulate a cardiac neoplasm clinically and 
on roentgenograms of the chest; however, echocardiogra
phy and angiocardiography are most helpful in distinguish
ing endomyocardial fibrosis from a neoplasm. 

Because benign intracavitary cardiac neoplasms are 
amenable to surgery, their prompt diagnosis on echocardi
ography, plain films and angiocardiography is of utmost 
importance. 

Clinical Features 
The most common intracardiac neoplasm is the myxoma. 
This lesion may be sessile or pedunculated. The usual site 
of attachment is the fossa ovalis, most commonly in the 
LA and next in the right atrium (RA). This neoplasm is 
considered to be benign; however, on rare occasions myx
oma may recur locally or metastasize. A myxoma may 
become large enough to cause mitral or tricuspid stenosis 
or incompetence and may also fragment and embolize. In
fective endocarditis can develop on an intracardiac myx
oma. Systemic symptoms of fever and loss of weight, as 
well as immunological and hematological abnormalities, 
may also develop in individuals with a noninfected myx
oma. A clue to the diagnosis of a pedunculated mass may 
be a change in symptoms or physical findings with a change 
in position of the patient. As an example, dyspnea or a 
diastolic murmur of mitral stenosis or both may disappear 
if the patient changes to a supine position. Another charac
teristic sign is the tumor "plop" occurring in early diastole, 
with timing similar to that of an S3 or opening snap. 

RA neoplasms may produce tricuspid obstruction, re
sulting in peripheral edema, hepatomegaly and ascites. The 
tricuspid murmur and the tumor plop are similar to the 
murmur and gallop heard with Ebstein anomaly of the 
tricuspid valve. On occasion, neoplasms of the right side 
of the heart are associated with multiple pulmonary emboli 
and pulmonary hypertension without cardiac symptoms 
or signs. 

The most common intracardiac neoplasm in childhood 
is rhabdomyoma. This tumor, often multiple, invariably 
arises within the ventricles, originating from the ventricular 
septum in the vicinity of the crista supraventricularis. The 
major clinical manifestation is obstruction to flow of blood. 
If the tumor is not large enough to interfere with cardiac 
function the affected individual may be asymptomatic. The 
obstruction may occur at the inlet or outlet of either ventri
cle, causing clinical findings of subaortic stenosis or infun
dibular pulmonic stenosis, mitral stenosis or mitral atresia. 
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In some series, more than 50% of individuals with intracar
diac rhabdomyomas have tuberous sclerosis. 

Other benign intracardiac neoplasms present in a man
ner similar to myxoma or rhabdomyoma, causing obstruc
tion or valvular insufficiency, depending on location. See 
Table 8-1 for a list of neoplasms reported to occur within 
the heart and pericardium. 

Pericardial neoplasms (e.g., hemangioma, lymphangi
oma) usually produce no signs or symptoms, generally oc
curring with pericardial effusion with or without tampon
ade. On occasion a pericardial tumor is large enough to 
compress the heart directly, causing cardiac tamponade. 
Pericardial neoplasms may also be present with abnormali
ties of the cardiac contour, which are identical to those 
produced by pericardial cysts and diverticula. A pericardial 
cyst usually occurs at the right cardiophrenic angle, but 
may be present in other locations as well; thus, pericardial 
neoplasms and other pericardial masses may be difficult 
to distinguish one from the other. 

Metastases to the endocardium, myocardium and peri
cardium have all been observed. Most often these are 
asymptomatic and are discovered at autopsy. Intramyocar
dial masses may produce arrhythmias or, if sufficiently 
large, may interfere with myocardial function. Only rarely 
does a metastatic tumor in the endocardium behave as 
an intracardiac mass. Most metastatic tumors invade the 
heart by direct extension from the lungs. Other neoplasms 
that invade the pericardium and myocardium include carci
noma of the breast, esophagus, pancreas and bronchus, 
as well as melanoma and lymphoma. 

Echocardiography 
Echocardiography has become of paramount importance 
in the detection of intracardiac neoplasms. A pedunculated 
mass is recognized on M-mode by its characteristic motion. 
A sessile tumor produces thickening or extra layers within 
the heart (Fig. 8-1). A pedunculated LA mass is identified 
on M-mode as a line or shadow that moves anteriorly be
hind the anterior mitral leaflet as it opens during diastole 
(Fig. 8-2). The mass mayor may not be defined as it 
reenters the LA during systole. A large neoplasm can pre
sent as a cloud of echoes or a dense multilayered area that 
appears to fill the mitral orifice during diastole. On occasion 
a mass is homogeneous, being poorly visualized as a conse
quence. RA myxoma produces similar findings related to 
the tricuspid valve (Fig. 8-3). 

On 2-D echocardiography the size and shape of a pedun
culated mass are optimally delineated. Although sessile 
tumors of the atrium are best visualized by 2-D echocardi
ography, even by this technique they may be difficult to 
distinguish from organized thrombus. A clue to the differ
ential diagnosis is that an atrial myxoma usually attaches 
near the foramen ovale, whereas atrial thrombus may ad
here to the LA wall. In addition, most atrial thrombi occur 
in association with severe mitral stenosis (rarely does an 
atrial myxoma occur in a patient with mitral stenosis). 

TABLE 8-1. Primary and Metastatic Neoplasms of the Heart 

I. Benign Intracavitary Neoplasms 

A. Myxoma 
B. Rhabdomyoma (probably hamartoma) 
C. Fibroma (probably hamartoma) 
D. Lipoma (including hibemoma, fibrolipoma, myolipoma) 
E. Lipomatous hypertrophy (atrial septum) 
F. Papillary tumor (heart valve) 
G. Cystic tumor 

II. Malignant Intracavitary Neoplasms 
A. Sarcoma 

1. Fibrosarcoma 
2. Angiosarcoma 
3. Rhabdomyosarcoma 
4. Mesothelial sarcoma 
5. Kaposi sarcoma 
6. Liposarcoma 
7. Extraskeletal osteosarcoma 
8. Leiomyosarcoma 

B. Primary lymphoma 
C. Malignant fibrous histiocytoma 

III. Benign Myocardial (Mural) Neoplasms 
A. Rhabdomyoma 
B. Fibroma 
C. Bronchogenic cyst (developmental) 
D. Lymphangioma 
E. Neurofibroma 
F. Neurofibroma as part of neurofibromatosis 

IV. Malignant Myocardial (Mural) Neoplasms 
A. Sarcoma 

1. Rhabdomyosarcoma 
2. Angiosarcoma 
3. Fibrosarcoma 
4. Lymphoma, lymphosarcoma, Hodgkin disease 

V. Benign Pericardial Neoplasms 
A. Vascular tumors (hemangioma, lymphangioma, 

lymphangioendothelioma) 
B. Lipoma 
C. Leiomyofibroma 
D. Fibroma 
E. Mesothelioma 
F. Thymoma 
G. Dermoid 
H. Teratoma 
I. Hamartoma 

VI Malignant Pericardial Neoplasms 
A. Sarcomas (all types) 
B. Malignant tumor of the nerve sheath 
C. Malignant teratoma 
D. Synovial sarcoma 
E. Lymphoma 

VII. Metastatic Cardiac Neoplasms 
A. Intracavitary (very rare) 

1. Bronchogenic 
2. Lymphoma 
3. Ovarian 

B. Myocardial (mostly microscopic) 
1. Any primary focus 

C. Pericardial (by direct invasion) 
1. Lung 
2. Breast 
3. Pancreas 
4. Esophagus 
5. Lymphoma 
6. Melanoma 



Fig. 8-1. Rhabdomyoma a rising from the crista supraventricularis 
in a newborn infant. The M-mode arc scan from the aortic valve 
(Ao.) to the mitral valve (AML) showed a large mass in the 
right ventricular outflow tract (R VOT) that moved with the ven-
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tricular septum. At surgery a large rhabdomyoma was present, 
attached broadly to the crista supraventricularis. 

The chest film and angiogram are illustrated in Fig. 1-14. 
Computerized tomography of the head showed intracranial calci
fications characteristic of tuberous sclerosis. 
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Fig. 8-2. Left atrial myxoma. The M-mode tracing (A) shows 
a mass with multiple echo interfaces behind the anterior leaflet 
of the mitral valve (AML). During diastole the mass moves anteri-
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orly into the left ventricle. During systole it moves back toward 
the left atrium, out ofthe plane of the M-mode image. (Continued) 
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Fig. 8-2 (Cont.) The apex four-chamber view of the two-dimen
sional study (B and C) shows the shape of the myxoma and its 
attachment to the interatrial septum. During diastole (B) the 
mass moves into the left ventricle (L V); during systole (C) it 
returns to the left atrium (LA). The surgical specimen (D) consists 
of the atrial myxoma which was removed in-toto with its attach
ment to the atrial septum. RA = right atrium; R V = right ventri
cle. (Courtesy of M. Rosoff, M.D., Montefiore Medical Center, 
Bronx, N.Y.) 
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Fig. 8-3. Right atrial myxoma causing ob
struction of the tricuspid valve. The P A roent
genogram of the chest (A) shows dilatation 
of the superior vena cava and pulmonary un
dercirculation. The M-mode echocardio
gram (B) demonstrates a mass in the area 
of the tricuspid valve that moves posteriorly 
during ventricular systole and anteriorly dur
ing diastole. (Continued) 
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Fig. 8-3 (Cont.) The two-dimensional echocardiogram (C) con
firms this finding. Injection into the superior vena cava (D and 
E) shows a large lobulated mass in the right atrium during systole 
(D) that moves into the right ventricular cavity during diastole 
(E). The superior vena cava and the inferior vena cava are dilated. 
la = left atrium; Iv = left ventricle; ra = right atrium; rv = 
right ventricle; T = tumor. 

An intracavitary neoplasm of the left ventricule (LV) 
appears on M-mode as extra muscle layers within the ven
tricular chamber. The neoplasms may impinge on the mi
tral valve, restricting its opening motion, and may protrude 
into the LV outflow tract during systole. As with atrial 
tumors, 2-D echocardiography is superior in delineating 
intracavitary LV tumors. 

Intramyocardial tumors may be noted on 2-D echocardi
ography as noncontractile nodules within the myocardium. 
Interatrial lipoma (lipomatous hypertrophy of the atrial 
septum) occurs as a thickened interatrial septum on the 

subxiphoid or apex four-chamber view. Intrapericardial tu
mors are usually associated with significant pericardial effu
sion; in such instances the tumor mass, adjacent to the 
heart, mayor may not be visualized. 

Radiological (Plain Film) Features 
The cardiac silhouette may be normal or enlarged. The 
configuration of the heart may be bizarre, or it may mimic 
such entities as pericardial effusion, ventricular aneurysm 
and pericardial cyst. On occasion a neoplasm of the heart 
may simulate specific chamber enlargement in one pro-
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Fig. 8-4. Pericardia I neoplasm simulating 
right atrial enlargement. The frontal pro
jection (A) shows pronounced rounding of 
the lower segment of the right heart border. 
A shelf (shoulder) configuration is present 
on the LAO view (B). The superior vena 
cava is not dilated. The absence of dilatation 
militates against an intracavitary tumor with 
obstruction. Also noted incidentally is an old 
fracture of the left seventh rib posteriorly. 

An injection into the superior vena cava 
(0 filled the right atrium, suggesting 
strongly that the tumor was outside the 
heart. Cine films demonstrated a smooth in
ner wall of the right atrium rather than an 
irregular surface as would be anticipated 
with a neoplasm of the heart. 

jection while other views indicate a mass rather than cham
ber enlargement. In other cases the configuration projected 
by the tumor may be indistinguishable from specific cham
ber enlargement (Fig. 8-4). 

In cases of LA myxoma the cardiac silhouette may com
pletely mimic rheumatic mitral stenosis, with enlargement 
of the LA and right ventricle (R V) and pulmonary venous 
hypertension (Fig. 8-5). RA myxoma may cause signs of 
tricuspid stenosis (enlargement of the RA, superior vena 
cava, azygos vein and inferior vena cava; Fig. 8-3). R V 
obstruction is reflected in pulmonary undercirculation (Fig. 
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8-3). On occasion, calcification of the neoplasm is present 
that is distinct from valvular calcification (Fig. 8-5). How
ever, the calcification pattern may be difficult to distinguish 
from that associated with calcified thrombus. 

Other types of neoplasm cause similar features, depend
ing on their size and configuration and on the hemodynamic 
alterations they may produce. 

Hemodynamics 
The hemodynamic alterations reflect the size and position 
of the neoplasm. Tamponade as well as inflow and outflow 
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Fig. 8-5. Calcified left atrial myxoma caus
ing severe pulmonary venous hypertension. 
The calcification is not as apparent on the 
frontal view (A) as it is on the lateral film 
(B). A pacemaker electrode is noted in the 
apex of the right ventricle. 

obstruction of the left and right sides of the heart may 
occur. 

Contrast Studies 
An intraatrial neoplasm is identified as a filling defect that 
may prolapse and obstruct the ventricle during diastole 
(Figs. 8-3, 8-6). A neoplasm of a ventricle may deform, 
displace and obstruct the ventricular chamber. 

Coronary arteriography is often useful in defining the 
blood supply to the tumor. In this connection the authors 
have identified intracavity myxomas incidentally during 
aortography and coronary arteriography (Fig. 8-7). In
creased vascular supply to an interatrial mass is evidence 
for myxoma rather than thrombus. Of course an organized 
thrombus attached to the wall of the atrium On occasion 
may also have blood vessels entering it. Coronary arteriog
raphy is also useful in distinguishing a myocardial from 
a pericardial neoplasm. Coronary vessels will not be present 
within most pericardial neoplasms, whereas the branches 

will drape and supply a myocardial neoplasm. Obviously 
if invasion of the myocardium has taken place, parasitic 
supply to a pericardial tumor will be evident and differenti
ation from a myocardial neoplasm may be impossible. 

Large pericardial tumors that deform the cardiac silhou
ette or malignant pericardial effusions are further evaluated 
by meanS of computerized tomography (Fig. 8-8). This 
technique may determine the density of the mass (water 
density is evidence in favor of a cyst), or it may delineate 
a communication between the mass and the pericardial 
cavity. Presence of such a communication is consistent 
with the diagnosis of a diverticulum (see also Fig. 9-10). 

Treatment 
Myxomas of all types and some rhabdomyomas can be 
excised surgically. Benign pericardial neoplasms are also 
amenable to excision. Pericardial cysts sometimes cannot 
be differentiated from neoplasms and must be surgically 
explored. 
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Fig. 8-6. Left atrial myxoma. The levophase after injection into 
the main pulmonary artery shows a large filling defect in the 
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left atrium during systole (A), which prolapses into the left ventri
cle during diastole (B). 

B 
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Fig. 8-7. Left atrial myxoma discovered incidentally during aor
tography in a 68-year-old woman with rheumatic heart disease. 
Eight years previously she had had replacement of her aortic 
valve and open commissurotomy of the mitral valve. The left ven
triculogram showed severe mitral insufficiency. The tumor blush 
was discovered after an aortogram (not shown). The right coro
nary angiogram (A) delineates the vessels leading to the tumor 
(arrow). Subsequent to the angiographic studies the two-dimen
sional echocardiogram was performed. The apex four chamber 
view (B) shows a small tumor (T) in the left atrium (LA) near 
the fossa ovalis. The mitral valve is thicker than normal. At 

surgery for replacement of the mitral valve a 2 x 2.5 x 2.5 cm 
tumor was found attached to the rim of the fossa ovalis by a 
short broad pedicle. This tumor had not been present previously 
when the same surgeon performed the previous operation. RCA 
= right coronary artery. Shapiro MR, Cohen MY, Grose R, 
Spindola-Franco, H (1983) Diagnosis of left atrial myxoma by 
coronary angiography 8 years following open mitral commissuro
tomy. Am Heart J 105:325-327. 

Fig. 8-8. Computerized tomography (CT) in 
a 60-year-old female with metastatic involve
ment of the pericardium by carcinoma of the 
breast. A large pericardial effusion is demon
strated. Associated bilateral pleural effusions 
are also noted. (Courtesy of David Frager, 
M.D., Montefiore Medical Center, Bronx, 
New York.) 

B 
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9 Diseases of the Pericardium 

The pericardium is a thin fibroserous sac that surrounds 
the heart and the proximal portions of the great vessels. 
It is composed of an external layer of dense fibrous tissue 
(fibrous pericardium) and an inner serous layer (serous 
pericardium). 

The serous pericardium has two layers: the visceral peri
cardium (epicardium) and the parietal pericardium. The 
visceral pericardium forms the outer layer of the heart, 
while the parietal pericardium forms the inner surface of 
the fibrous pericardium. The pericardial cavity is a potential 
space between the parietal and visceral pericardium. The 
pericardial surfaces are moistened with a watery fluid to 
allow for freedom of movement of the heart. The pericardial 
sac normally contains approximately 15-20 ml of fluid. 

The fibrous pericardium is closed superiorly by attach
ments to the great vessels. It invests the ascending aorta 
for approximately one-half the distance from the aortic 
valve to the origin of the innominate artery, and invests 
the pulmonary trunk to a point just below its bifurcation. 
The investments of the inferior vena cava and pulmonary 
veins are short, while that of the superior vena cava is 
more extensive. Attachments to the manubrium and xi
phoid process (superior and inferior pericardiosternalliga
ments), spine (pericardiovertebral ligament), diaphragm 
(pericardiophrenic ligament) and pleura stabilize the peri
cardium within the mediastinum. The attachment between 
the pleura and the fibrous pericardium is loose, permitting 
the phrenic nerve and adjacent blood vessels to run between 
the pleura and pericardium. Near the apex of the heart 
the fibrous pericardium is separated from the mediastinal 
pleura by fatty tissue (pericardial fat pad); other fatty accu
mulations occur on the right side anterior to the inferior 
vena cava. These pericardial fat pads on occasion may 
simulate cardiomegaly on radiological studies. 

The normal pericardium is usually not visualized on 
standard posteroanterior and lateral films of the chest. On 
occasion the presence of sufficient subepicardial fat may 
result in the pericardium becoming visible on standard 

roentgenograms (Kremens). The pericardium is noted, par
ticularly at the apex, as a fine (approximately 2mm) dense 
line or curved line closely paralleling the subepicardial fat 
layer. The pericardium may become visible if it is calcified 
or if studied in the presence of air in the pericardial cavity. 
The subepicardial fat layer is often helpful in the recogni
tion of pericardial effusion (see Pericardial Effusion and 
Cardiac Tamponade immediately following). 

Pericardial disease may be asymptomatic. Often, how
ever, the patient has fever, chest pain and the clinical fea
tures of acute cardiac tamponade or chronic cardiac con
striction. Symptoms of restrictive cardiomyopathy are 
similar to those of constrictive pericarditis, and differentia
tion may be difficult. Table 9-1 lists causes of pericardial 
disease. 

Pericardial Effusion and Cardiac Tamponade 

Pericardial effusion is an accumulation of fluid in the peri
cardial cavity that may be caused by inflammatory or non
inflammatory disturbances. The inflammatory processes 
include pericarditis of unknown etiology (also called non
specific or acute benign), lupus erythematosus, acute rheu
matic fever and specific infective disorders (virus, bacteria, 
tuberculosis, protozoa or fungus). Noninflammatory pro
cesses that may cause pericardial effusion include uremia, 
heart failure, myxedema, disease of the liver and neoplastic 
processes. If accumulation of fluid in the pericardium is 
slow, or if it is small, then cardiac decompensation will 
not occur. 

Clinical Features 
Pain in the chest and fever are common with pericardial 
effusion due to an inflammatory process. The pain is often 
relieved by leaning forward. On physical examination the 
heart sounds may be muffled. A triphasic friction rub may 
be present. Bacterial pericarditis usually results in spiking 
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Table 9-1. Causes of Pericardial Disease 

I. Infective 
A. Viral (nonspecific) 
B. Bacterial (e.g., Staphylococcus. Hemophilus injluenzae) 
C. Tuberculous 
D. Fungal 
E. Protozoal 

II. Neoplastic 
A. Primary 

Rhabdomyosarcoma 
Teratoma 
Fibroma 
Leiomyofibroma 
Lipoma 
Angioma 

B. Metastatic 
Breast 
Lung 
Kidney 
Other 

C. Myelolymphoproliferative malignant neoplasms 
III. Immunological (hypersensitivity or autoimmunity) 

A. Rheumatic fever 
B. Systemic lupus erythematosus 
C. Rheumatoid arthritis 
D. Scleroderma 
E. Periarteritis nodosa 
F. Dermatomyositis 
G. Dressler syndrome 
H. Kawasaki disease 
I. Postpericardiotomy syndrome 

IV. Iatrogenic and traumatic 
A. Blunt or penetrating trauma to chest 
B. Percutaneous puncture of left ventricle 
C. Cardiac perforation by catheter or on implantation of 

pacemaker (not necessarily hemorrhagic) 
IV. Hemopericardium 

A. Dissecting aneurysm of aorta 
B. Myocardial rupture 
C. Blunt or penetrating trauma to chest 
D. Anticoagulant therapy 
E. Iatrogenic during cardiac catheterization or 

implantation of pacemaker 
VI. Metabolic 

A. Myxedema 
B. Uremia 

VII. Physical agents 
A. Radiation 
B. Asbestosis 

VIII. Circulatory 
A. Congestive heart failure 
B. Cardiomyopathy 

IX. Effect of drugs 
A. Procainamide 
B. Cromolyn sodium 
C. Hydralazine 
D. Dantrolene 
E. Methysergide 

X. Thymic cyst 
XI. Hereditary 

A. Mulibrey nanism (mulibrey dwarf) 

fevers, leukocytosis and an abnormal differential white 
blood cell count. Pericardial effusions secondary to nonin
flammatory processes may be asymptomatic, even though 
they may become large. Large collections of fluid may be 
asymptomatic because the pericardium can stretch gradu
ally to accomodate them. 

Cardiac tamponade results from rapid accumulation of 
fluid that compresses the heart and impairs diastolic filling. 
Compression of the heart also forces it to contract from 
a smaller volume so that systolic function is adversely af
fected. Pulsus paradoxus is characteristic of cardiac tam
ponade, consisting of accentuation of the normal decrease 
in blood pressure during inspiration. Normally the blood 
pressure decreases 3 or 4 mm during inspiration. Pulsus 
paradoxus is present when the pressure varies more than 
10 mm Hg with respirations. Pulsus paradoxus is caused 
by acceleration of flow into the right ventricle (R V) during 
inspiration, shifting the ventricular septum toward the left 
ventricle (LV). Expansion of the right-sided chambers also 
displaces pericardial fluid. Internal compression due to the 
shift of the septum and external compression due to the 
displacement of pericardial fluid impair LV filling and 
acutely reduce LV output. Inspiration also increases capaci
tance of the pulmonary vessels, resulting in "pooling" of 
blood in the lungs and further reduction in filling of the 
LV. Intrapleural pressure is also reduced during inspira
tion. This reduction in pressure contributes directly to re
duction in the arterial pressure. 

Patients with pericardial tamponade are dyspneic with 
distended neck veins and poor peripheral blood flow. The 
cardiac impulse is faint or not palpable; however, the area 
of cardiac dullness is larger than normal. Heart sounds 
may be reduced in intensity. A pericardial "knock" may 
be evident. The electrocardiogram may show ST segment 
and T wave changes. The PR segment may also show devia
tion, and the QRS voltage may be reduced in all leads. 
Electrical alternans, a rhythmic change in QRS axis, occurs 
with large pericardial effusions and may result from oscilla
tions of the heart within the fluid. 

Echocardiography 
Echocardiography is the most sensitive and specific method 
for recognition of pericardial effusion. Fluid surrounding 
the heart appears as an echo-free space between the visceral 
and parietal pericardium. Often fluid in the pericardial cav
ity is somewhat reflective and may not be recognized at 
normal gain settings. Reducing the output or the gain set
tings will demonstrate the space between the two layers 
of pericardium. On M-mode echocardiography a small effu
sion appears as a separation during systole only (Fig. 9-
1). Moderate effusions show separation between the pericar
dial layers during systole and diastole (Fig. 9-2). Large 
pericardial effusions may be present anteriorly as well (Fig. 
9-3). On arc scans from the aorta to the LV a pericardial 
effusion is present behind the ventricle, but is usually not 
present behind the left atrium (LA). Fibrous adhesions 
may be recognized as intermittent echo-dense structures 



Fig. 9-1. Small pericardial effusion. M-mode arc scan from the 
left ventricle (L V) to the aorta (AD. ) in a 3-year-old boy with 
hypertrophic cardiomyopathy and a small pericardial effusion. 

within the pericardial cavity (Fig. 9-2). With a large peri
cardial effusion (Fig. 9-3) the heart swings within the fluid 
as it contracts. The septum may move paradoxically anteri
orly during systole; alternately, the mitral valve may have 
a posterior motion during systole, suggesting mitral pro
lapse. On 2-D echocardiography (Fig. 9-4), fluid is present 
around the ventricles and behind the right atrium (RA), 
but little or no fluid is present behind the LA. Fibrous 
strands may undulate within the pericardial cavity or may 
extend from the visceral to the parietal pericardium. Two
dimensional scanning may identify a loculated pericardial 
effusion in areas other than behind the heart. An echo
free space anterior to the heart, without signs of effusion 
elsewhere, may be pericardial fat. 

Pleural effusion must be differentiated from pericardial 
effusion. If pericardial and pleural effusions coexist the peri
cardium is delineated with fluid on both sides of this struc
ture (Fig. 9-4). Pericardial fluid separates ~he heart and 
the descending aorta, whereas pleural fluid is not present 
between these two structures (Fig. 9-4). 

Cardiac tamponade is not diagnosed by echocardiogra
phy with certainty; however, in the presence of the clinical 
features described in the foregoing, echocardiographic find
ings that suggest tamponade are (I) signs of large pericar
dial effusion; (2) signs of increased RV volume and reduc
tion in LV volume and output with inspiration (these 
correlate with pulsus paradoxus); (3) signs of diastolic com
pression of the RA and LA; (4) presence of a notch in 
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The effusion (PE) appears as an echo-free space behind the left 
ventricle during systole only. No effusion is present anterior to 
the heart or behind the left atrium (LA). 

the motion of the RV epicardium during isovolumic con
traction; (5) coarse oscillation of the LV free wall; and 
(6) dilatation of the pulmonary veins, inferior vena cava 
and superior vena cava. 

Radiological (Plain Film) Features 
Cardiomegaly secondary to pericardial effusion may be dif
ficult to differentiate from enlargement of the cardiac cham
bers. Even the classic water-bottle configuration (Fig. 9-
5) is not specific for effusion. On occasion, a loculated 
pericardial effusion may simulate chamber enlargement 
(e.g., RA, LV). A helpful finding in the diagnosis of pericar
dial effusion is abnormal separation of the subepicardial 
fat from the mediastinal fat on the lateral projection (Fig. 
9-6). (Normally the subepicardial fat is located less than 
1 cm behind the mediastinal layer, and the pericardium 
between them is no more than 2 mm thick.) Acute hemo
pericardium during cardiac catheterization is recognized 
by observation of a sudden separation of the subepicardial 
fat from the left heart border on the frontal or RAO view. 
The fat is highly radiolucent, surrounding the apex and 
anterolateral wall in the shape of a horseshoe and even 
merging with the atrioventricular groove, which crosses 
the base of the heart. Moments later, sudden deterioration 
may occur secondary to cardiac tamponade. Therefore ra
diologists and cardiologists should be on the alert for this 
finding, as prompt recognition may be lifesaving. 
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Fig. 9-2. Moderate pericardia I effusion. An M-mode arc scan 
from the left ventrical (L V) to the aortic root (Ao.) in a 10-
year-old boy with acute rheumatic fever shows moderate pericar
dial effusion (PE) . The echo-free space persists throughout systole 

Hemodynamics 
Since all chambers are constricted by the pericardium, all 
have the same (elevated) diastolic pressure (Fig. 9-7A). 
The a wave and the x descent are prominent, but the y 
descent of the atrial curve and the early diastolic dip of 
the ventricular curve are not present. Pulsus paradoxus 
correlates with an increase in right-sided systolic pressures 
and a reduction of left-sided systolic pressures during inspi
ration (Fig. 9-7B). LV filling and LV stroke volume are 
reduced. 

Contrast Studies 
During ventriculography in the presence of a large pericar
dial effusion, the heart may oscillate within the pericardial 
cavity. On both ventriculography and coronary arteriogra
phy the left heart border, as defined by the coronary arter-

and diastole. Fibrous strands appear as intermittent, echo-dense 
structures within the pericardial space (arrow). Again, no effusion 
is present anterior to the heart or behind the left atrium (LA). 

ies, is separated from the pericardial border by pericardial 
fluid. 

Historically, pericardial effusions were diagnosed by in
stillation of carbon dioxide into an antecubital vein. A 
left lateral decubitus projection demonstrated separation 
between the carbon dioxide in the RA and the pericardium. 
Nuclear blood pool scanning has also proved effective. 
Echocardiography has now superseded both of these meth
ods for diagnosing pericardial effusion. 

Recently computerized tomography and magnetic reso
nance imaging (MRI) have proved to be highly sensitive 
and specific for detection of pericardial fluid. MRI is partic
ularly helpful in identifying the type of fluid present (exu
date, transudate, pus, blood). 



LA 

Fig. 9-3. Large pericardia I effusion. An M-mode arc scan from 
the aorta (Ao.) to the left ventricle in a 16-year-old girl with a 
large pericardial effusion (PE), secondary to acute nonspecific 
pericarditis. 

The echo-free space is present anteriorly and posteriorly. The 
heart oscillates within the pericardial cavity, causing the septum 

Treatment 
Immediate recognition and treatment of acute hemoperi
cardium during cardiac catheterization or associated with 
noniatrogenic trauma may be lifesaving. If a pericardial 
effusion is present in a patient with bacterial infection (in
cluding tuberculosis), diagnostic pericardiocentesis is indi
cated, and surgical drainage may be required in addition 
to medical treatment. Identification of a tumor mass associ
ated with pericardial effusion should lead to surgical explo
ration for identification of the lesion and appropriate treat
ment. Other forms of pericardial effusion do not require 
drainage unless tamponade is present. Treatment of the 
underlying disease process is initiated during observation 
for clinical findings of tamponade. On occasion a persistent 
effusion or recurrent tamponade requires a pericardial win
dow or pericardial resection so that the excess fluid will 
be absorbed by the pleura. In the presence of cardiac tam-
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PE 

and the left ventricular free wall to move abnormally. The mitral 
valve moves posteriorly during ventricular systole (arrow) (this 
finding should not be interpreted as mitral prolapse). Again the 
effusion is not observed behind the left atrium (LA). 
R VOT = right ventricular outflow tract; Sept. = ventric
ular septum. 

ponade, needle aspiration or surgical drainage relieves 
symptoms and provides fluid for diagnostic studies. Needle 
aspiration may be guided by ultrasound or by 
electrocardiography. If the needle is attached to the chest 
lead of the cardiogram, an electrical current of injury or 
premature ventricular contraction is evidence of contact 
with the heart. If guidance is by ultrasound the location 
of the needle is usually easily identified. Injection of saline 
will opacify the pericardial space if the needle is positioned 
properly. If the needle has entered a heart chamber, instilla
tion of saline will opacify that chamber instead of the peri
cardial space. 

Relief of tamponade is accomplished by removal of only 
50-100 cc of fluid; thus there is no need to completely 
evacuate the pericardial cavity. Recurrence of tamponade 
requires another pericardiocentesis or surgical drainage. 
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Fig. 9-4. Two-dimensional echocardiogram in a 14-year-old girl 
with a large pericardia I effusion and pleural effusion with clinical 
findings of pericardia I tamponade. The long axis view (A and 
A') shows a large pericardial effusion (PE) posterior to the left 
ventricle (L V), as well as an anterior effusion in front of the 
right ventricle (R V). No effusion is present behind the left atrium. 
Ao = aorta; LA = left atrium. A large pleural effusion (Pl.Eff.) 
is present behind the apex of the heart. The short axis view (B 
and B') shows a retrocardiac pericardial effusion (PE) that sepa
rates the aorta (Ao. ) from the posterior wall of the left ventricle. 
The left pleural effusion (PL.Eff.) does not cross the midline. 
The pericardial effusion is present behind the right atrium (RA). 
On M-mode (C) the pericardial and pleural effusions are separated 
by the parietal pericardium. The right ventricular cavity and the 
anterior pericardial effusion are not visualized in this view. 



Fig. 9-5. The classic water-bottle appearance 
of the cardiac silhouette in pericardial effu
sion. The pulmonary vasculature is normal. 
The base of the heart is normal, but the lower 
portion of the heart is enlarged symmetri
cally with sharp angulations at the costo
phrenic angles. 

On the lateral projection the retrosternal 
clear space is obliterated-a finding espe
cially significant since the patient had no 
signs of right ventricular hypertrophy on the 
electrocardiogram. Marked cardiomegaly 
without signs of congestive heart failure is 
suggestive of pericardial effusion without car
diac tamponade. 
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Fig. 9-6. Large pericardia 1 effusion with cardiac tamponade, sec
ondary to hemopericardium. In the lateral chest roentgenogram 
(A) the broad radiolucent band represents subepicardial fat that 
outlines the epicardium (inner arrow). The epicardium is widely 
separated from the mediastinal fat (outer arrow) by pericardial 
fluid. Evacuation of the pericardial cavity was difficult so that 
contrast material was instilled (B). The arrows in B point toward 
the visceral and parietal pericardium. Since the contrast medium 
is displaced by clotted blood it does not fill the entire pericardial 
cavity. 
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Fig. 9-7. Pressure tracings in cardiac tamponade secondary to per
icardial effusion. A simultaneous pressure tracings in the right 
atrium (RA), pulmonary capillary wedge (peW) and pericardial 
cavity (Peri) . The pericardial cavity was reached by a transtho
racic cannula. The pressures are all equal and elevated (mean 
pressure = 20 mm Hg). The diastolic pressures in the ventricles 
(not shown) are the same as the pressure in the pericardium 

Constrictive Pericarditis versus Restrictive 
Cardiomyopathy 

Constrictive pericarditis occurs after recovery from any 
type of pericardial effusion, including those associated with 
blunt or penetrating chest trauma; it may occur within 
2-3 months or may be delayed for many years. 

Restrictive cardiomyopathy is caused by amyloid, sar
coid, hemochromatosis, endomyocardial fibrosis, and neo
plastic processes such as metastasis or by direct invasion 
by carcinoma of the breast and lung, lymphoma, leukemia 
and melanoma. Ischemic cardiomyopathy may also occur 
with signs of restrictive cardiomyopathy. Symptoms and 
clinical findings in both constrictive pericarditis and restric
tive cardiomyopathy are caused by increased venous pres
sure and decreased cardiac output. The clinical presenta
tion of constrictive pericarditis and that of the restrictive 
cardiomyopathies are therefore very similar; however, 
treatment is different. Separation of the two groups of enti
ties may, on occasion, be aided by subtle differences in 
echocardiographic and hemodynamic findings. Table 9-2 
compares the findings in constrictive pericarditis and in 
restrictive cardiomyopathy. 

In constrictive pericarditis distention of the neck veins 
is present with prominent x and y descents recognized as 
collapsing venous pulses. A pericardial knock may be heard 
during early diastole. The electrocardiogram may show 
nonspecific ST and T wave changes. The echocardiogram 
shows thickening of the pericardium and may demonstrate 
restricted motion (flattening) of the LV free wall during 
diastole secondary to limitation of cardiac filling by the 
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and in the atria because all the cardiac chambers are compressed 
equally by pericardial fluid. B simultaneous pressure in the right 
atrium (RA) and brachial artery (Arterial). The right atrial pres
sure has an a wave and an x descent, but the y descent is incon
spicuous. The arterial pressure falls dramatically during inspira
tion, indicating pulsus paradoxus. 

noncompliant pericardium. The myocardium is of normal 
thickness in constrictive pericarditis. Septal motion may 
be normal or abnormal. Computerized analysis of high
speed M-mode echocardiograms in constrictive pericarditis 
demonstrates an increase in peak rate of filling and a short
ened major filling period as compared to normal. These 
changes may be due to high venous pressure forcing blood 
rapidly into the normally compliant ventricle until expan
sion is halted by the pericardium. On roentgenograms of 
the chest, pericardial calcification, if present, is highly sug
gestive of constrictive pericarditis. If pericardial calcifica
tion is not present, then the roentgenogram of the chest 
is not helpful in distinguishing constrictive pericarditis 
from restrictive cardiomyopathy. Pulmonary venous hyper
tension and dilatation of the superior and inferior venae 
cavae may occur with both entities. 

Hemodynamically, equal diastolic pressures in all car
diac chambers are characteristic of pericardial disease. A 
rapid x and y descent of the atrial traces, an early diastolic 
dip and a late diastolic plateau of the ventricular pressure 
curves (square root sign; Fig. 9-8) are encountered in re
strictive cardiomyopathy as well as in constrictive pericar
ditis. In patients with constrictive pericarditis, exercise or 
a diagnostic fluid overload cause the diastolic pressures 
in all chambers to rise equally. In contrast, in patients 
with restrictive cardiomyopathy, the diastolic pressure may 
rise more in the LV than in the RV. On ventriculography 
in constrictive pericarditis, early ventricular filling is more 
rapid than normal, but filling ceases midway through dias
tole. The coronary arteries show abrupt cessation of dia
stolic motion because the myocardium is limited in its 

B 
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Table 9-2. Distinguishing Features in Constrictive Pericarditis and in Restrictive Cardiomyopathy 

Clinical Features 

M-Mode Echocardiography 

2-D Echocardiography 

Radiological Features 

Hemodynamic Features 

30 

20 

10 

0 

A 

Constrictive 
pericarditis 

Previous pericarditis, pericardial effusion, 
etc.; pericardial knock 

Rapid early filling, shortened LV filling; flat 
LV wall during diastole; normal 
thickness of LV wall; thick pericardium 

Confirms M-mode findings 

Calcified pericardium (highly suggestive if 
present) 

Equal RV and LV diastolic pressures at 
rest and during fluid challenge 

40 

30 

20 

II 
10 

0 

Restrictive 
cardiomyopathy 

Clinical features of sarcoid, amyloid, etc. 
(including neoplastic process) 

Thickened wall of LV; slow E-F slope; slow 
LV filling; prolonged LV filling; ± 
abnormal ejection phase indices 
(abnormalities of contractility) 

Speckling (sarcoid, amyloid); mass in apex 
(endomyocardial fibrosis) 

Unequal RV and LV diastolic pressures 
either at rest or during fluid challenge 

IIII 

Fig. 9-8. Pressure tracings in constrictive pericarditis. Pressure 
tracings are similar for constrictive pericarditis and restrictive 
cardiomyopathy. 

A pressure tracing in the right atrium (RA), showing elevation 
of the right atrial pressure (mean pressure = 20 mm Hg), and 
prominent x and y descents. The tracing has the shape of a W. 
B simultaneous pressure tracings from the right and left ventricles, 
showing elevation of both diastolic pressures with an early dias
tolic dip (the square root sign). In patients with constrictive peri-

carditis the diastolic pressures in the ventricles are equal at rest, 
and they remain equal during exercise or fluid challenge. In pa
tients with restrictive cardiomyopathy the diastolic pressures are 
not always equal at rest, and during exercise the diastolic pressure 
in the left ventricle characteristically rises more than that in the 
right ventricle. LV = left ventricular diastolic pressure; R VED 
= right ventricular diastolic pressure. Courtesy of Richard Grose, 
M.D. 

B 
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Fig. 9-9. Pneumopericardium secondary to rupture of an amebic abscess into the pericardium. 

motion by the noncompliant pericardium. In restnctlve 
cardiomyopathy the diastolic motion does not cease as 
abruptly. 

In restrictive cardiomyopathy, as in constrictive pericar
ditis, the neck veins are distended, and the x and y descent 
may be easily recognized. A pericardial knock is not pres
ent; however, a third or fourth heart sound may be heard. 
On echocardiography the walls may be thickened and the 
E-F slope of the mitral valve is slowed. Computer analysis 
of the M-mode echocardiogram demonstrates a prolonged 
major filling period, a prolonged period of diastolic thin
ning of the septum and LV free wall and slow filling of 
the LV. The pericardium, of course, is not thickened. Amy
loid deposits in the myocardium produce a characteristic 
speckled appearance on 2-D echocardiography (see Fig. 
6-28). Mass lesions in the apices of the ventricles, with 
or without intraventricular calcifications, are evidence for 
endomyocardial fibrosis. On cardiac catheterization in re
strictive cardiomyopathy the diastolic pressures of the ven
tricles may be different at rest, or the diastolic pressure 
in the LV may rise more than that in the R V during exercise 
or after an infusion of fluids. On angiography the presence 

of prolonged, slow filling of the ventricles and slow diastolic 
opening motion of the mitral valve is confirmed. The coro
nary arteries do not show the abrupt cessation of diastolic 
motion occurring in constrictive pericarditis. In addition, 
abnormalities of contractile function may be present. On 
occasion the distinction between restrictive cardiomyopa
thy and constrictive pericarditis is not possible even with 
the application of all parameters described in the foregoing, 
and surgical exploration is required. 

Constrictive pericarditis is treated by surgical resection 
of the pericardium. Recovery may be slow and incomplete 
because of an underlying abnormality of the heart muscle 
or because of residual fibrosis of the epicardium. 

Pneumopericardium 

Pneumopericardium (Fig. 9-9) may be due to blunt or 
penetrating trauma to the chest or perforation of a neigh
boring air-containing structure into the pericardium (e.g., 
abscess, pneumatocele). Pneumopericardium may be 
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caused intentionally by introduction of gas for diagnostic 
purposes or unintentionally by a respirator used in severe 
lung disease or by gas-producing bacilli infecting the peri
cardium. Often pneumopericardium is combined with pus 
(purulent pneumopericardium) or blood (hemopneumoper
icardium). The symptoms in such instances are those of 
the underlying process; however, pneumopericardium must 
be recognized since its presence often mandates a major 
change in therapy. Films of the chest readily demonstrate 
air inside the pericardium or air-fluid levels or both. Treat
ment depends on the causative process (e.g., hepatic amebic 
abscess perforating into the pericardium; Fig. 9-9). 

Pericardial Cysts and Diverticula 

Pericardial cysts and diverticula may be congenital (coelo
mic, lymphangiomatous, bronchial or teratomatous) or ac
quired, secondary to hematoma, parasites or pericarditis. 
They are generally asymptomatic, being discovered inci
dentally on roentgenograms of the chest obtained for an
other reason. Cysts and diverticula are nondescript paracar
diac masses most often in the right costophrenic angle (Fig. 
9-10). Although on the frontal view the mass tends to 
blend with the cardiac silhouette, oblique views usually 
show a sharp angle between the lesion and the heart border 
characteristic of a mediastinal (extrapleural) rather than 
a parenchymal neoplasm. Inflammatory cysts may have 
calcium in their walls. Other lesions with similar radiologi
cal findings include pericardial fat pad, herniation of omen
tum or liver through the foramen of Morgagni and hiatal 
hernia. Computerized axial tomography is the most specific 
diagnostic tool to establish the diagnosis. Nevertheless, sur
gical exploration may be necessary to exclude a neoplasm. 

Congenital Absence of the Pericardium 

Congenital pericardial deficiency is an uncommon anomaly 
occurring more often in males than in females in a propor
tion of 3: 1. Partial pericardial defect is more common 
than complete absence of the pericardium. Partial and com
plete (unilateral) pericardial defects occur most frequently 
on the left side. Total absence of the pericardium and de
fects of the right side of the pericardium are rare. 

In patients with a partial defect, herniation of a portion 
of the heart (usually the left atrial appendage) may occur. 
Incarceration and strangulation of the herniated segment 
of the heart have resulted in syncope and sudden death. 
Intracardiac defects are not infrequently present, including 
atrial septal defect, patent ductus arteriosus, tetralogy of 
Fallot and bicuspid aortic valve. 

Complete absence of the pericardium generally causes 
no serious disturbance; however, heart murmurs and dis
comfort related to the chest have been reported. Pain in 
the chest may be greatly modified by changes in posture. 
In patients with complete absence of the left pericardium, 

the precordium is usually hyperactive, and the apical im
pulse is shifted to the left. The electrocardiogram may show 
right axis deviation, incomplete right bundle-branch block, 
and leftward displacement of the transition zone of the 
QRS in the precordial leads. 

Several theories have attempted to explain the embryo
genesis of pericardial defects. Most authors agree that a 
pericardial defect results from failure of closure of the 
pleural pericardial foramen, probably secondary to prema
ture atrophy of the left duct ofCuvier, causing insufficiency 
of the blood supply to the pleuropericardial membrane. 

In partial pericardial defects without herniation of the 
heart, the cardiac silhouette appears normal. If the heart 
herniates through the defect the herniated part appears 
as a mass projecting from the cardiac border (Figs. 9-
11, 9-12). The size of the mass depends on the size of 
the defect and the herniated part. 

The portion of the heart that herniates through a pericar
dial defect may straighten the left heart border or may 
protrude into the left side of the mediastinum, simulating 
hilar adenopathy, persistent thymus, lung tumor, postste
notic dilatation of the pulmonary artery, idiopathic dilata
tion of the pulmonary artery and levotransposition of the 
great arteries. The presence of pneumopericardium after 
production of an artificial pneumothorax is considered con
firmatory evidence in both partial and complete absence 
of the left pericardium. However, failure to produce pneu
mopericardium does not exclude a pericardial defect. An
giocardiography is diagnostic in partial pericardial defects 
by demonstrating the herniation of the heart, if present. 
Associated cardiac defects may also be demonstrated. 

In complete left-sided pericardial defect (Fig. 9-13) the 
frontal chest roentgenogram shows displacement of the 
heart to the left, without tracheal shift, and an unusual 
cardiac configuration (elongated), prominence of the pul
monary artery segment and interposition of lung between 
the pulmonary artery and the aortic arch and between 
the left hemidiaphragm and the inferior border of the heart. 
On the lateral roentgenogram the pulmonary trunk is 
sharply outlined. 

The cardiac silhouette may be normal in size or enlarged. 
Unusual mobility of the heart may be detected by fluoros
copy or on plain roentgenograms by changing the patient's 
posture. Echocardiography shows R V and LV dilatation 
and paradoxical motion of the interventricular septum. The 
amplitude of motion of the posterior LV wall is increased. 
The echocardiographic findings are reminiscent of R V vol
ume overload. Radionuclide imaging of the lung demon
strates presence of lung between the heart and the left 
hemidiaphragm. Normally, lung is excluded from this loca
tion by the attachments of the pericardium. 

Ectopia Cordis 

This usually fatal anomaly is included here because a defect 
in the pericardium is part of the entity. Ectopia cordis 
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Fig. 9-10. Pericardial cyst in a 58-year-old 
woman. The frontal film of the chest demon
strates a mass in the right cardiophrenic an
gle. In all projections the mass blended into 
the lower right heart border, simulating right 
atrial enlargement. Computerized tomogra
phy (B) showed a paracardiac mass com
pletely separate from the heart and pericar
dium; the density was IS EMI units, 
indicating fluid. The anterior blood pool scan 
(0 showed an avascular mass. At surgery 
a pericardial diverticulum · was identified con
taining inspissated mucinous material. 
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Fig. 9-11. Partial pericardia I defect in an 
asymptomatic child. The left atrial append
age herniates through the defect, being de
fined in both the frontal and lateral films 
(arrow on lateral film). The size of the heart 
and the pulmonary vasculature are normal. 
Courtesy of Zino Strassberg, M.D. 

A 

includes defects in which the heart is partly or completely 
outside the chest cavity, actually lying outside the body 
or in the abdominal cavity. Five types of ectopia cordis 
have been recognized: 

1) Cervical: The heart is outside the body in the region 
of the neck. The sternum is intact. 

2) Thoracocervical: The heart is outside the body in 
the cervical region. The upper segment of the sternum is 
open. 

3) Thoracic: The sternum is defective. The heart lies 
outside the thorax. 

4) Thoracoabdominal: The sternum is cleft, and a defect 
is present in the diaphragm, accompanied by a midline 
abdominal defect such as an omphalocele or diastasis recti. 

The heart and abdominal organs protrude partly or com
pletely through the defect. 

5) Abdominal: A defect is present in the diaphragm. 
The heart may be inside the body, lying partly or com
pletely in the abdominal cavity. 

A diverticulum of the apex of the LV, extending through 
a defect in the diaphragm into the abdominal cavity, is 
considered by some authors as a forme fruste of ectopia 
cordis. A cleft sternum may also represent a partial form 
of this anomaly. 

Intracardiac defects are virtually always present. Ventri
cular septal defects are the most common, and are usually 
part of tetralogy of Fallot or pulmonary atresia. Other 
defects that may be encountered are single ventricle, trans-
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position of the great arteries, coarctation of the aorta, trun
cus arteriosus, double-outlet right ventricle, tricuspid atre
sis, total anomalous pulmonary venous return and common 
atrium. Many patients with ectopia cordis have a diverticu
lum of the LV that projects from the apex anteriorly if 
the heart lies outside the body or inferiorly if the heart 
lies partly or completely in the abdomen. These diverticula 
tend to rupture. 

Associated extracardiac anomalies include midline de
fects of the brain and skull, cleft palate and meningomyelo
cele. Diagnosis can be made in utero by 2-D echocardiogra
phy. At delivery of the infant, physical examination 
demonstrates the location of the heart outside the body 
in cervical, thoracic or thoracoabdominal locations. If the 
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heart is in the abdomen it will be a pulsatile mass inside 
a ventral hernia. 

The roentgenogram of the chest in ectopia cordis (Fig. 
9-14) shows absence of the heart in its normal position 
and an extrathoracic cardiac silhouette. A sternal defect 
is often present (e.g., bifid sternum or absence of sternum). 
Additional findings are wide separation of the sternal ends 
of the clavicles and widening of the superior mediastinum. 

Surgical treatment has been successful in a few patients 
with relatively uncomplicated defects. One of the earliest 
was in a patient with abdominal ectopia cordis. The diver
ticulum should be amputated and oversewn because of its 
tendency to rupture. 
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Fig. 9-12. A partial pericardia I defect in an 
adult who underwent surgery to exclude a 
mediastinal mass suggested on tomograms. 
At surgery the main pulmonary artery pro
truded through the defect. Courtesy of Ed
ward Burack, M.D. 



Fig. 9-13. Absence of the left pericardium in a 3-year-old boy 
with a systolic ejection murmur. The cardiac silhouette is elon
gated and displaced to the left without tracheal shift. On the 
frontal projection the lucent area below the apex of the heart 
represents lung interposed between the left hemidiaphragm and 
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the inferior border of the heart. Lung would normally be excluded 
from this location by the attachments of the pericardium. Lung 
also herniates between the pulmonary artery and the aortic arch 
when the left pericardium is absent. 
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Fig.9-14. Thoracic ectopia cordis in a I-day
old boy. The frontal view (A) shows the car
diac density overlying the right hemithorax. 
The clavicles are widely separated. These 
findings are consistent with ectopia cordis. 
The lateral projection (B) confirms the extra
thoracic location of the heart. The lungs are 
not aerated. At autopsy no diaphragmatic 
hernia was present. Cardiovascular anoma
lies included hypoplastic left ventricle, ven
tricular septal defect, atrial septal defect, pat
ent ductus arteriosus and persistent left 
superior vena cava entering the left atrium. 

A 
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10 Magnetic Resonance 
Imaging of the Heart 

Charles B. Higgins 

Magnetic resonance imaging (MRI) is a new technique 
for noninvasive imaging of the heart. 1- 5 It involves no ioniz
ing radiation, and for imaging of the cardiovascular system 
does not require any contrast medium. 

MRI depends upon the interaction of nuclei with a 
strong magnetic field and the intermittently applied radio
frequency pulses to generate tomographic images of the 
heart. While any atom with an odd number of protons 
or neutrons may be utilized for MRI, hydrogen is so natu
rally abundant and efficient (maximum number of nuclei 
per atomic number) that it is the most ideal nucleus for 
imaging. Most imaging at the current time employs hydro
gen resonance and is referred to as hydrogen or proton 
MRI. 

Localization within an imaged plane is attained by inter
mittent application of a magnetic field gradient. The mag
netic field gradient causes hydrogen nuclei at different sites 
across the imaged plane to have a resonance frequency 
that is specific for that site and slightly different from other 
sites across the plane. By this means, position is encoded 
for MRI. The signal from any site (voxel) in the image 
is chiefly dependent upon the concentration of hydrogen 
nuclei resonating at the frequency specific for that site. 
The signal received during the MRI process is complex. 
It is a multiple frequency signal dependent upon the posi
tion of each signal within the varying magnetic field. The 
raw time domain signal undergoes Fourier transformation. 
Fourier transformation reduces the raw signal into its basic 
frequency components. The position of the signal depends 
upon its specific frequency, and the amplitude of the signal 
depends chiefly upon the concentration of mobile hydrogen 
nuclei at that site. Depending upon the imaging technique 
utilized, the T1 (spin-lattice) and T2 (spin-spin) relaxation 
times also contribute to local signal intensity. 

Cardiac imaging requires some form of physiological 
gating of the imaging sequence. Acquisition of magnetic 
resonance imaging signals of the thorax without gating 
results in poor cardiac images because of loss of signal 

from moving structures and the variable position of cardiac 
structure relative to imaging pixels when data are acquired 
indiscriminately throughout the cardiac cycle (Fig. 10-1). 
An electronically isolated electrocardiographic signal has 
been used to synchronize the MR data acquisition to a 
fixed portion of the cardiac cycle.6 With this technique, 
anatomically precise images of the central cardiovascular 
structures have been attained (Fig. 10-1). 

When using electrocardiographic gating the MR repeti
tion rate (TR) is defined by the RR interval of the electro
cardiogram. With a heart rate of 60/min, the TR is 1.0 
second. If the acquisition sequence utilizes every second 
R wave, then the TR is 2.0 seconds and so forth. The 
time to acquire sufficient MR signal to generate an image 
at any tomographic level is approximately 6 to 10 minutes 
(depending upon the RR interval). Fortunately data can 
be acquired from five to ten levels during this time. With 
use of this multisection technique it is possible to obtain 
a series of tomographic images encompassing nearly the 
entire heart from base to apex. Direct imaging can be per
formed in the coronal and parasagittal as well as the 
transverse planes. Techniques have also been devised for 
isotropic three-dimensional imaging and for producing im
ages in planes other than the orthogonal planes. 

Normal Cardiac Morphology 

The transaxial (cross-sectional) imaging format is the one 
generally used for cardiac MRI studies; it displays cardiac 
anatomy in a form similar to computerized tomography 
and sector scan echocardiography. In contradistinction to 
computerized tomography but similar to echocardiogra
phy, the walls of the heart and vascular structures are 
clearly distinguished without the need for contrast 
medium.1- 5•7 

Gated MR images of the heart have displayed the inter
nal architecture of the heart (Figs. 10-1 to 10-3). The 
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natural sharp interface in contrast between moving blood 
in the cardiac chamber and the cardiac walls results in 
clear discrimination of the ventricular and atrial septa. 
Consequently it should be possible to measure wall thick
ness at all sites within the ventricles. Even at this early 
time in the development of MRI, the spatial resolution 
of the imager coupled with the current gating system has 
permitted visualization of the proximal portions of the left 
and right coronary arteries (Fig. 10-4); this has been 
achieved without the injection of any contrast medium. 
Resolution of the internal morphology of the ventricles 

Fig. 10-1. Nongated (upper panels) and 
ECG gated (lower panels) transverse images 
at two different levels near the middle of the 
left ventricle. Note the mitral (arrow) and 
tricuspid (curved arrow) valves. Higgins CB, 
Stark D, McNamara M, Lanzer P, Crooks 
LE, Kaufman L (1984) Multiplane magnetic 
resonance imaging of the heart and major 
vessels: Studies in normal volunteers. Am J 
Roentgenol 142:661-668. Reproduced with 
permission. 

Fig. 10-2. Gated sagittal images of the left 
ventricle extending from left (left upper 
panel) to right (right lower panel). The most 
medial image cuts through the left and right 
ventricles. Note in this image the clear de
lineation of the septal (small arrow), poste
rior (curved arrow) and diaphragmatic wall 
of the left ventricle. The free wall of the right 
ventricle (arrow) is also seen. Higgins CB, 
Stark D, McNamara M, Lanzer P, Crooks 
LE, Kaufman L (1984) Multiplane magnetic 
resonance imaging of the heart and major 
vessels: Studies in normal volunteers. Am J 
Roentgenol 142:661-668. Reproduced with 
permission. 

has been sufficient to depict the moderator band of the 
right ventricle (RV) (Fig. 10--1), the papillary muscles (Fig. 
10--5), leaflets of the atrioventricular valves (Fig. 10--1) 
and cusps of the aortic valve (Fig. l0-4B). 

Direct images of the heart in the sagittal and coronal 
planes are also useful for evaluating certain regions of the 
cardiac chambers and, together with transaxial images, de
pict all regions of the myocardium of the left ventricle 
(LV) (Figs. 10--2, 10--3). The sagittal plane demonstrates 
the thickness of the anteroseptal and posterior walls of 
the LV (Fig. 10--2). The coronal plane demonstrates an-



Fig. 10-4. Gated images in the left ventricular outflow tract be
neath the aortic valve (A) and at level of aortic valve (B). Note 
the origin of the right coronary artery (arrowhead) from the 
right sinus of Val salva, and its course in the right atrioventricular 
groove (arrow). Higgins CB, Lanzer P, Stark D, Botvinick E, 
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Fig. 10-3. Gated coronal image through the two ventricles shows 
the sinus of Valsalva of the aorta (curved arrow) and the ventricu
lar septum (arrow) of the right and left ventricles. Higgins CB, 
Stark D, McNamara M, Lanzer P, Crooks LE, Kaufman L (1984) 
Multiplane magnetic resonance imaging of the heart and major 
vessels: Studies in normal volunteers. Am J Roentgenol 142:661-
668. Reproduced with permission. 

other region of the septum as well as the diaphragmatic 
and lateral walls of the LV (Fig. 10-3). 

Chronic Ischemic Heart Disease 

Old myocardial infarctions have been demonstrated as re
gions of wall thinning on MR imagesB (Figs. 10-6, 10-
7). The transition between normal myocardial wall thick
ness and wall thinning has been sharply defined; this has 
provided an estimate of the extent of the LV involved by 
the previous infarction. The MRI findings have been corre
lated with the corroborative LV angiogram or sector scan 
echocardiogram or both. B Gated MR images have displayed 
regions of extreme wall thinning and bulging of segments 
of the LV in patients with aneurysms demonstrated on 
left ventriculography or echocardiography (Fig. 10-8). Pos
terior aneurysms and infarctions have been depicted, as 
well as those involving the anterior and septal regions. 

LV thrombus was demonstrated on MR images in sev
eral patients shown to have this abnormality on either sec
tor scan echocardiography or computerized tomographic 

Schiller NB, Crooks L, Kaufman L, Lipton MJ (1984) Nuclear 
magnetic resonance imaging in chronic ischemic heart disease 
in man. Circulation (In press). Reproduced with permission of 
American Heart Association. 
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scans. Mural thrombus was noted on MRI as structures 
of medium signal intensity projecting into the signal void 
of the LV chamber. Stasis of blood in akinetic and dyski
netic regions of the LV can also produce intracavitary sig
nal. The patterns of the regional intensity of thrombus 
and stasis are usually different on the first [TE (echo delay 
time) = 28 msec] and second (TE = 56 msec) spin echo 
images. Thrombus shows a relative decrease in signal from 
the first to the second spin echo image. On the other hand, 

Fig. 10-6. Gated image in a patient with prior anterior myocardial 
infarction showing thinning of the anterior septum and anterior 
wall of the left ventricle. Higgins CB, Lanzer P, Stark D, Botvinick 
E, Schiller NB, Crooks L, Kaufman L, Lipton MJ (1984) Nuclear 
magnetic resonance imaging in chronic ischemic heart disease 
in man. Circulation 69:523-531. Reproduced with permission of 
American Heart Association. 

B 

Fig. 10-5. First echo (TE = 28 msec) (A) 
and second echo (TE = 56 msec) (B) images 
through the middle of the ventricles. Note 
the papillary muscle in the left ventricle and 
the right coronary artery (small arrow). 

stasis of blood results in a relatively greater intracavitary 
signal on the second spin echo image (Fig. 10--8). 

Acute Myocardial Infarction 

A recent study in our laboratory9 used the spin echo tech
nique to image excised canine hearts with 24-hour-old myo
cardial infarcts within 1 hour after death. In each heart 
the area of infarction had increased signal intensity com
pared to normal myocardium. When the animals with ex
perimental myocardial infarctions are considered as a 
group, the mean value for TI relaxation times of infarcted 
myocardium (728 ± 94.8 msec) was higher than the value 
for normal myocardium (650 ± 87.4 msec). There was a 
wide range of TI values between infarcted and normal 
myocardium. On the other hand, the TI values of the in
farcted myocardium were higher than those of normal myo
cardium for each individual animal. 

The mean value for T2 relaxation time of infarcted myo
cardium (48.4 ± 2.4 msec) was significantly greater (p < 
0.01) than that for normal myocardium (42.1 ± 1.2 msec). 
There was a narrow range of T2 values for normal myocar
dium (40.2 - 43.5 msec), and no overlap of individual 
values between the infarcted and normal groups. 

Recently, gated MR images obtained in vivo in intact 
dogs and patients with 1- to 7-day old myocardial infarc
tions have also shown that the infarcted myocardium can 
be distinguished from normal myocardium without the use 
of contrast medium. 10 Compared to normal myocardium 
the infarcted myocardium had high signal intensity on 
MR images produced with the spin echo technique (Fig. 
10--9). 

Although contrast medium is not needed to delineate 
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Fig. 10-7. Gated transverse image in a pa
tient with normal pericardium. Pericardium 
is represented by a rim of low signal intensity 
(arrows) separating the subepicardial fat 
(high signal intensity) and pericardial fat. 
The image also shows thinning of the poste
rior myocardial wall in this patient with a 
prior myocardial infarction. 

Fig. 10-8. Gated transverse images near the apex of the left ventri
cle. First (TE = 28 msec) (A) and second (TE = 56 msec) (B) 
spin echo image of a patient with a remote transmural infarction. 
There is prominent signal intensity in the chamber, presumably 
due to blood stasis in a region of dyskinesia shown on the second 

Fig. 10-9. Series of gated spin echo images 
in a dog with an anterior myocardial infarc
tion. Images extend from the mid ventricular 
level to the apex. Images were obtained 
within the first week after occlusion of the 
left anterior descending coronary artery. In
farct has high signal intensity (arrows) com
pared to normal myocardium. 
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echo image. Higgins CB, Lanzer P, Stark D, Botvinick E, Schiller 
NB, Crooks L, Kaufman L, Lipton MJ (1984) Nuclear magnetic 
resonance imaging in chronic ischemic heart disease in man. Cir
culation 69:523-531. Reproduced with permission of American 
Heart Association. 

B 
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the blood-tissue interface of the cardiovascular system, it 
may prove useful as a myocardial perfusion marker. It 
has not been determined if myocardial ischemia without 
infarction can be detected by gated proton MRI. In this 
regard, paramagnetic contrast media have been used to 
differentiate normally perfused myocardium from jeopar
dized myocardium after coronary occlusion in canine ex
perimental models. ll 

Cardiomyopathies 

Gated MRI has defined the presence, site, extent and sever
ity of septal hypertrophy in patients with hypertrophic 
cardiomyopathy12 (Fig. 10--10). In some patients the hyper
trophy has been confined to the upper septum, while in 
others it has involved the entire septum. MRI has also 
demonstrated extensions of the hypertrophy beyond the 
septum. The definition of hypertrophic cardiomyopathy 
shown by gated MRI has correlated closely with that de
picted by 2-D echocardiography. 

Gated MRI studies in a number of patients with con
gestive cardiomyopathy have demonstrated the degree of 
LV and R V enlargement. The sharp depiction of chamber 
dimensions and wall thickness provided by MRI indicates 

Fig. IG-IO. Series of gated images extending 
from the base (left upper panel) to near the 
apex (right lower panel) of the left ventricle 
in a patient with hypertrophic cardiomyopa
thy. Note the hypertrophy of the septal and 
lateral wall of the outflow regions and hyper
trophy confined to the septum in the body 
of the left ventricle. 

that this technique should provide the measurements neces
sary for accurate calculations of myocardial wall stress. 
Idiopathic congestive cardiomyopathy reveals uniform 
thickness of various regions of the LV, while ischemic car
diomyopathy generally shows uniform (regional) wall thin
ning at sites of previous infarctions. Surprisingly, some 
patients with idiopathic congestive cardiomyopathy have 
disproportionate thinning of the septal segment. 

Acquisition of images at two different interpulse delays 
(repetition rate, TR) can be achieved by imaging with the 
gating interval set to every R wave of the electrocardiogram 
for one run (TR = RR interval) and to every second R 
wave for the second run (TR = 2 X RR interval). Data 
acquired with two different TR intervals permits the calcu
lation of Tl relaxation times of the myocardium. Using 
the spin echo technique with two different echo delays 
(TE = 28 msec and 56 msec), the T2 relaxation time can 
also be determined. This permits the generation of calcu
lated T1 and T2 images; these are essentially maps of the 
Tl and T2 times of the entire myocardium. They permit 
visual assessment of the uniformity of relaxation time 
throughout the myocardium (Fig. 10--11). It will be of 
interest to determine if relaxation times are altered in hy
pertrophic cardiomyopathy and the various types of con
gestive cardiomyopathy. 



Fig. 10-11. Hypertrophic cardiomyopathy. Images gated to every 
beat (left upper panel) and every other beat (right upper panel). 
Calculated Tl (left lower panel) and calculated T2 (right lower 
panel) images demonstrate variations in Tl and T2 relaxation 
times of the septal and lateral walls. For the Tl and T2 images 
pixel brightness is directly proportional to the duration of the 
relaxation times. 

Congenital Heart Disease 

MRI has recently been used to define congenital cardiovas
cular anomalies in our own and other MRI laboratories.13 

Atrial and ventricular septal defects have been demon
strated by gated MRI (Fig. 10--12). Visceroatrial situs and 
the type of bulboventricular loop can be clearly defined 
by transverse MR images. Likewise the relationship of the 
great vessels is demonstrated; the transverse images show 
the anterior position of the aorta in transposition (Fig. 
10--13). 

Abnormalities of the tricuspid valve have been well de
fined on axial and coronal MR images. The axial and co
ronal images have demonstrated the displacement of the 
tricuspid valve into the RV in Ebstein anomaly. MRI 
clearly shows the thickness of the wall of the RV; this is 

Fig. 10-12. Gated images near the base of 
the heart (left) and middle of the ventricles 
(right). Note the atrial and ventricular septal 
defects. The myocardium (arrows) in the out
flow region and body of the right ventricle 
is markedly hypertrophied. 

Congenital Heart Disease 677 
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Fig. 10-13. Transverse image at level of great vessels shows the 
aorta (arrow) positioned anterior and leftward from the pulmonary 
artery, indicating levotransposition of the great vessels. 

useful for documenting the degree of atrialization of the 
RV in this anomaly. Gated MRI reveals the size of the 
functioning RV. This can be important in preoperative 
assessment of tricuspid valve abnormalities. 

MRI is perhaps the most accurate mode for defining 
wall thickness. In several patients with Eisenmenger syn
drome the RV myocardium has been shown to be equiva
lent to or to exceed the thickness of the LV (Fig. 10-
12). Likewise, MRI has shown substantial wall thickening 
in patients with obstruction of the R V outflow tract. 

Fig. 10-14. A. A large pericardial effusion is evident on the gated 
transaxial magnetic resonance image at TE = 28 msec. Solid 
debris (small arrows) is evident within the pericardia I effusion. 
The right ventricle is normal in size in this patient with uremic 

Pericardial Diseases 

The normal pericardium is only 1 to 2 mm in thickness, 
and the visceral and parietal layers are closely applied to 
each other. The normal pericardium is composed primarily 
of fibrous tissue, which produces little MRI signal. Both 
epicardial and subepicardial fat produce an area of high 
MRI signal intensity at the external margin of the heart; 
consequently there is high contrast between the pericar
dium and adjacent fat. The normal pericardium itself is 
recognized as a thin lucent line surrounding portions of 
the circumference of the heart where it is highlighted by 
adjacent fat (Fig. 10-7). In most normal patients the peri
cardium is visualized only over the right anterior aspect 
of the heart. Since pure fluid also produces little or no 
MRI signal, it is possible that the lucent line is composed 
of some pericardial fluid adherent to the pericardiallayers. 
Increase in thickness of the dark rim around the myocar
dium has been observed in the presence of thickened peri
cardium in patients with constrictive pericarditis. I4 The 
low signal intensity of the thickened pericardium suggests 
that it is composed mostly of fibrous tissue, as would be 
expected in chronic constrictive pericarditis. Recent experi
ence has shown that gated MRI provides clear depiction 
of a number of pericardial abnormalities, including peri
cardial effusion, pericardial cysts and pericardial in
flammation. I4 The anatomical demonstration of pericardial 
diseases is similar to that shown by computerized 
tomography. 15 

pericarditis. B Magnetic resonance image with TE = 56 msec 
shows increase in signal intensity of the effusion over the magnetic 
resonance image at TE = 28 msec, which suggests an inflamma
tory effusion. 

B 



A potential advantage of MRI is that it provides insight 
into the pathological process involved in the pericardial 
disease. In the few clinical cases examined to date, gated 
MRI has defined several inflammatory pericardial pro
cesses. In patients with uremic pericarditis the MR images 
demonstrated pericardial effusion and abundant inflamma
tory exudate on the pericardium (Fig. 10-14). In contradis
tinction to the normal pericardium the inflamed pericar
dium produced strong MRI signal intensity, as did 
adhesions between the visceral and parietal pericardium 
(Fig. 10-14). Moreover, the signal intensity of the pericar
dium was greater on the image with a longer delay time 
(TE = 28 msec versus TE = 56 msec), which is consistent 
with a long T2 relaxation time observed with other edema
tous tissues (increased water content). 
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Abscess, subaortic, in infective endocarditis, 242, 251 
Admixture lesions, venous, 292, 383-457 

in atrioventricularis communis (atrioventricular canal), 302-
316 

in criss-cross heart, 425-426, 427-429 
in double-outlet left ventricle, 515-516 
in double-outlet right ventricle, 510-515 
in single ventricle, 435-457 
in total anomalous pulmonary venous return, 322-334 
in transposition of great arteries, 383-422 
in tricuspid atresia, 525-532 
in truncus arteriosus communis, 426-435 

Amyloidosis 
cardiomyopathy in, 284 
speckling of myocardium in, 284, 661 
restrictive cardiomyopathy, 659-661 

Aneurysms 
of coronary arteries, 133, 134, 161, 167 
left ventricular, 107, 108, 144-145, 151 

calcification of, 144, 148-150 
compared to pseudoaneurysm, 145, 152 
differential diagnosis of, 145 
gated blood pool scanning in, 99 

of membranous ventricular septum, 345, 348-350 
of patent ductus arteriosus, 361, 365-366 
of right ventricular outflow tract, after tetralogy of Fallot re

pair, 504, 506 
of sinus of Valsalva, rupture into cardiac chamber, 334-335 

Anger camera, 73-74 
Angina, Prinzmetal, 134, 137-138 

refractory, 138 
Angiocardiography 

in absence of aortic valve cusp, 555-556 
in aortic stenosis, supravalvular, 558 
biventricular, in hypertrophic cardiomyopathy, 275, 277, 279 
and catheter positions in levotransposition of great arteries, 

419-420 
in coarctation of aorta, 543, 545 
in shunt recognition, 295 
right atrial, in tricuspid atresia, 528, 530 
ventricular. See Ventriculography 

Angiography 
coronary, 109-111 

accuracy of, 138 
angulated views in, 170-178 

in anomalous origin of left coronary artery from pulmonary 
trunk, 161, 165 

in aortic stenosis, 186 
catheters used in, 111 
complications of, 110 
in congestive cardiomyopathy, 263, 268 
contraindications to, 110 
in hypertrophic cardiomyopathy, 278, 280 
indications for, 109-110 
in mitral stenosis, 211-212, 216-219 
in neoplasms of heart, 646, 648 
occlusion in, 128, 131-132, 133 
percutaneous technique in, 111 
in pseudoaneurysm of left ventricle, 145, 147, 153 
in pulmonary overcirculation, segmental, 16 
retrograde brachial technique in, 111 
technique of, 11 0-111 

pulmonary 
in anomalous origin of right pulmonary artery from aorta, 

614 
in aorticopulmonary window, 372 
in atrial septal defect, 302 
in cor triatriatum, 578, 579 
in hypoplastic left heart syndrome, 574 
in mitral insufficiency, 230 
in neoplasms of heart, 647 
normal findings in, 11 
in persistence of fetal circulation, 368 
in pulmonary atresia with intact ventricular septum, 522, 

523, 524 
in pulmonary overcirculation, segmental, 15 
in pulmonic stenosis, supravalvular, 479 

radionuclide, 76-77 
in children, 101-102 
ejection fraction in, 84-85, 86, 87 

regional, 87 
right ventricular, 87 
in valvular heart disease, 98-99, 101 

in exercise, 88 
in coronary artery disease, 93, 96 

first-pass scanning in, 76, 77-79 
and isotope injection into pulmonary artery, 78, 79 
in left-to-right shunts, 100, 101 
in mitral regurgitation, 78 
normal heart in, 78 
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Angiography (cont.) 
reformatted into gated studies, 79, 80 
in tricuspid regurgitation, 78, 79 
in ventricular septal defects, 97, 100 

gated blood pool scanning in, 76-77, 79-80 
in aortic stenosis, 99, 101 
in cardiomyopathy, 93, 96 
caudal tilt in, 79, 81 
contraction sequences in, 79, 83 
in coronary artery disease, 93, 96 
drug therapy affecting, 88, 90 
functional imaging in, 87 
left ventricular volume in, 82 
normal heart in, 79, 81 
in pericardial cysts, 663 
posture affecting, 88, 89 
regional wall motion abnormalities in, 82 
in supine exercise, 88 
three-dimensional imaging in, 80, 84 
in upright exercise, 88, 90 
in valvular heart disease, 93, 96 
in ventricular aneurysms, 99 

in ischemic heart disease, 90--93 
in left-to-right shunts, 101-102 
in left-sided heart failure with pulmonary disease, 100 
regurgitant index in, 82, 99 
in responses to nitroglycerin, 88, 90, 93 
at rest, 90, 95 
in right-to-Ieft shunts, 102 
in valvular heart disease, 97-101 

Angioplasty, coronary, percutaneous transluminal, 155-157 
Anisosplenia, 624, 634 
Ankylosing spondylitis, 252 
Aorta 

abdominal, Doppler tracing of, 65 
reversal of flow during diastole, 69 

anomalous communication with left ventricle, 555 
in arteritis syndromes, 205, 252 
ascending 

in aortic valvular stenosis, 183, 187 
communication with main pulmonary artery, 372-376 
Doppler tracing of, 58, 64 
leftward convexity in dextrotransposition of great arteries, 

392, 394 
pulmonary artery origin in, 612-617 
two-dimensional echocardiography of, 51 

coarctation of, 540--552 
clinical features of, 541-542 
contrast studies in, 543, 545, 547 
disorders with, 541 
Doppler tracings in, 68 
echocardiography in, 542, 543 
hemodynamics in, 542-543 
juxtaductal, 540, 542, 544 
plain films in, 542, 544--547, 548-552 
postductal, 540 
postoperative findings in, 547, 551 
preductal, 540, 542, 545 
pseudocoarctation, 552-555 
treatment of, 543, 547, 551 

cystic medial necrosis of, in Marfan syndrome, 201 
descending 

Doppler tracing of, 65 
two-dimensional echocardiography of, 52 

in double-outlet right ventricle, 510 

in isolated ventricular inversion, 422 
pseudocoarctation of, 552-555 
radionuclide angiography of 

in first-pass scanning, 78 
in gated scan, 81 

in single ventricle, 437, 447, 448 
stenosis of 

subvalvar, discrete membranous, 561-564 
supravalvular, 556-558 

transposition of. See Transposition of great arteries 
Aortic arch 

abnormalities of, 584-608 
cervical, 601-605 

left-sided, 604-605 
right-sided, 602-603 

Doppler tracing in, 65 
double, 584-587 

aortography in, 590 
embryologic development of, 586 
plain films in, 587, 588-589, 591-593 

interruption of, 605-608 
clinical features of, 605 
contrast studies in, 606, 608 
disorders with, 605 
echocardiography in, 605-606 
hemodynamics in, 606 
plain films in, 606 
treatment of, 606 
types of, 605, 606-607 

left, 586, 596-601 
aberrant right subclavian artery with, 596-598, 599-600 
bicarotid origin of, 598 
normal branching and right ductus arteriosus in, 586, 596, 

597,598 
in tetralogy of Fallot, 495 

normal, 585 
right, 587-596 

aberrant left innominate artery with, 586, 595-596 
aberrant left subclavian artery with, 586, 595 
and isolation of subclavian artery, 586, 596 
mirror-image branching with, 586, 593-594 
in tetralogy of Fallot, 491, 495-500, 501 

single brachiocephalic trunk arising from, 598, 601 
two-dimensional echocardiography of, 52, 53 

Aortic root 
arc scan of, 42, 44 
arteritis, 205, 252-253 
Doppler tracing of, 63 
echocardiography of, 28 
enlargement of, 7, 9 
Marfan syndrome, 201-203 

Aortic valve 
absence of cusp in, 555-556 
atresia of, 566 
bicuspid 

acquired, 179, 183, 189 
congenital, 183, 190--195 

aortography in, 193 
calcification of, 191, 193, 194, 195 
in coarctation of aorta, 541 
Doppler echocardiography, 58 
echocardiography in, 192-193 
phonocardiography in, 191 
stenosis of, 191, 558 

in adults, 191 



in infants, 558 
treatment of, 193 
types of, 190-191 

calcification of 
in bicuspid valve, 191, 193, 194, 195 
in stenotic valve, 183, 187, 188 

in dextrotransposition of great arteries, 386, 387 
in double-outlet right ventricle, 510 
dysplastic, 558 
echocardiography of, 27-28, 29-30, 34--35, 54 

in congenital heart defects, 28 
two-dimensional, 48, 54 

in hypertrophic cardiomyopathy, 270 
in hypoplastic left heart syndrome, 564 
in infective endocarditis, 241-242 
insufficiency of, 195-200 

in ankylosing spondylitis, 252 
aortography in, 197, 200 
clinical features of, 195 
contrast studies in, 197-198 
Doppler echocardiography in, 63 
echocardiography in, 195, 196, 197, 198, 199 
in giant cell arteritis, 205, 252 
hemodynamics in, 197 
in hypertension, 252-253 
in Marfan syndrome, 201 
plain films in, 195, 200 
radionuclide angiography in, 96 
response to exercise in, 98, 101 
treatment of, 198 
ventricular septal defect with, 351, 358, 359, 360 

in levotransposition of great arteries, 409, 411, 413 
quadricuspid, 462, 466 
stenosis of, 179-190 

in bicuspid valve, 191, 558 
calcific, 183, 187, 188 
clinical features of, 180-181 
contrast studies in, 186, 189 
critical, in infancy, 558-561 
Doppler echocardiography in, 58, 193 
echocardiography in, 180, 181-183, 184, 185 
hemodynamics in, 183-186 
plain films in, 183, 186-190 
pseudoraphe in, 179-180, 183, 189 
radionuclide angiography in, 99, 101 
treatment of, 186, 190 

Aortic window, 3 
Aortico-Ieft ventricular tunnel, 555 
Aorticopulmonary window, 372-376 

clinical features of, 372 
contrast studies in, 372, 375-376 
differential diagnosis of, 435 
disorders with, 372 
echocardiography in, 372, 374 
hemodynamics in, 372 
plain films in, 372, 375 
treatment of, 372 
types of, 372, 373 

Aortitis 
in ankylosing spondylitis, 252 
Giant cell, 205, 252 
in Reiter syndrome, 252 
in relapsing polychondritis, 252 
in rheumatoid arthritis, 252 

syphilitic, 252 
Takayasu, 252 

Aortography 
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in anomalous origin of left coronary artery from pulmonary 
trunk, 161, 164 

in anomalous origin of left pulmonary artery from aorta, 616 
in aortic insufficiency, 197, 200 
in aortic stenosis, 186, 189 
in aortico-Ieft ventricular tunnel, 555 
in aorticopulmonary window, 372, 376 
in bicuspid aortic valve, 193 
in cervical aortic arch, 603, 605 
in interruption of aortic arch, 608 
in Marfan syndrome, 202, 203, 204 
in neoplasms of heart, 646, 648 
in patent ductus arteriosus, 365, 366 
in persistence of fetal circulation, 368 
in pulmonary overcirculation, bilateral, 13 
in right aortic arch with mirror-image branching, 594 
in rupture of sinus of Valsalva into cardiac chamber, 334 
in subaortic stenosis, discrete membranous, 564 
in supracristal ventricular septal defect, 357 
in truncus arteriosus, 437, 438 
in ventricular septal defect with aortic insufficiency, 358, 360 

Apert syndrome, 343 
Arrhythmogenic right ventricular dysplasia, 259, 260, 285 
Arteria accessoria of Banchi, 115 
Arterial switch procedure, in dextrotransposition of great arteries, 

409 
Arteriography. See Angiography 
Arteriomegaly, coronary, 133 
Arteriovenous fistulas 

coronary, congenital, 337-342 
clinical features of, 338-339 
contrast studies in, 341, 342 
echocardiography in, 339 
hemodynamics in, 339 
treatment of, 341 

pulmonary, 14, 15 
Arteritis 

giant cell, 205, 252 
Takayasu, 252 

Arthritis, rheumatoid, 252 
Asplenia syndrome, 623, 624, 630, 631-634 

disorders with, 623 
single ventricle in, 440 
atrioventricularis communis, (atrioventricular canal), 303 

Asynergy, left ventricular, 142-144 
Atherosclerosis, 107 

coronary, ulceration in, 133 
Atresia 

aortic valve, 566 
mitral valve, 435, 457, 565 
pulmonary, 516-525 
tricuspid, 525-532 

Atria. See also Left atrium; Right atrium 
balloon septostomy in dextrotransposition of great arteries, 396, 

397,403 
Blalock-Hanlon septectomy in dextrotransposition of great ar

teries, 392 
cor triatriatum, 575-579 
myxoma of, 639, 641-644, 647-648 

Atrial kick, echocardiography of, 28 
in hypertrophic cardiomyopathy, 269 
in pulmonic stenosis, 466, 467 
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Atrial septal defect, 296---317 
anatomical types of, 297-300 
clinical features of, 300 
contrast studies in, 302 
coronary sinus, 298 
in dextrotransposition of great arteries, 386 
Doppler tracings in, 68 
in double-outlet right ventricle, 510, 517 
echocardiography in, 300, 301, 302, 303, 304, 305 
hemodynamics in, 300, 302 
inferior caval, 298 
in Lutembacher syndrome, 224 
magnetic resonance imaging in, 677 
ostium primum, 298, 300, 302-317 

in polysplenia syndrome, 306, 623, 624 
ostium secundum, 297-298, 306 
plain films in, 300, 306---307 
sinus venosus, 298, 307 

Atrioventricular canal type of ventricular septal defect, 303, 307, 
316,318,342,351 

Atrioventricular connections 
concordance of, 290 

in atypical dextrotransposition of the great arteries, 385, 422 
in criss-cross heart, 425 
in dextrotransposition of great arteries, 384 
in tricuspid atresia, 525 
in truncus arteriosus, 431 

discordance of, 290 
in criss-cross heart, 425 
in isolated ventricular inversion, 385, 422 
in levotransposition of great arteries, 409 
in tricuspid atresia, 526 
and ventriculoarterial concordance, 385, 422, 425 

normal, 290, 385, 425 
Atrioventricular node artery, 115, 117 
Atrioventricular valves. See Mitral valve; Tricuspid valve 
Atrioventricularis communis (A-V communis, atrioventricular 

canal), 300, 302, 303 
clinical features of, 305 
contrast studies in, 315-316, 317, 318 
disorders with, 303 
echocardiography in, 307, 309, 310 
hemodynamics in, 315 
plain films in, 312-313 
single ventricle and, 446 
treatment of, 316 
type A, 303, 307 
type B, 303, 307 
type C, 303, 307 

Balloon angioplasty, in coarctation of aorta, 547, 551 
Balloon atrial septostomy 

in dextrotransposition of great arteries, 396, 397, 403 
in tricuspid atresia, 532 

Balloon valvuloplasty, in pulmonic stenosis, 473, 476 
Banchi, arteria accessoria of, 115 
Barium esophagogram. See Esophagogram, barium 
Beckwith-Wiedemann syndrome, 343 
Becu syndrome, 561, 605 
Bernheim syndrome, 481 
Beta blockers, responses to, gated blood pool studies of, 88 
Bidirectional shunting, 292 

in dextrotransposition of great vessels, 292-293, 396 
in tetralogy of Fallot, 499 

Blalock-Hanlon atrial septectomy, in dextrotransposition of great 
arteries, 392 

Blalock-Taussig procedure 
in pulmonary atresia with intact ventricular septum, 525 
in tetralogy of Fallot, 501, 502 

Bland-White-Garland syndrome, 159 
Blood flow 

coronary, reciprocating, 133-134, 135-136 
and persistence of fetal circulation, 359, 367-372 
pulmonary 

calculation of, 293 
collateral vessels in, 19 
decreased, 14, 17-19. See also Undercirculation, pulmonary 
effective, 292-293 

calculation of, 293 
in dextrotransposition of great arteries, 292, 396 

increased, 12-14. See also Overcirculation, pulmonary 
systemic, calculation of, 293 

Blood pool scans. See Angiography, radionuclide, gated blood 
pool scanning in 

Boot-shaped heart, in tetralogy of Fallot, 491, 495 
with right aortic arch, 594 

Boxlike configuration, in Ebstein anomaly, 486, 488 
Brock procedure, in tetralogy of Fallot, 502 
Bronchi 

anisosplenia, 634 
asplenia, 630, 631, 632 
eparterial and hyparterial, in situs solitus, 3, 622 
in situs inversus, 621, 627, 628 
polysplenia, 631, 635 

Bulboventricular flange, persistence of, 510 
Bulboventricular foramen, in single ventricle, 437, 445 

stenosis of, 449, 456 
Bulboventricular inversion, 526 
"Butterfly" configuration, in pulmonary edema, 21 
Bypass grafts in ischemic heart disease, 157-159 

stenosis of, 157, 159, 160 

Calcification 
of aneurysm of patent ductus arteriosus, 361, 365 
of aortic homograft, after truncus arteriosus repair, 435, 440 
of aortic valve 

in acquired aortic stenosis, 181, 183, 187, 188 
in acquired bicuspid aortic value, 183, 189 
in congenital bicuspid valve, 191, 193, 194, 195 

of coronary artery, 132, 133 
of heart and pulmonary vessels, in mitral stenosis, 209, 212, 

214 
intraventricular, in endomyocardial fibrosis, 281, 283 
of left ventricular aneurysm, 144, 148-150 
of mitral anulus, 220-224 
of neoplasms of heart, 645, 646 
pericardial, in constrictive pericarditis, 659 
of subclavian arteries, in coarctation of aorta, 542, 548 

Carcinoid syndrome, pulmonary valve in, 466 
Cardiac output, determination of, 142, 293 
Cardiomegaly, 3-10 

in anomalous origin of left coronary artery from pulmonary 
trunk, 159, 161 

in coarctation of aorta, 542, 545 
in Ebstein anomaly, 486, 488 
in hypoplastic left heart syndrome, 570 
left atrial enlargement in, 4, 5, 7. See also Left atrium, enlarge

ment of 



left ventricular enlargement in, 3-4 
in congestive cardiomyopathy, 259, 261 

in patent ductus arteriosus, 361, 364 
in pulmonary atresia with intact ventricular septum, 518, 520, 

523 
in pulmonic stenosis, 470, 471 
right atrial enlargement in, 7, 8 

in Lutembacher syndrome, 224, 225 
in mitral insufficiency, 227, 228 

right ventricular enlargement in, 6, 7. See also Right ventricle, 
enlargement of 

Cardiomyopathy, 259-286 
in arrhythmogenic right ventricular dysplasia, 285 
classification of, 260--261 
congestive (dilated), 259-264 

clinical features of, 259 
contrast studies in, 173, 262-263, 267-268 
echocardiography in, 259-262, 263, 264 
hemodynamics in, 262 
magnetic resonance imaging in, 676 
plain films in, 262, 265, 266 
radionuclide angiography, 90 
treatment of, 263 

hypertrophic or obstructive, 264--280, 481 
biventricular angiography in, 275, 277, 279 
clinical features of, 266 
contrast studies in, 272, 275, 276 
echocardiography in, 266, 269-274 
hemodynamics in, 271-272 
magnetic resonance imaging in, 676, 677 
plain films in, 271, 274, 275 
post-extrasystolic contraction in, 271-272, 275 
treatment of, 279 

infiltrative, 284 
radionuclide angiography in, 93, 96 
restrictive, 280--284, 659, 660, 661 
in Uhl anomaly, 285-286 

Cardiothoracic ratio, 1 
Carotid artery, left common, two-dimensional echocardiography 

of, 52 
Catheterization, cardiac 

in coarctation of aorta, 543 
in constrictive pericarditis, 659, 660 
in cor triatriatum, 577, 579 
in critical aortic stenosis in infancy, 559 
in Ebstein anomaly, 486, 490 
normal pressures and oxygen saturations in, 292 
in pericardial effusions, 654, 659 
in pseudocoarctation of aorta, 554 
in pulmonary hypertension, 462 
in pulmonary valvular stenosis, 474 
in subaortic stenosis, discrete membranous, 564 

Cervical aortic arch, 601-605 
Chest films. See Plain films 
Childhood 

congenital defects in. See Congenital heart disease 
hypertrophic cardiomyopathy in infants of diabetic mothers, 

270,272 
ischemic heart disease in, 159-167 
mitochondrial myopathy in infants, 274, 277 
pulmonary sequestrations in, 322 
radionuclide angiography in, 10 1-1 02 

Chordae tendineae, 236 
echocardiography of, 29, 33, 47, 48 
in mitral stenosis, 212, 216 

in mitral valve prolapse, 232 
rupture in infective endocarditis, 244 

Circumflex artery, left, 115, 118 
arising from right coronary artery, 126 
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Coarctation of aorta, 540--552. See also Aorta, coarctation of 
Coeur en sabot, in tetralogy of Fallot, 491, 495 

with right aortic arch, 594 
Collateral vessels 

coronary 
anastomotic circle of Vieussens, 115 
Kugel's artery, 118, 123 
reciprocating flow, 135, 136 
right superior septal artery, 11.5, 116 

esophagogram in, 500 
for pulmonary blood supply, 19 
pseudotruncus, 430, 491, 500, 505 
resulting in variegated pattern of pulmonary vasculature, 13, 

19, 496-497 
septal arteries in, 115. See also Collateral vessels, coronary 

Computerized tomography 
in pericardial cysts, 662, 663 
in pericardial tumors, 646, 648 

Concordance 
atrioventricular, 290. See also Atrioventricular connections, 

concordance of 
ventriculoarterial, and atrioventricular discordance, 385, 422, 

425 
Congenital heart disease, 289-637 

admixture lesions in, 383-457 
classification of, 290 
echocardiography in 

of aortic valve, 28 
Doppler echocardiography, 55 
of pulmonary valve, 28 
two-dimensional, 44 

etiology of, 289 
great vessel abnormalities, 584--617 

transposition in, 383-422 
incidence of, 289-290 
left heart obstruction in, 540--579 
left-to-right shunts in, 296-376 
magnetic resonance imaging in, 677-678 
nuclear imaging, 100, 101 
pulmonary venous hypertension in, 19 
right heart obstruction in, 461-532 
right-to-Ieft shunts in, 291-292 
terminology of, 290--293 
visceroatrial situs abnormalities in, 620--637 

Conradi-Hiinerman syndrome, 343 
Contrast material, in echocardiography, 55, 302 
Conus muscle, 383, 384 

in double-outlet right ventricle, 510, 516 
in single ventricle, 435, 437, 442, 444, 454 

Cor triatriatum, 575-579 
dexter, 532 
echocardiography in, 577 
plain films in, 577 
pulmonary angiography in, 578, 579 
treatment of, 579 

Coronary arteries 
anatomical variants of, 118 
aneurysms of, 133, 134, 161, 167 
angioplasty of, percutaneous transluminal, 155-157 
arteriography of, 109-111. See also Angiography, coronary 
calcification of, 132, 133 
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Coronary arteries (cont.) 
dominant, 133 
ectasia or arteriomegaly ot; 133 
in ischemic heart disease. See Ischemic heart disease 
left, 115-118 

anomalous origin from pulmonary trunk, 159, 161-165 
adult type of, 159 
infantile type of, 159 
surgery in, 161 

anterior descending branch, 115 
dual, 118, 126--128, 129-130 

diagonal branches, 118 
parallel, 128, 131 

dominant, 118, 120, 133 
Kugel's artery, 118, 123 
left circumflex artery branch, 115, 118 
nondominant, 118 
ramus medianus, 118, 121 

in levotransposition of great arteries, 409, 410 
myocardial bridging of, 124--125 
normal anatomy of, 111-118 
in Prinzmetal variant angina, 134, 137-138 
reciprocating flow in, 133-134, 135-136 
right, 111-115 

acute marginal branch, 115 
and atrioventricular node artery, 115, 117 
and bundle of His artery, 115, 117 
conus branch of, 115 
crux or V-turn branch of, 115 
dominant, 114, 133 
left circumflex artery arising from, 126 
nondominant, 115, 117 
ostium of, 115 
posterior descending branch of, 115 
right ventricular branches of, 115 
sinus node branch of, 115 
superior septal artery branch of, 115, 116 

single, 123 
spasm of, 134 

catheter-induced, 134, 137 
in Prinzmetal angina, 134, 137-138 
refractory, 138 

steal syndrome, 143, 146--147 
thrombus of, streptokinase lysis of, 154--155 
ulceration of, 133 

Coronary arteriovenous fistulas, congenital, 337-342 
Coronary sinus, anomalous, pulmonary venous drainage to 

absence in coronary sinus ASD, 298, 299 
absence in situs ambiguus, 624 
partial, 320 
persistent left superior vena cava draining into, 298, 299 
total, 322, 330 

Crainicianu preinfundibular artery, 115 
Cri du chat syndrome, 343 
Criss-cross heart, 425-426, 427-429 

clinical features of, 426 
contrast studies in, 426, 429 
disorders with, 426 
echocardiography in, 426, 427 
plain films in, 426, 428 

Cyanosis 
with pulmonary arterial hypertension 

primary pulmonary hypertension, 461-462, 463-465. See also 
Eisenmenger physiology; Eisenmenger syndrome 

with pulmonary overcirculation. See Admixture lesions 
with pulmonary undercirculation. See Right heart obstruction 
with pulmonary venous hypertension. See also Left heart ob-

struction 
in total anomalous pulmonary venous return, 322-334 

Cysts, pericardial, 662, 663 

Dextrocardia, 621, 623, 626 
in scimitar syndrome, 321-322, 323-325 

Dextroisomerism, 623, 630. See also asplenia and aniso
splenia 

Dextrotransposition of great arteries, 384--409. See also Transpo
sition of great arteries, dextrotransposition 

Diastolic dip 
in constrictive pericarditis, 659, 660 
in endomyocardial fibrosis, 283 

DiGeorge syndrome, 605 
"Dip-plateau" configuration 

in constrictive pericarditis, 659, 660 
in endomyocardial fibrosis, 283 

Discordance 
atrioventricular, 290 

in criss-cross heart, 425 
in levotransposition of great arteries, 409 
and ventriculoarterial concordance, 385, 422, 425 

thoracoabdominal, 623, 629 
ventriculoarterial 

in dextrotransposition of great arteries, 384 
in double-outlet left ventricle, 515 
in levotransposition of great arteries, 409 

Diverticula, pericardial, 662 
Doppler echocardiography, 55 

abdominal aorta in, 65 
reversal of flow during diastole, 69 

in absence of aortic valve cusp, 555 
aortic arch in, 65 
in aortic insufficiency, 63, 195 
aortic root in, 63 
in aortic stenosis, 181 

in infancy, 559 
apex view in, 58, 62, 63, 67 
ascending aorta in, 58, 64 
in atrial septal defect, 68, 300 
in coarctation of aorta, 68, 542 
in congestive cardiomyopathy, 259, 262 
continuous wave, 55-56 
in coronary arteriovenous fistula, congenital, 339 
in dextrotransposition of great arteries, 386 

postoperative, 391, 406 
in double-outlet right ventricle, 513 
four-chamber view in, 62, 67 
in hypertrophic cardiomyopathy, 271 
in infective endocarditis, 242, 244, 248 
interpretation of signals in, 58, 60--61 
left atrium in, 59 

in atrial septal defect, 68 
in ventricular septal defect, 66 

left ventricle in, 59 
in atrial septal defect, 68 
in ventricular septal defect, 66 

left ventricular outflow tract in, 63 
in left ventricular-right atrial communication, 66, 

337 



mitral valve in, 62 
in insufficiency, 67, 226 
in stenosis, 209, 575 

normal patterns in, 58, 59-65 
parasternal view in, 58, 68 
in patent ductus arteriosus, 69, 361 
pulmonary artery in, 59, 62 
in pulmonary atresia with intact ventricular septum, 518 
pulmonary veins in, 59 
in pulmonic stenosis, 62, 466 

supravalvar, 476 
pulsed, 56-57 

high pulse repetition frequency, 57, 58 
Nyquist limit in, 56-57 
range gating in, 56 
wrapping or aliasing in, 57, 64 

right atrium in, 59 
in atrial septal defect, 68 
in ventricular septal defect, 66 

right ventricle in, 59 
in atrial septal defect, 68 
in ventricular septal defect, 66 

right ventricular outflow tract in, 61 
in subaortic stenosis, discrete membranous, 561, 564 
subxiphoid view in, 58, 61, 62, 64 
superior vena cava in, 59 
suprasternal notch view in, 58, 64, 65, 68 
in systemic-to-pulmonary shunts, 69 
technique in, 58 
in tetralogy of Fallot, with absence of pulmonary valve, 504 
tricuspid valve in, 60 

in insufficiency, 67 
two-chamber view in, 63 
in two-chambered right ventricle, 481 
two-dimensional imaging with, 57, 66, 68 
velocity and pressure difference in, 60 
velocity and volume flow in, 60-61 
in ventricular septal defects, 66, 345 

with aortic insufficiency, 358 
Down syndrome 

atrioventricularis communis (atrioventricular canal) in, 303 
ostium primum atrial septal defect in, 314 

Dressler syndrome, 107, 110 
Duane syndrome, 297 
Duchenne muscular dystrophy, 231 
Ductus arteriosus 

in hypoplastic left heart syndrome, 573 
in left aortic arch, 586, 596, 597 
patency of, 358-367 

in absence of aortic valve cusp, 555 
aneurysm in, 361, 365-366 
in children and adults, 359, 361 
clinical features of, 361 
and coarctation of aorta, 541 
contrast studies in, 366 
in dextrotransposition of great arteries, 392, 395, 396 
differential diagnosis of, 338 
disorders with, 359, 361 
Doppler tracing in, 69 
echocardiography in, 361 
hemodynamics in, 366 
in interruption of aortic arch, 605 
plain films in, 361, 364--366 
in persistence of fetal circulation, 367-372 
in premature infants, 359, 361, 362 
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and respiratory distress syndrome, 359, 361 
in term infants, 359, 361 
treatment of, 366-367 
and treble-clef configuration of catheter, 366 

in pulmonary atresia with intact ventricular septum, 517, 522 
in right aortic arch, 593, 595, 596 
sling of, 610-611 
in tetralogy of Fallot, 491 
in vascular rings, 584--601 

Dysplasia 
aortic valve, 558 
pulmonic valve, 462, 466, 471 
right ventricular, arrhythmogenic, 285 
ventriculoradial, 297 

E sign 
in coarctation of aorta, 542 
in pseudocoarctation of aorta, 554 

Ebstein anomaly, 483-490 
clinical features of, 483 
contrast studies in, 486, 487, 488-489 
disorders with, 483 
echocardiography in, 483, 484-486 
hemodynamics in, 486 
magnetic resonance imaging in, 677 
plain films in, 483, 486, 487-489 
pressure tracings in, 486, 490 
and pulmonary atresia with intact ventricular septum, 517 
right atrial enlargement in, 7, 8 
treatment of, 486 
in levotransposition of the great arteries, 410, 419 

Echocardiography, 27-69 
A-mode, 27, 28 
aortic root in, 28 
aortic valve in, 27-28, 29-30, 34--35, 54 

in acquired aortic stenosis, 180-183 
in bicuspid aortic valve, 192-193 
in congenital aortic stenosis, 185 
in congenital heart defects, 28 
in critical aortic stenosis in infancy, 559 
in hypertrophic obstructive cardiomyopathy, 270, 271 
in infants of diabetic mothers, 273 

arc scans in, 41-44 
in anomalous origin of left coronary artery from pulmonary 

trunk, 162 
in aortic insufficiency, 199 
from aortic root to left ventricle, 42 
from aortic root across left ventricular outflow tract, 44 
in atrial septal defect, 303 
in criss-cross heart, 426 
in dextrotransposition of great arteries, 388 
in double-outlet right ventricle, 510, 511 
in Ebstein anomaly, 484 
in hypoplastic left heart syndrome, 568 
in infective endocarditis, 242, 244, 245, 247 
in isolated ventricular inversion, 425 
in levotransposition of great arteries, 412 
in pericardial effusion, 653, 654, 655 
from pulmonary valve to tricuspid valve, 43 
in single ventricle, 443 
in subaortic stenosis, discrete membranous, 562 
in tetralogy of Fallot, 491, 492 
in tricuspid atresia, 527 
from tricuspid valve to mitral valve, 43 
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Echocardiography (cant.) 
atrial kick in, 28 

in hypertrophic cardiomyopathy, 269 
in pulmonic stenosis, 466, 467 

B-mode, 27, 28 
contrast material in, 55, 302 

in atrial septal defect, 300, 320 
in persistence of fetal circulation, 368 
in ventricular septal defect, 345 

in dextrotransposition of great arteries, 28, 37 
Doppler, 55. See also Doppler echocardiography 
left atrium in, 28 
left ventricle in, 32-33, 54 
in levotransposition of great arteries, 28, 38 
M-mode, 27, 29-41 

in anomalous origin of left coronary artery from pulmonary 
trunk, 159, 162 

in aortic insufficiency, 196, 197, 198 
in aortic stenosis, 180, 181-182, 184 

in infancy, 559 
in aortico-left ventricular tunnel, 555 
in atrial septal defect, 300, 301, 303 
in atrioventricularis communis (atrioventricular canal), 309 

310 ' 
in bicuspid aortic valve, 192-193 
in cardiac tamponade, 653 
in congestive cardiomyopathy, 259, 261, 262, 263 
in cor triatriatum, 577 
in criss-cross heart, 426 
in dextrotransposition of great arteries, 386, 387-388, 391, 

392 
in double-outlet right ventricle, 510, 511 
in Ebstein anomaly, 483, 484-485 
in hypertrophic cardiomyopathy, 269, 270, 273-274 
in hypoplastic left heart syndrome, 568-569 
in infective endocarditis, 241, 242, 243, 244, 245, 247 
in levotransposition of great arteries, 410-413 
in mitral anulus calcification, 220 
in mitral insufficiency, 226 
in mitral prolapse, 232, 233 
in mitral stenosis, 205, 206-207, 575, 576 
in neoplasms of heart, 640, 641, 643 
in pericardial effusion, 653, 654, 655 
in pericarditis, constrictive, 659, 660 
in persistence of fetal circulation, 368, 369-370 
!n pulmonary atresia with intact ventricular septum, 518 
III pulmonary hypertension, 55, 463-464 
in pulmonic stenosis, 466, 467, 468 
in restrictive cardiomyopathy, 660, 661 
in single ventricle, 441-442, 443-444 
in subaortic stenosis, discrete membranous, 561, 562-563 
in tetralogy of Faliot, 491, 492 
in tricuspid atresia, 526, 527 
in tricuspid stenosis, 483 
in truncus arteriosus, 431, 432 
in two-chambered right ventricle, 481 
in ventricular septal defect, 344-345, 346, 347, 349 

with aortic insufficiency, 358 
mitral valve in, 28, 32, 39-40 
normal measurements in, 31 
physical principles in, 27-41 
pulmonary valve in, 28, 30, 36 

in congenital heart defects, 28 
right ventricle in, 33, 41 
right ventricular outflow tract in, 28 

tricuspid valve in, 32, 41 
two-dimensional, 44-54 

in amyloidosis, 284 
in anomalous pulmonary venous return, total, 324, 327 
aorta in 

ascending, 51 
descending, 52 

aortic arch in, 52, 53 
cervical, 603, 604 
interrupted, 605-606 

aortic valve in, 48, 54 
in absence of cusp, 555 
bicuspid, 192, 193 
in stenosis, 181, 182-183, 185 

in aortico-left ventricular tunnel, 555 
in aorticopulmonary window, 372, 374 
apex views in, 50, 51 
in atrial septal defect, 300, 301, 304, 305 
in atrioventricularis communis (atrioventricular canal), 307 

310 ' 
carotid artery in, left common, 52 
in coarctation of aorta, 542, 543 
in congestive cardiomyopathy, 259, 264 
in cor triatriatum, 577 
in coronary artery aneurysms, 161, 167 
in criss-cross heart, 426, 427 
in dextrotransposition of great arteries, 54, 386, 389-390 
Doppler ultrasound with, 57, 66, 68 
in Ebstein anomaly, 483, 486 
in endocardial cushion defects, 304, 307 
in endomyocardial fibrosis, 281 
four-chamber views in, 50, 52, 53 
hepatic veins in, 51 
in hypertrophic cardiomyopathy, 271, 272 
in hypoplastic left heart syndrome, 569-570 
in infective endocarditis, 242, 244, 246, 248 
innominate artery in, right, 52 
innominate vein in, 53 
left atrium in, 48, 50, 51, 53, 54 
left ventricle in, 47, 50, 51, 52, 53 

in function studies, 54 
in levotransposition of great arteries, 413, 414-415 
long axis views in, 47, 48, 49, 53 
in Marfan syndrome, 201, 202 
in mitral anulus calcification, 220-222 
mitral valve in, 47, 51, 52 

in prolapse, 233-235 
in stenosis, 208, 209, 576 

in neoplasms of heart, 640, 642, 644, 648 
oblique view in, 50 
parasternal views in, 48, 49, 50, 53, 54 
in pericardial effusion, 653, 656 
in pericarditis, constrictive, 660 
in pleural effusion, 242, 653, 656 
pulmonary artery in 

main, 49 
right, 52, 53 

pulmonary valve in, 48, 49, 54 
in atresia with intact ventricular septum, 518, 

519 
in stenosis, 466, 467 

in pulmonic stenosis, supravalvar, 476 
in restrictive cardiomyopathy, 660, 661 
right atrium in, 48, 50, 52, 53, 54 



right ventricle in, 50, 52, 53 
double-outlet, 510, 512 
in function studies, 55 

right ventricular outflow tract in, 48, 49 
short axis views in, 47, 48, 54 
in single ventricle, 442, 445--447, 448 
in subaortic stenosis, discrete membranous, 561, 562 
subclavian artery in, left, 52 
subxiphoid views in, 51, 52 
suprasternal notch views in, 52, 53 
in tetralogy of Fallot, 491, 492--494 
thrombus in, apical, 53 
tricuspid valve in, 48, 52 

in atresia, 526, 528 
in stenosis, 483 

in truncus arteriosus, 431, 432 
two-chamber view in, 51 
vena cava in 

inferior, 51 
superior, 53 

in ventricular septal defect, 345, 348, 350, 351 
with aortic insufficiency, 358, 359 

Ectasia (arteriomegaly), coronary artery, 133 
Ectopia cordis, 662, 664-665, 668-669 
Edema 

pulmonary 
alveolar, 21, 23 
bilateral, 21, 23 
interstitial, in pulmonary venous hypertension, 21 
perivascular, in pulmonary venous hypertension, 20 
unilateral, 21, 24 
uremic, 21 

subpleural, 21, 22 
Effusions 

interlobar, in pseudotumors, 21, 23 
pericardial, 651-659 

and cardiac tamponade, 652, 658, 659 
clinical features of, 651-652 
in congestive cardiomyopathy, 259, 263 
contrast studies in, 654 
echocardiography in, 652-653, 654, 655, 656 
hemodynamics in, 654 
in infective endocarditis, 242 
large, 655 
magnetic resonance imaging in, 678, 679 
moderate, 654 
plain films in, 653, 657-658 
pleural effusions with, 653, 656 
pressure tracings in, 654, 659 
small,653 
treatment of, 655 

pleural 
differential diagnosis of, 653 
in infective endocarditis, 242, 243 
pericardial effusion with, 653, 656 

Egg-shaped heart, in dextrotransposition of great arteries, 391, 
393 

Ehlers-Danlos syndrome, 231 
Eisenmenger physiology, 22, 24 

in aorticopulmonary window, 372 
in atrial septal defect, 300 
in dextrotransposition of great arteries, 386, 396, 397 
in double-outlet right ventricle, 510 
in patent ductus arteriosus, 361, 366 
in ventricular septal defect, 343, 347 

Eisenmenger syndrome, 343-344 
magnetic resonance imaging in, 678 

Ejection fraction 
left ventricular, 84-85, 86, 142 

in valvular heart disease, 98-99, 101, 198 
right ventricular, 87 

Ellis van Creveld syndrome, 289, 297, 305 
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Endocardial cushion defects, 298, 300, 302-317. See also Atrial 
septal defect 

atrioventricular canal in. See Atrioventricularis communis 
clinical features of, 305 
contrast studies in, 314, 315-316 
disorders with, 303, 305 
echocardiography in, 303, 304, 307 
hemodynamics in, 309 
plain films in, 309 
subaortic stenosis in, 561 
treatment of, 316 

Endocarditis, infective, 241-251 
aortic valve in, 241-242 
clinical features of, 241 
contrast studies in, 245, 248, 249-251 
echocardiography in, 241-245, 246, 247, 248 
mitral valve in, 242, 243-244, 246 
para valvular leak in, postoperative, 248, 249 
plain films in, 241, 245, 249 
prevention, 241 
pulmonic valve in, 244 
subaortic abscess in, 242, 251 
treatment of, 248 
tricuspid valve in, 244, 247, 248 
vegetations in, 241-242, 244, 245, 246, 247, 248, 251 
in ventricular septal defect, 344 

Endomyocardial fibrosis, 281-284 
Enlargement of heart. See Cardiomegaly 
Esophagogram, barium 

in aortico-Ieft ventricular tunnel, 555 
in cervical aortic arch, 601, 603 
in coarctation of aorta, 542 
in double aortic arch, 587 
in interruption of aortic arch, 606 
in left aortic arch, 597 
in left atrial enlargement, 5 
normal,2 
in pseudocoarctation of aorta, 554 
in pulmonary artery sling, 611 
in right aortic arch 

with aberrant left subclavian artery, 595 
with mirror-image branching, 593 

in tetralogy of Fallot, 491, 500, 501 
Exercise 

in aortic regurgitation, ejection fraction in, 98, 10 1 
gated blood pool scanning in 

in coronary artery disease, 93, 96 
supine, 88 
upright, 90 

Fabry disease, 260, 266 
Fallot pentalogy, 491 
Fallot tetralogy, 490-509. See also Tetralogy of Fallot 
Fallot trilogy, 466 
Fetal circulation, persistence of. See Persistence of fetal circula

tion 
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Fibrosis, endomyocardial, 281-284 
clinical features of, 281 
contrast studies in, 283-284 
echocardiography in, 281 
hemodynamics in, 283 
plain films in, 282, 283 
treatment of, 284 

Fick equation, 293 
Fistulas 

arteriovenous 
coronary, acquired in mitral stenosis, 219 
coronary, congenital, 337-342 
pulmonary, 14, 15 

myocardial sinusoids, 521, 572 
pseudoarteriovenous, coronary, 128, 131 

Fontan procedure 
in double-outlet left ventricle, 516 
in double-outlet right ventricle, 515 
in hypoplastic left heart syndrome, 575 
in pulmonary atresia with intact ventricular septum, 522 
in single ventricle, 453 
in tricuspid atresia, 532 

Foramen ovale 
in atrial septal defect, 298 
in coarctation of aorta, 542 
premature closure of, 566 

Forney syndrome, 466 
Friedreich's ataxia, 266 

Gasul phenomenon, 343 
"Gooseneck" deformity of left ventricle 

echocardiographic equivalent, 303 
in endocardial cushion defects, 314, 315 
in ventricular septal defect of endocardial cushion type, 316, 

319 
Gorlin's formula 

for aortic valve area, 183 
for mitral valve area, 210 

Great vessels. See also Aorta; Aortic arch; Pulmonary artery 
abnormalities of, 58~617 
transposition of, 383-422 

Hand-Schuller-Christian disease, 260 
Haziness, perihilar, in interstitial pulmonary edema, 21 
Heart failure 

in coarctation of aorta, 541 
in critical aortic stenosis in infancy, 558 
left-sided, in pulmonary disease, radionuclide angiography in, 

100 
in patent ductus arteriosus, 359 
in persistence of fetal circulation, 367, 368 
pulmonary edema in, 21 

Hemitruncus, 612-617 
Hepatic veins, two-dimensional echocardiography of, 51 
Heterotaxy syndrome, 623 
Heyde syndrome, angiography in, 186 
Hilar haze, in interstitial pulmonary edema, 21 
His bundle artery, 115, 117 
Holmes heart, 437, 449, 456 
Holt-Oram syndrome, 296, 297, 298 
Howell-Jolly bodies, in asplenia, 623 
Hurler syndrome, 260 

Hydrogen electrode studies, in left-to-right shunts, 294 
Hypertension 

pulmonary, arterial, 22, 24 
in mitral regurgitation, 100, 102 
in mitral stenosis, 210 
in persistence of fetal circulation, 368 
in primary pulmonary hypertension, 461-462, 463, 464 

cardiac catheterization in, 462 
clinical features of, 461-462 
echocardiography in, 462, 463-464 
plain films in, 462, 465 
treatment of, 462 

systolic time intervals in, 55 
in ventricular septal defect, 346 

pulmonary, venous, 19-21 
in anomalous origin of left coronary artery from pulmonary 

trunk, 159 
in aorticopulmonary window, 372 
in coarctation of aorta, 542, 545 
in cor triatriatum, 577 
in hypoplastic left heart syndrome, 570, 571 
in left heart obstruction, 291 
mild,20 
in mitral stenosis, 209 
moderate, 20--21 
severe, 21 

systemic, aortic insufficiency in, 252-253 
Hypertrophic cardiomyopathy, 26~280, 481 
Hypoplastic left heart syndrome, 56~575 

clinical features of, 566 
contrast studies in, 573 
echocardiography in, 566, 568-570 
hemodynamics in, 570 
plain films in, 566, 570, 571, 573 
treatment of, 573 

Indicator-dilution studies, 294, 295 
Infarction, myocardial 

complications of, 107 
Dressler syndrome after, 107, 110 
etiology of, 107 
and left ventricular aneurysm, 144 
magnetic resonance imaging in, 67~676 
papillary muscle rupture in, 154 
radionuc1ide ventriculography in, 96-97 
and rupture of heart, 145-147 
technetium pyrophosphate scans in, 77, 93, 96 
ventricular septal defect after, 147, 152, 154 

Infundibular ostial stenosis, 481, 503 
Innominate artery 

left, aberrant, wit!> right aortic arch, 586, 595-596 
right, two-dimensional echocardiography of, 52 

Innominate vein, two-dimensional echocardiography of, 53 
Interventional radiology 

balloon angioplasty 
in coarctation of aorta, 547, 551 
in pulmonic stenosis, 473, 476 

balloon atrial septostomy, 396, 397, 403, 532 
catheter closure of patent ductus anteriosus, 367 
in ischemic heart disease, 15~157 

Ischemic heart disease, 107-178 
in anomalous origin of left coronary artery from pulmonary 

trunk, 159, 161-165 



bypass grafts in, 157-159 
stenosis of, 157, 159, 160 

and cardiac rupture, 145-147 
interventional radiology, 154-157 
in Kawasaki disease, 161, 166 
and left ventricular aneurysm, 144-145 
left ventriculography in, 142-144 
magnetic resonance imaging in, 673-674 
myocardial infarction in. See Infarction, myocardial 
papillary muscle dysfunction and rupture in, 152, 154 
percutaneous transluminal coronary angioplasty in, 155-157 
and postinfarction ventricular septal defect, 147, 152, 154 
radiological examination in, 107-109 
radionuclide angiography in, 90--93 
streptokinase lysis of thrombus in, 154-155 
surgery in, 157-159 
thallium scintigraphy in, 89-90, 94-95 
in young persons, 159-167 

Isomerism, 623 
Ivemark syndrome, 623 

Jatene procedure, in dextrotransposition of great arteries, 403, 
409 

Kawasaki disease, 161, 166 
Kerley lines, 21 
Kidney failure 

and magnetic resonance imaging in uremic pericarditis, 678, 
679 

pulmonary edema in, 21 
Kugel's artery, 118, 123 

Laurence-Moon-Beidl syndrome, 466 
Left atrium 

Doppler tracing in mitral insufficiency, 67 
echocardiography of, 28 

two-dimensional, 48, 50, 51, 53, 54 
enlargement of, 4, 5, 7 

in Lutembacher syndrome, 224, 225 
in mitral insufficiency, 227, 228 
in mitral stenosis, 209, 210, 211, 215 
pseudo-enlargement in Marfan syndrome, 201, 203 

in situs inversus, 621 
in situs solitus, 621 

Left heart border (normal), 1 
Left heart obstruction, 179-195, 264-280, 291, 540--579 

critical, in infants 
in absence of aortic valve cusp, 555-556 
in coarctation of aorta, 540--552 
in cor triatriatum, 575-579 
in hypoplastic left heart syndrome, 564-575 
in mitral stenosis, congenital, 575 

Left-to-right shunts, 291, 296-376 
anatomical, 291 
in anomalous origin of left coronary artery from pulmonary 

trunk, 159 
in anomalous pulmonary venous return, 317-334 
in aorticopulmonary window, 372-376 
atrial level communications in, 296-342 
in atrial septal defects, 296-317 
in coronary arteriovenous fistulas, congenital, 337-342 
Doppler tracings in, 66, 68, 69, 513 

great-vessel level communications in, 358-376 
hydrogen electrode studies in, 294 
indicator-dilution studies in, 294, 295 
in interruption of the aortic arch, 606 
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in left ventricular-right atrial communication, 335-337, 338, 
339 

in obstruction of left heart, 291 
oxygen step-up in, 291 
in patent ductus arteriosus, 358-367 
physiological, 291 
radionuclide angiography in, 10 1-1 02 

first-pass, 97, 100 
in rupture of sinus of Valsalva into cardiac chamber, 334-335 
ventricular level communications in, 342-358 
in ventricular septal defect, 342-351, 352-358 

Left-sidedness, bilateral, 623 
Left ventricle 

akinetic, 143, 145 
aneurysm of, 107, 108, 144-145, 151 

calcification of, 144, 148-150 
compared to pseudoaneurysm, 145, 152 
differential diagnosis of, 145 
gated blood pool scanning in, 99 

aortico-left ventricular tunnel, 555 
arc scan from aortic root, 42 
asynchrony of, 143 
asynergy of, 142-144 
communication with right atrium, 335-337, 338, 339 
Doppler tracing in, 62, 63 
double-outlet, 515-516 
dyskinetic, 143 
echocardiography of, two-dimensional, 47, 50, 51, 52, 53 
ejection fraction in, 84-85, 86, 142 

in valvular heart disease, 98-99, 101 
endomyocardial fibrosis of, 281-284 
enlargement of, 3-4 

in congestive cardiomyopathy, 259, 261 
function evaluation 

radionuclide angiography in, 76-77 
two-dimensional echocardiography in, 54 
M-mode echocardiography, 54 

hyperkinetic, 143 
hypokinetic, 143, 144 
hypoplasia in coarctation of aorta, 541 
in isolated ventricular inversion, 422, 425 
outflow tract of 

arc scan across, from aortic root, 44 
Doppler tracing in, 63 
obstruction of, 264-280, 561-564 

in dextrotransposition of great arteries, 386, 390, 391, 397 
pseudoaneurysm of, 107, 108, 109, 145-146, 153 

compared to true aneurysm, 145, 162 
radionuclide angiography of 

in first-pass scanning, 78 
in gated scan, 81 

retrodisplacement in mitral stenosis, 212, 217, 218 
in situs inversus, 290, 621 
in situs solitus, 621 
stroke volume of, 142 
ventriculography of, 139-154. See also Ventriculography, left 
volume determinations in, 139 

gated blood pool scanning in, 82 
Leopard syndrome (multiple lentigines syndrome), 466 
Levocardia, 621, 623, 628, 635 
Levoisomerism, 623, 630, 635 
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Levotransposition of great arteries, 409-422. See also Transposi
tion of great arteries, levotransposition 

Loop rule of Van Praagh, 383 
Lungs 

arterial supply of. See Pulmonary arteries 
perfusion scans of 

in anomalous origin of right pulmonary artery from aorta, 
613 

in undercirculation, unilateral, 19 
radionuclide angiography of, in first-pass scanning, 78 
sequestration in, 322, 326-327 

extralobar, 322 
intralobar, 322 

Lutembacher syndrome, 224-225, 296 

Magnetic resonance imaging, 654, 671-679 
in cardiomyopathies, 676-677 
in congenital heart disease, 677-678 
in ischemic heart disease, 673-674 
in myocardial infarction, 674-676 
normal cardiac morphology in, 671-673 
in pericardial diseases, 678-679 

Maladie de Roger, 343, 355 
Marfan syndrome, 201-203 

clinical features of, 201 
contrast studies in, 202-203 
echocardiography in, 201 
hemodynamics in, 201 
mitral prolapse in, 201, 231, 232, 234 
plain films in, 201, 203 
treatment of, 203 

Mercedes Benz sign 
in aortic stenosis, calcific, 187 
in congestive cardiomyopathy, 264 
in normal aortic valve, 48, 193 

Mesocardia, 621, 623, 625, 627 
Metastases to heart, 640, 648 
Mitochondrial myopathy in infants, 274, 277 
"Mitral heart" configuration 

in mitral insufficiency, 228 
in mitral stenosis, 209 

Mitral valve 
anatomy of, 140--141 
arc scan from tricuspid valve, 43 
calcification of anulus, 220--224, 226 

echocardiography in, 220--222, 226 
plain films in, 222, 223-224 
treatment of, 222 

components of leaflets in, 235, 236 
configurations of, 143 
in congestive cardiomyopathy, 259, 262 
Doppler tracing in, 62 

in valvular insufficiency, 67 
in double-outlet right ventricle, ) 10 
Ebstein malformation of, 483 
echocardiography of, 28, 32, 39-40 

two-dimensional, 47, 51, 52 
flail leaflet of 

in infective endocarditis, 244, 246 
in papillary muscle rupture, 154 

flutter in aortic insufficiency, 195, 196 
fornix of left ventricle, 236, 237 

in prolapse of valve, 237, 239, 240 

fulcrum of, 236, 237 
in prolapse of valve, 237, 239, 240 

in hypertrophic cardiomyopathy, 269 
in hypoplastic left heart syndrome, 564 
in infective endocarditis, 242, 243-244, 251 
insufficiency of, 225-231 

clinical features of, 225-226 
contrast studies in, 227, 230, 231 
Doppler tracings in, 67 
echocardiography in, 226 
ejection fraction in, 99, 100, 102, 142 
hemodynamics in, 227 
plain films in, 226-227, 228-230 
pulmonary hypertension in, 100, 102 
pulmonary varix in, 227, 229, 230 
radionuclide angiography of, 78 
treatment of, 230 

in levotransposition of great arteries, 409, 410, 412, 413 
parachute, in Shone syndrome, 564, 565 
prolapse of, 231-240 

in anterior leaflet, 237, 238 
clinical features of, 232-233 
contrast studies in, 235-239, 240 
echocardiography in, 233-235 
in Marfan syndrome, 201, 231, 232, 234 
in middle scallop, 237, 239 
plain films in, 235 
treatment of, 239-240 

pseudoprolapse of, 239, 240 
scallops of leaflets in, 235, 236 

in prolapse of valve, 237 
stenosis of, 203-219 

angiocardiography in, 211-212, 216-219 
clinical features of, 204-205 
congenital, 575 
echocardiography in, 205-209 
hemodynamics in, 210--211 
in Lutembacher syndrome, 224, 296 
plain films in, 209-210, 211, 212, 213-215 
treatment of, 212 

systolic anterior motion of anterior leafiet, 269, 270, 272 
in dextrotransposition of great arteries, 386, 391 

Morquio-Ullrich syndrome, 260 
Mustard procedure 

in dextrotransposition of great arteries, 397, 403, 404-407 
in double-outlet left ventricle, 516 
in double-outlet right ventricle, 515 
in single ventricle, 453 

Myxoma, atrial, 639, 641-644, 647-648 
calcified, 646 

Neoplasms of heart, 639-648 
calcification of, 645, 646 
clinical features of, 639-640 
contrast studies in, 644, 646, 647-648 
echocardiography in, 640--644 
hemodynamics in, 645 
metastatic, 640, 648 
pericardial, 640, 645, 646, 648 
plain films in, 643, 644-645, 646 
treatment of, 646 

Neovascularity 
in left atrial appendage, in mitral stenosis, 212, 219 
in left atrial myxoma, 646, 648 



in ventricular septum, in hypertrophic cardiomyopathy, 278, 
280 

in atrial or ventricular thrombus, 646 
Nesidioblastosis, 266 
Niemann-Pick disease, 260 
Nitroglycerin 

in coronary artery spasm, 134-138 
in left ventriculography, 143 
responses to, radionuclide angiography of, 88, 90, 93 

Noonan syndrome, 266, 466 
Normal heart, 1-3 

echocardiography of, 31 
Doppler, 58, 59-65 

magnetic resonance images of, 671-673 
pressures and oxygen saturations in, 292 
radionuclide angiocardiography of, 77-80 
size of, 1 
ventriculography of, 140--141, 143, 397, 398 

Normal vasculature 
coronary, 111-118 
pulmonary, 2, 10--12 

Notching 
of rib, in coarctation of aorta, 542, 549 
septal notch 

in criss-cross heart, 426 
in levotransposition of great arteries, 419 
in single ventricle, 448, 450, 452, 453 

Nuclear magnetic resonance imaging. See Magnetic resonance 
imaging 

Nuclear medicine, 73-102 
angiography in. See Angiography, radionuclide 
detection devices in, 73-75 
in ischemic heart disease, 89-93 
in myocardial infarction, 93-97 
normal anatomy in, 77-82 
pediatric applications of, 101-102 
pulmonary perfusion scans in 

in anomalous origin of right pulmonary artery from aorta, 
613 

in undercirculation, unilateral, 19 
radiopharmaceuticals in, 75-76 

dosage of, 77 
technetium-99m in, 75 
techniques in, 76-77 
thallium-201 in, 75-76 
in valvular heart disease, 97-101 

Nyquist limit, in pulsed Doppler echocardiography, 56-57 

Occlusion arteriography, coronary, 128, 131-132, 133 
Ostium primum atrial septal defect, 298, 300, 302-317 
Ostium secundum atrial septal defect, 297-298, 306 
Outflow tracts. See Left ventricle, outflow tract; Right ventricle, 

outflow tract 
Overcirculation, pulmonary, 12-14 

in admixture lesions, 383 
after Waterston anastomosis in tetralogy of Fallot, 501 
in anomalous pulmonary venous return, 324 
bilateral or generalized, 12-14 
in coarctation of aorta (infants), 542, 545 
in criss-cross heart, 428 
in dextrotransposition of great arteries, 391, 392, 393, 396 
in double-outlet right ventricle, 510 
in hypoplastic left heart syndrome, 570 
in left-to-right shunts, 291 

in Lutembacher syndrome, 224, 225 
in patent ductus arteriosus, 361, 364 
segmental, 14, 15-16 
in truncus arteriosus, 431, 433 
undercirculation with, 19 
unilateral, 14 

Oxygen saturation 
normal,292 
step-up in 

in dextrotransposition of great arteries, 396 
in interruption of the aortic arch, 606 
in left-to-right shunts, 291 

Papillary muscle 
dysfunction in coronary artery disease, 152 
in mitral stenosis, 212, 216 
rupture of, 154 

Parachute deformity 
mitral, in Shone syndrome, 564, 565 
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tricuspid, in pulmonary atresia with intact ventricular septum, 
517 

Patent ductus arteriosus, 358-367. See also Ductus arteriosus, 
patency of 

Pentalogy of Fallot, 491 
Periarteritis nodosa, 231. See also Kawasaki disease 
Pericarditis, 651-659 

constrictive, 659-661 
magnetic resonance imaging in, 678 
pressure tracings in, 660 

uremic, magnetic resonance imaging in, 678, 679 
Pericardium, 651-669 

complete left-sided defect in, 662, 667 
constrictive pericarditis, 659-661 
cysts of, 662, 663 
diverticula of, 662 
in ectopia cordis, 662, 664-665, 668-669 
effusions in, 651-659. See also Effusions, pericardial 
magnetic resonance imaging of, 678-679 
neoplasms of, 640, 645, 646, 648 
normal,651 
partial defect in, 662, 664, 665, 666 
pneumopericardium, 661-662 

Pierre Robin syndrome, 297 
Persistence of fetal circulation, 359, 367-372 

clinical features of, 367-368 
contrast studies in, 368, 371 
echocardiography in, 368, 369-370 
hemodynamics in, 368 
plain films in, 368, 371 
treatment of, 368, 372 

Plain films 
in absence of aortic valve cusp, 555, 556 
in anomalous origin of left pulmonary artery from aorta, 615, 

616 
in anomalous origin of right pulmonary artery from aorta, 

612 
in anomalous pulmonary venous return, total, 324-325, 328-

333 
in aortic insufficiency, 195, 200 
in aortic stenosis, 183, 186-190 

in infancy, 559, 560 
in aortico-left ventricular tunnel, 555 
in aorticopulmonary window, 372, 375 
in atrial septal defect, 300, 306-307 
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Plain films (cont.) 
in cervical aortic arch, 602, 603, 604 
in coarctation of aorta, 542, 544--547, 548-552 
in congestive cardiomyopathy, 262, 265, 266 
in cor triatriatum, 577 
in coronary arteriovenous fistula, congenital, 339, 340-

341 
in criss-cross heart, 426, 428 
in dextrotransposition of great arteries, 391-396 
in double-outlet right ventricle, 513, 514--515 
in Ebstein anomaly, 483, 486, 487-489 
in endocardial cushion defects, 309, 312-313 
in endomyocardial fibrosis, 282, 283 
in hypertrophic cardiomyopathy, 271, 274, 275 
in hypoplastic left heart syndrome, 566, 570, 571, 573 
in infective endocarditis, 241, 245, 249 
in interruption of the aortic arch, 606 
in ischemic heart disease, 107-109, 110 
lateral projection in, 1, 2 
left anterior oblique projection in, 2, 3 
in left ventricular-right atrial communication, 337, 338 
in levotransposition of great arteries, 413, 416-419 
in Lutembacher syndrome, 224, 225 
in Marfan syndrome, 201, 203 
in mitral anulus calcification, 222, 223-224 
in mitral insufficiency, 226-227, 228-230 
in mitral prolapse, 235 
in mitral stenosis, 209-210, 211, 212, 213-215 

congenital, 575 
in neoplasms of heart, 643, 644--645, 646 
in patent ductus arteriosus, 361, 364--366 
in pericardial cysts, 662, 663 
in pericardial defect 

complete, 667 
partial, 664, 665, 666 

in pericardial effusions, 653, 657-658 
in pneumopericardium, 661 
posteroanterior projection in, 1, 2 
in pseudocoarctation of aorta, 552 
in pulmonary artery sling, 609, 610 
in pulmonary atresia with intact ventricular septum, 518-519, 

520, 521, 523 
in pulmonary hypertension, 465 
in pulmonic stenosis, 466, 469-471, 473 

supravalvar, 477, 478, 479 
right anterior oblique projection in, 2, 3 
in single ventricle, 447-448, 449, 450-453 
in subaortic stenosis, discrete membranous, 564, 566 
in tetralogy of Fallot, 491, 495-501 

with absence of pulmonary valve, 504, 508 
in tricuspid atresia, 526, 529-532 
in truncus arteriosus, 431, 433-435, 436 
in two-chambered right ventricle, 481, 482 
in ventricular inversion, isolated, 425 
in ventricular septal defect, 347, 352-353 

with aortic insufficiency, 358, 360 
Plasminogen activator, tissue, in clot lysis, 155 
Pleural effusion 

differential diagnosis of, 653 
in infective endocarditis, 242, 243 
pericardial effusion with, 653, 656 

Pneumopericardium, 661-662 
Polychondritis, relapsing, 252 
Polysplenia, 623, 624, 630, 635-637 

disorders with, 623, 634 

Polytetrafluoroethylene graft (Gore-Tex), in tetralogy of Fallot, 
501, 502 

Pompe disease, 260, 266 
Preinfundibular artery of Crainicianu, 115 
Premature infants, patent ductus arteriosus in, 359, 361, 362 
Pressures, intracardiac, normal, 292. See also Catheterization, 

cardiac 
Prinzmetal angina, 134, 137-138 

refractory, 138 
Prolapse of mitral valve, 231-240 
"Pruned tree" appearance of pulmonary arteries 

in atrial septal defect, 300 
in pulmonary hypertension, 22, 24, 465 

Pseudoaneurysm of left ventricle, 107, 108, 109, 145-146, 153 
compared to true aneurysm, 145, 152 

Pseudoarteriovenous fistula, coronary, 128, 131 
Pseudocoarctation of aorta, 552-555 
Pseudoprolapse of mitral valve, 239, 240 
Pseudoraphe, in aortic stenosis, 179-180, 183, 189 
Pseudotruncus arteriosus, 426, 430, 490-491, 496-497, 517 

collateral vessels in, 505 
differential diagnosis of, 435 

Pseudotumor, interlobar effusion in, 21, 23 
Pulmonary arteries. See also "Pruned tree" appearance of pulmo-

nary arteries 
abnormalities of, 609-617 
atresia with ventricular septal defect, 430, 435 
in double-outlet right ventricle, 510 
in hypoplastic left heart syndrome, 570, 572 
left 

aberrant, 609-610, 611 
absence in tetralogy of Fallot, 498-499 
origin from ascending aorta, 615-617 

in tetralogy of Fallot, 612, 615 
main 

communication with ascending aorta in aorticopulmonary 
window, 372-376 

dilatation of 
idiopathic, 473 
in pulmonic stenosis, 466, 469 

Doppler tracing in, 62 
in Marfan syndrome, 201, 203, 204 
origin of left coronary artery from, 159, 161-165 
transposition of. See Transposition of great arteries 
two-dimensional echocardiography of, 49 
in ventricular inversion, isolated, 422 

radionuclide angiography of 
in first-pass scanning, 78, 79 
in gated scan, 81 

right 
origin from ascending aorta, 612, 613, 614 
two-dimensional echocardiography of, 52, 53 

in single ventricle, 437, 447, 448 
in truncus arteriosus communis, 429-431, 438 

Pulmonary artery sling, 609-610, 611 
Pulmonary blood flow, effective, 292-293 

calculation of, 293 
Pulmonary valve 

absence in tetralogy of Fallot, 504--505, 508-509 
arc scan to tricuspid valve, 43 
atresia of, 516-525 

and intact ventricular septum, 517-525 
clinical features of, 517-518 
contrast studies in, 519, 520, 521, 522, 523, 524 
disorders with, 517 



echocardiography in, 518, 519 
hemodynamics in, 519 
plain films in, 518-519, 520, 521, 523 
postoperative findings in, 522, 525 
treatment of, 522 

and ventricular septal defect. See Pseudotruncus arteriosus 
bicuspid, 462, 502, 504 
in dextrotransposition of great arteries, 386, 387 
in double-outlet right ventricle, 510 
dysplastic, 462, 466, 471 
echocardiography of, 28, 30, 36 

in congenital heart defects, 28 
two-dimensional, 48, 49, 54 

in infective endocarditis, 244 
in levotransposition of great arteries, 409, 411, 413 
quadricuspid, 462, 466 
stenosis of, 462-473 

in absence of aortic valve cusp, 555 
balloon valvuloplasty in, 473, 476 
clinical features of, 466 
contrast studies in, 473, 475-476, 477 
disorders with, 466 
in double-outlet right ventricle, 510 
echocardiography in, 466, 467-468 
hemodynamics in, 473 
plain films in, 466, 469-471, 473 
pressure tracings in, 474 
single ventricle with, 440 
in tetralogy of Fallot, 490 
treatment of, 473 

Pulmonary vasculature, 2, 10--24. See also Pulmonary arteries; 
Pulmonary veins 

abnormal, 12-24, 609-617 
arteriovenous fistulas in, 14, 15 
decreased blood flow in, 14, 17-19. See also Undercirculation, 

pulmonary 
in hypertension 

arterial, 22, 24 
venous, 19-21 

increased blood flow in, 12-14. See also Overcirculation, pul-
monary 

normal, 2, 10--12 
steal syndrome, 14, 16 
variegated pattern of, 19 

Pulmonary veins 
anomalous return, 317-334 

clinical features of, 323-324 
common pulmonary vein in, 322-323, 324, 325, 329, 333 
contrast studies in, 325, 328, 332, 333 
to coronary sinus, 322, 330 
echocardiography in, 324, 327 
hemodynamics in, 325 
in left lung, 319 

total unilateral, 320--321, 322 
partial, 317-322 
plain films in, 324-325, 328-333 
in pulmonary sequestration, 322, 326-327 
in right lung, 317-319 
in scimitar syndrome, 319, 321-322, 323, 324, 325 
to superior vena cava, 322, 328, 329 
total, 322-323 

differential diagnosis of, 368 
obstruction in, 323, 333 

treatment of, 327, 334 

Doppler tracing in, 406 
varix in mitral insufficiency, 227, 229, 230 

Pulmonic stenosis 
infundibular, 473, 477 

dynamic, 473, 477 
fixed, 473 
ostial, 481, 503 
in tetralogy of Fallot, 490, 503 

peripheral,476-480 
subvalvar, 481-482 
supravalvar, 476-480 

clinical features of, 476 
contrast studies in, 477, 478-480 
echocardiography in, 476 
hemodynamics in, 477 
plain films in, 477, 478-479 
treatment of, 477 

Index 695 

valvar, 462-473. See also Pulmonary valve, stenosis of 
Pulsus paradoxus, in cardiac tamponade, 652 

Radiologic appearance of heart. See Plain films 
Radionuclide imaging. See Nuclear medicine 
Rastelli procedure 

in dextrotransposition of great arteries, 403 
in single ventricle, 453 

Refsum syndrome, 260 
Reiter syndrome, 252 
Resistance, vascular, 293-294 

pulmonary, 293 
in dextrotransposition of great arteries, 386, 392 
increased, 19-21 

systemic, 293 
Respiratory distress syndrome 

differential diagnosis of, 570, 573 
and patent ductus arteriosus, 359, 361 

Retrosternal clear space, 3 
obliteration of, 7 

Rhabdomyoma, 639-640, 641 
Rheumatic valvulitis, mitral insufficiency in, 226 
Rheumatoid arthritis, 252 
Rib notching, in coarctation of aorta, 542, 549 
Right atrium 

communication with left ventricle, 335-337, 338, 339 
cor triatriatum dexter, 532 
Doppler tracing in, 59 

in atrial septal defect, 68 
in ventricular septal defect, 66 

enlargement of, 7, 8 
in Lutembacher syndrome, 224, 225 
in mitral insufficiency, 227, 228 

in situs inversus, 621 
in situs solitus, 621 
two-dimensional echocardiography of, 48, 50, 52, 53, 54 

Right heart border, I 
Right heart obstruction, 291, 461-532 

in cor triatriatum dexter, 532 
in double-outlet right ventricle, 510--515 
in Ebstein anomaly, 483-490 
in pulmonary atresia, 516-525 
in pulmonary hypertension, 461-462 
in pulmonic stenosis 

subvalvar, 481-482 
supravalvar, 476-480 
valvar, 462-473 
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Right heart obstruction (cont.) 
in tetralogy of Fallot, 490-509 
in tricuspid atresia, 525-532 

Right-to-Ieft shunts, 291-292 
in Ebstein anomaly, 483 
indicator-dilution studies in, 294, 295 
in persistence of fetal circulation, 367, 368 
in pulmonary atresia with intact ventricular septum, 519, 522 
radionuclide angiography in, 102 
in right heart obstruction, 291 

Right-sidedness, bilateral, 623 
Right ventricle 

arrhythmogenic dysplasia of, 285 
Doppler tracing in, 61 

in ventricular septal defect, 66 
double-outlet, 510-515 

clinical features of, 510 
contrast studies in, 513, 515, 516, 517 
disorders with, 510 
Doppler tracing in, 513 
echocardiography in, 510-513 
hemodynamics in, 513 
and intact ventricular septum, 510, 517 
plain films in, 513, 514-515 
postoperative findings in, 518 
treatment of, 515 

echocardiography of, 33, 41 
two-dimensional, 50, 52, 53 

in function studies, 55 
endomyocardial fibrosis of, 283, 284 
enlargement of, 6, 7 

in coarctation of aorta, 541 
in mitral stenosis, 212, 218 
thallium-2ot scanning in, 85 

in isolated ventricular inversion, 422, 425 
outflow tract of 

aneurysm after tetralogy of Fallot repair, 504, 506 
arc scan across, from pulmonary valve, 43 
Doppler tracing in, 61 
echocardiography of, 28 

two-dimensional, 48, 49 
radionuclide angiography of 

in first-pass scanning, 78, 87 
in gated scan, 81 

in situs inversus, 290, 621 
in situs solitus, 621 
two-chambered (double chambered), 481, 482 
in Uhl anomaly, 286-287 

Rigler sign, 4 
Rings, vascular, 584 
Rubella embryopathy, 289, 476 
Rupture 

of heart, 145-147 
of papillary muscle, 154 
of sinus of Valsalva, into cardiac chamber, 334-335 
of ventricular septum, postinfarction, 147, 152, 154 

Saphenous vein bypass graft, 157-159 
stenosis of, 157, 159, 160 

Sarcoidosis, cardiomyopathy in, 284 
Scalloping 

of mitral valve leaflets, 235, 236 
in prolapse of valve, 237 

retrosternal, in coarctation of aorta, 542 

Schumacher procedure, in dextrotransposition of great arteries, 
403 

Scimitar syndrome, 319, 321-322, 323, 324, 325 
Scintigraphy. See Nuclear medicine 
Semilunar valves. See Aortic valve; Pulmonary valve 
Septal arteries, perforator, 115, 121 
Septal defects 

aorticopulmonary, 372-376 
atrial, 296-317 
ventricular, 342-351, 352-358 

Septal notch 
in criss-cross heart, 426 
in levotransposition of great arteries, 419 
in single ventricle, 448, 450, 452, 453 

Senning procedure 
in dextrotransposition of great arteries, 397, 403, 408 
in double-outlet left ventricle, 516 
in double-outlet right ventricle, 515 

Sequestration, pulmonary, 322, 326-327 
Shelf (shoulder) configuration 

in levotransposition of the great arteries, 413, 418 
in right atrial enlargement, 7 
in right ventricular enlargement, 7 
in truncus arteriosus, 431, 436 

Shone syndrome, 541, 564, 565, 575 
"Shoulder" configuration 

in levotransposition of great arteries, 413, 418 
in right atrial appendage displacement, 7, 9 
in single ventricle, 448 

Shunts 
bidirectional, 292 

in dextrotransposition of great vessels, 292-293, 396 
left-to-right, 291, 296-376 
right-to-Ieft, 291-292 

Single ventricle, 435-457 
clinical features of, 440-441 
contrast studies in, 449, 454-457 
disorders with, 440 
echocardiography in, 441-447, 448 
hemodynamics in, 448-449 
left ventricular type, 435, 437 
plain films in, 447-448, 449, 450-453 
postoperative findings in, 453 
pulmonic stenosis with, 440 
right ventricular type, 435, 437 
treatment of, 453 
undifferentiated, 435 
undivided or common, 435 

Sinus 
coronary, pulmonary venous drainage to, anomalous, 322, 330 
Valsalva, 111. See also Valsalva sinus 
venosus atrial septal defect, 298, 307 

Situs 
abdominal, 290 
ambiguus, 510, 517, 623, 624 
indeterminate, 623, 630 
inversus, 290, 620, 621 

criss-cross heart in, 426 
truncus arteriosus in, 431 
ventricular inversion in, 422 

solitus, 290, 383, 620, 621 
criss-cross heart in, 426 
truncus arteriosus in, 431 
ventricular inversion in, 422 

thoracic, 290 



Size of heart, 1 
in ischemic heart disease, 107 

Slings 
ductus arteriosus, 610--611 
pulmonary artery, 609-610, 611 

"Snowman" configuration, in total anomalous pulmonary venous 
return, 324, 328 

Speckling (sparkling) of myocardium, in amyloidosis and sar
coidosis, 284, 660, 661 

Spondylitis, ankylosing, 252 
Steal syndromes 

coronary, 143, 146-147 
pulmonary, 14, 16 
subclavian 

in coarctation of aorta, 541 
in interruption of aortic arch, 606 
in isolation of subclavian artery, 596 

Steidele complex, 605-608 
Stenosis 

aortic 
subvalvar 

discrete membranous, 561-564 
hypertrophic cardiomyopathy, 264-281 

supravalvular, 476, 556-558 
valvular, 179-190 

critical, in infancy, 558-561 
mitral valve, 203-219 

congenital, 575 
pulmonic. See Pulmonic stenosis 
subaortic, idiopathic hypertrophic. See Cardiomyopathy, hy

pertrophic 
tricuspid valve, 482-483 

Streptokinase, in coronary artery thrombus, 154-155 
Stroke volume, left ventricular, 142 
Subclavian arteries 

calcification in coarctation of aorta, 542, 548 
isolation of, and right aortic arch, 586, 596 
left 

aberrant, with right aortic arch, 586, 595 
two-dimensional echocardiography of, 52 

right, aberrant, with left aortic arch, 596-598, 599-600 
Subclavian steal syndrome 

in coarctation of aorta, 541 
in interruption of aortic arch, 606 
in isolation of subclavian artery, 596 

Syphilitic aortitis, 252 
Systolic anterior motion of anterior mitral leaflet, 269, 270, 272 

in dextrotransposition of great arteries, 386, 391. 
Systolic time intervals, in increased pulmonary artery pressure, 

55 

Takayasu arteritis, 252 
Tamponade, cardiac, 652, 658, 659 

echocardiography in, 653 
Taussig-Bing malformation, 510, 514, 60S 
Technetium-99m, 75 

dosage of, 77 
pertechnetate, 75 
pyrophosphate, 75 

myocardial infarction imaging with, 77, 93, 96 
Tetralogy of Fallot, 490--509 

and absence of pulmonary valve, 504-505, 508-509 
acquired, 343 
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and anomalous origin of left pulmonary artery from aorta, 
612, 615 

arc scan in, from aortic root across left ventricular outflow 
tract, 44 

barium esophagogram in, 491, 500, 501 
bicuspid pulmonary valve in, 462, 502, 504 
clinical features of, 491 
contrast studies in, 502, 503, 504, 50S 
defects with, 490-491 
echocardiography in, 491, 492-494 
hemodynamics in, 501-502 
noncyanotic, 491, 501 
plain films in, 491, 495-501 
postoperative findings in, 502, 504, 506-507 
pulmonary atresia with. See Pseudotruncus arteriosus 
and right aortic arch, 594 
treatment of, 502 
ventricular septal defect with, 490 

Thallium-201, 75-76 
dosage of, 77 
myocardial imaging with, 77 

circumferential profiles in, 92 
false negative scans in, 90 
false positive scans in, 90 
in ischemic heart disease, 89-90, 94-95 
lung/heart thallium ratio in, 90, 95 
normal apical cleft in, 82, 85 
normal heart in, 80, 82 
projections in, 84 
redistribution of thallium in, 88, 91 
in right ventricular hypertrophy, 85 

"Third mogul" 
in mitral insufficiency, 228 
in mitral stenosis, 209 

Thoracoabdominal discordance, 623, 629 
Three sign 

in coarctation of aorta, 542, 546 
in pseudocoarctation of aorta, 554 
reverse 

in coarctation of aorta, 542 
in pseudocoarctation of aorta, 554 

Thrombolytic agents, in coronary artery thrombus, 154-155 
Thrombus 

apical, two-dimensional echocardiography of, 53 
coronary artery, streptokinase lysis of, 154-155 
mural, in congestive cardiomyopathy, 259, 264 

Tracheobronchial tree, with situs solitus, 622 
Transposition of great arteries, 383-422 

criss-cross heart with, 426 
dextrotransposition, 292-293, 384-409 

atypical, 385, 422 
clinical features of, 386 
contrast studies in, 397, 398-402 
disorders with, 384 
echocardiography in, 28, 37, 386-391, 392 

postoperative, 386, 391, 392, 405-406 
two-dimensional, 54 

hemodynamics in, 396-397 
pathophysiology of, 384-386 
plain films in, 391-396 
postoperative studies in, 386, 392, 405-408 
subpulmonic stenosis in, 386, 390, 391, 397, 401, 402 
treatment of, 397, 403-409 
and tricuspid atresia, 525 



698 Index 

Transposition of great arteries (cont.) 
levotransposition, 409-422 

clinical features of, 410 
contrast studies in, 419-422, 423-424 
coronary arteries in, 409, 410 
disorders with, 409-410 
echocardiography in, 28, 38, 410-413, 414-415 
hemodynamics in, 419 
plain films in, 413, 416-419 
pulmonic stenosis with, 417 
treatment of, 422 
tricuspid valve in, 409, 410, 412, 413, 483, 525, 526 

magnetic resonance imaging in, 677, 678 
types of, 383, 385 

Treble-clef configuration of catheter, in patent ductus arteriosus, 
366 

Tricuspid valve 
accessory tissue in, 481 
arc scan to mitral valve, 43 
arc scan from pulmonary valve, 43 
atresia of, 525-532 

clinical features of, 526 
contrast studies in, 528, 529, 530, 532 
differential diagnosis of, 519, 522, 524 
disorders with, 525-526 
echocardiography in, 526, 527-528 
hemodynamics in, 526-528 
plain films in, 526, 529-532 
postoperative findings in, 532 
treatment of, 532 

Doppler tracing in, 60 
in valvular insufficiency, 67 

Ebstein anomaly of, 483-490 
echocardiography of, 32, 41 

two-dimensional, 48, 52 
in infective endocarditis, 244, 247, 248 
insufficiency of 

Doppler tracings in, 67 
mitral insufficiency with, 228 
radionuclide angiography of, 78, 79 

in levotransposition of great arteries, 409, 410, 412, 413, 483, 
525, 526 

magnetic resonance imaging of disorders, 677-678 
in pulmonary atresia with intact ventricular septum, 517, 518 
stenosis of, 482-483 

Trilogy of Fallot, 466 
Trisomy, 21, 466 

trisomy D (trisomy 13-15, Bartholin-Patau syndrome), 289 
trisomy E (trisomy 17-18), 289 
trisomy 21 (Down syndrome), 289, 303 

Truncus arteriosus communis, 426-435 
clinical features of, 431 
contrast studies in, 435, 438 
differential diagnosis of, 573 
echocardiography in, 431, 432 
hemodynamics in, 435 
plain films in, 431, 433-435, 436 
postoperative findings in, 435, 439-440 
treatment of, 435 
types of, 429-431 

Tumors. See Neoplasms of heart 
Turner syndrome, 7, 466 

Uhl anomaly, 286-287 
and pulmonary atresia with intact ventricular septum, 517 

Ulcer, coronary atherosclerotic, 133 
Ullrich syndrome, 466 
Ultrasound. See Echocardiography 
U ndercirculation, pulmonary, 14, 17-19 

bilateral or generalized, 14, 17 
in criss-cross heart, 428 
in dextrotransposition of great arteries, 392, 395 
overcirculation with, 19 
in pulmonary atresia with intact ventricular septum, 518, 520, 

521 
in pulmonic stenosis, 471 
in right heart obstruction, 291 
segmental, 19 
in tricuspid atresia, 529, 531 
unilateral, 18, 19 

Uremia 
pericarditis in, magnetic resonance imaging in, 678, 679 
pulmonary edema in, 21 

Urokinase, in coronary artery thrombus, 154 

Valsalva sinus, 111 
in aortic stenosis, 186 
in bicuspid aortic valve, 190 
in Marfan syndrome, 201, 204 
rupture into cardiac chamber, 334-335 

Valvular heart disease, 179-253. See also specific valves 
atresia 

aortic, 566 
pulmonary, 516-525 
tricuspid, 525-532 

endocarditis, infective, 241-251 
insufficiency 

aortic, 195-200 
mitral, 225-231 
tricuspid, 67, 78, 79, 228 

prolapse, mitral, 231-240 
radionuclide angiography in, 97-101 
stenosis 

aortic, 179-190 
critical, in infancy, 558-561 

mitral, 203-219 
pulmonic, 462-473 
tricuspid, 482-483 

Varix of pulmonary vein, in mitral insufficiency, 227, 229, 230 
Vascular resistance, 293-294 

pulmonary, 293 
in dextrotransposition of great arteries, 386, 392 
increased, 19-21 

systemic, 293 
Vascular rings, 584 
Vasculature 

coronary, 111-118 
pulmonary, 2, 10-12 

Vegetations, in infective endocarditis, 241-242, 244, 245, 246, 
247,248,251 

Vena cava 
inferior 

in atrial septal defect, 298 
echocardiography of, two-dimensional, 51 

superior 
in atrial septal defect, 298 
dilatation of, 7, 10 
Doppler tracing in, 59 
echocardiography of, two-dimensional, 53 



left, persistent, 298, 299 
pulmonary venous drainage to, anomalous, 322, 328, 329 
radionuclide angiography of, in first-pass scanning, 78 

Venous admixture. See Admixture lesions, venous 
Ventricles. See also Left ventricle; Right ventricle 

aneurysm in membranous septum, 345, 348-350 
asymmetrical hypertrophy of septum. See Cardiomyopathy, 

hypertrophic 
inversion of, 526 
single, 435-457 

Ventricular septal defect, 342-351, 352-358 
aortic insufficiency with, 351, 358, 359, 360 
in aortic valve cusp absence, 555 
atrioventricular canal type of, 303, 307, 316, 318, 342, 351 
clinical features of, 343-344 
coarctation of aorta with, 541 
contrast studies in, 347, 351, 354-358 
in dextrotransposition of great arteries, 386 
disorders with, 342-343 
Doppler tracings in, 66, 345 
in double-outlet right ventricle, 510 
echocardiography in, 344-347, 348, 349, 350, 351 
and Eisenmenger syndrome, 343-344 
of endocardial cushion type, 316, 319 
endocarditis in, 344 
hemodynamics in, 347 
in inlet portion, 303, 307, 316, 318, 342, 351 
in interruption of the aortic arch, 606 
in levotransposition of great arteries, 409, 410, 413 
magnetic resonance imaging in, 677 
malalignment in, 347 
in membranous portion, 335, 342, 343, 351, 354, 355 
natural history of, 343-344 
plain films in, 347, 352-353 
postinfarction, 147, 152, 154 
pulmonary atresia with, 426, 430, 435 
pulmonic stenosis with, 466 
radionuclide angiography in, first-pass, 97, 100 
spontaneous closure of, 343 
supracristal, 351, 356 

aortic insufficiency with, 358, 359 
in tetralogy of Fallot, 490 
in trabecular septum, 342, 343, 351, 358 
treatment of, 351 
in tricuspid atresia, 525 
in truncus arteriosus communis, 429 

Ventriculoarterial concordance, and atrioventricular discordance, 
385, 422, 425 

Ventriculoarterial discordance 
in dextrotransposition of great arteries, 384 
in double-outlet left ventricle, 515 
in levotransposition of great arteries, 409 

Ventriculography 
left, 139-154 

in anomalous origin of left coronary artery from pulmonary 
trunk, 161, 163 

in anomalous origin of left pulmonary artery from aorta, 
617 

in anomalous origin of right pulmonary artery from aorta, 
613 

in aortic stenosis, 186 
in infancy, 559, 560 

in aortic valve cusp absence, 557 
in aortico-Ieft ventricular tunnel, 555 
in aorticopulmonary window, 372, 375 

in atrioventricularis communis, 315-316 
catheters used in, 111 
in coarctation of aorta, 543, 544, 547 
in congestive cardiomyopathy, 262-263 
coronary arteriography with, 109 
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in coronary arteriovenous fistula, congenital, 341, 342 
in dextrotransposition of great arteries, 397, 399-400, 402 
in double-outlet right ventricle, 514, 517 
in endocardial cushion defects, 314, 315 
in endomyocardial fibrosis, 283 
in hypertrophic cardiomyopathy, 272, 276 
in hypoplastic left heart syndrome, 572 
in infective endocarditis, 248, 251 
in left ventricular-right atrial communication, 337, 339 
in levotransposition of great arteries, 423-424 
in mitochondrial myopathy, 277 
in mitral insufficiency, 227, 231 
in mitral valve prolapse, 238, 239, 240 
in mitral stenosis, congenital, 575, 576 
mitral valve leaflets in, 235-236 
normal findings in, 397 
in patent ductus arteriosus, 366, 367 
in persistence of fetal circulation, 368, 371 
in pseudoaneurysm of left ventricle, 145, 153 
in pseudocoarctation of aorta, 554 
in pulmonary atresia with intact ventricular septum, 524 
in subaortic stenosis, discrete membranous, 564, 565 
in tetralogy of Fallot 

with absence of left pulmonary artery, 499 
with absence of pulmonary valve, 509 

in tricuspid atresia, 528, 532 
in ventricular septal defect, 347, 351, 354-358 

of endocardial cushion type, 316, 319 
radionuclide 

in myocardial infarction, 96--97 
in regional asynergy at rest, 90, 95 

right 
in anomalous origin of left pulmonary artery from aorta, 

616 
in arrhythmogenic right ventricular dysplasia, 285 
in atrial septal defect, 302, 308 
in criss-cross heart, 429 
in dextrotransposition of great arteries, 397, 401 
in double-outlet right ventricle, 515, 516 
in Ebstein anomaly, 487, 488-489 
in enlargement of right ventricle, 7 
in hypoplastic left heart syndrome, 572 
in levotransposition of great arteries, 420-421 
in mitral and tricuspid insufficiency, 231 
normal findings in, 398 
in pseudotruncus arteriosus, 497 
in pulmonary atresia with intact ventricular septum, 520, 

521 
in pulmonic stenosis, 470, 472, 473, 475, 476, 477 

supravalvar, 480 
in tetralogy of Fallot, 502, 504 

with absence of left pulmonary artery, 499 
with absence of pulmonary valve, 509 
with infundibular pulmonic stenosis, 503 

in two-chambered right ventricle, 482 
in single ventricle, 449, 454-457 
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Ventriculoradial dysplasia, 297 
Visceroatrial situs abnormalities, 620-637 
Von Willebrand syndrome, 231 

Water-bottle appearance, in pericardial effusion, 653, 657 
Waterfall appearance 

in criss-cross heart, 428 

in levotransposition of great arteries, 413, 416 
in single ventricle, 448 

Waters ton anastomosis 
faulty, pulmonary blood flow in, 14 
in tetralogy of Fallot, 502 

pulmonary overcirculation from, 501 
Williams syndrome, 476, 556-558 
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