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Introduction

Anomalous origin of coronary arteries has been the subject of numerous stud-
ies trying to describe the embryology, anatomy, diagnosis, mechanism of 
myocardial ischemia, and treatment methods. With this book, the authors 
have focused their attention on such aspects and provided the most updated 
evidence and knowledge on coronary anomalies. However, the exact 
mechanism(s), the reasons for the occurrence of symptoms at a specific 
moment in life when the anomaly has always been there, and many other 
questions remain unsolved.

As is often the case, many discoveries are made by chance. During one 
such surgical procedure to correct an anomalous aortic origin of the coro-
nary artery, one (the?) mechanism of coronary flow limitation was revealed 
to us! These images have been forever impressed in the memory!

A young patient with anomalous origin of the left coronary artery from the 
right coronary sinus complained of typical anginal chest pain. Surgical cor-
rection was indicated. The patient was prepped and anesthetized; following 
the opening of the chest, the left coronary artery appeared pink and well per-
fused. The patient suddenly developed a hypertensive crisis with systolic 
blood pressure that reached 200 mmHg and a heart rate of 180 beats per min-
ute. On the monitor ECG there was evidence of Pardee waves (symmetric 
inversion of T waves), indicating acute ischemia. Suddenly the coronary 
artery appeared pale and collapsed, clearly hypoperfused. After normaliza-
tion of blood pressure and heart rate within a few minutes, the ECG ischemic 
alteration regressed and resolved. The left coronary artery regained its initial 
macroscopic appearance and was pink and of full caliber once again. It was 
under our eyes that the hypertension-induced aortic root dilatation caused (1) 
narrowing of the ostia of the anomalous coronary artery, which appeared slit-
like and, therefore, easily collapsible; (2) on the other hand, the adherence of 
the coronary artery to the aortic wall, because of the aortic root distension, 
caused the compression of the coronary segment between the ostium and the 
distal coronary segment (Fig. 1, left).



x

The AAOCA represents the third cause of sudden death in young athletes 
and often is not detected by routine screening. The effective rate of sudden 
death for AAOCA may be higher than what has been reported.

“We only see what we know!” Johann Wolfgang von Goethe
This is particularly true for AAOCA! Spreading the knowledge is then a 

must-do of our times in order to increase the detection of such anomalies and 
to reduce the burden of sudden death in particular in otherwise healthy young 
people!

Introduction
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From Embryology to Diseases
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1The Development of the Coronary 
Arteries

Robert H. Anderson, Timothy J. Mohun, 
and Deborah Henderson

 Introduction

Our aim with this chapter is to provide an account 
of the development of the coronary arteries so as 
to help in understanding the malformations that 
afflict them in the setting of congenital heart dis-
ease. Many, if not most, of the controversies that 
continue to surround their embryological devel-
opment are of limited significance when consid-
ered relative to the understanding of the variations 
found when the heart, or the coronary arteries 
themselves, are congenitally malformed. This is 
not to suggest that the knowledge of initial for-
mation of the coronary vasculature is itself insig-
nificant. On the contrary, it is vital to know how, 
and when, the endothelial linings of the develop-
ing vessels can first be identified, and whether 
they form by a process of angiogenesis or vascu-
logenesis. Knowledge of this early development, 
however, does not impact directly on understand-
ing how the developing epicardial coronary arter-
ies achieve their connection with the aortic root. 
Nor is it directly relevant to an appreciation of 
how the epicardial channels themselves extend so 

as to percolate through the so-called compact 
components of the ventricular walls. The manner 
of formation of the compact component of the 
ventricular walls remains controversial in itself. 
Those investigating the interaction between for-
mation of the coronary arteries and the develop-
ment of the compact portions of the ventricular 
walls have presumed that the compact layer is 
thinned in the presence of so-called “non- 
compaction” [1]. This is not the case. There is 
significant evidence to show that such “non- 
compaction” is better described in terms of 
excessive trabeculation [2]. As such, the presence 
of an extensive non-trabeculated meshwork is 
more likely to be an epiphenomenon rather than a 
discrete cardiomyopathy [2]. Irrespective of these 
potential disagreements, there can be no question 
that the mural coronary arterial circulation can-
not be established without the appropriate forma-
tion of the compact ventricular wall. Once the 
circulation is established, the capillaries are able 
to return to the arterial flow from the aortic root 
into the coronary venous system, and eventually 
back to the cavities of the heart itself. It is the 
manner of connection of the epicardial plexus to 
the aortic root that provides the understanding of 
lesions such as anomalous origin of the coronary 
arteries from the pulmonary trunk, or anomalous 
origin from an inappropriate aortic sinus. 
Understanding the abnormal arrangements found 
in the setting of either the hypoplastic left heart 
syndrome or pulmonary atresia with an intact 
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ventricular septum, in contrast, is dependent on 
the knowledge of how the ventricular walls are 
converted from the initial pattern, which is a 
meshwork of trabeculations, with minimal for-
mation of the compact mural component, to the 
situation in which it is the trabeculations which 
are of minimal significance. It is these two fea-
tures, therefore, namely the connection of the 
epicardial arteries to the aortic root and the 
 establishment of the ventricular mural circula-
tion, on which we concentrate our attention. We 
begin, nonetheless, with a brief overview of the 
ongoing discussions regarding the origins of the 
different components of the coronary arterial 
walls.

 Angiogenesis Versus 
Vasculogenesis

An elegant overview of this important topic, and 
its relevance to the understanding of the anat-
omy of both normal and abnormal coronary 
arteries, is provided in the document prepared 
by the Working Group on Cardiovascular 
Development of the European Society of 
Cardiology [3]. In that review, the authors base 
their analysis on the fact that the definitive coro-
nary arteries are formed on the basis of their 
endothelial lining. This endothelial scaffold is 
subsequently surrounded by the wall of vascular 
smooth muscle, which itself is encased in a 
fibrous matrix continuous with the external 
adventitial layer. It is the endothelial primordi-
ums that appear first during embryological 
development. And it is these components that 
continue to be the subject of debate with regard 
to angiogenesis as opposed to vasculogenesis. It 
was initially accepted that the overall coronary 
arterial endothelium was produced by angiogen-
esis [4]. This meant that new vessels were 
formed from pre-existing ones by a process of 
endothelial sprouting [5]. The initial “sprout” 
was presumed to grow out of the aortic root [4]. 
This notion fell from grace when it became 
accepted that the epicardial arteries, rather than 
sprouting out from the aorta, grew into the val-
var sinuses [6]. There is now much evidence, 

both molecular [7] and morphologic [8], to 
show that the initial arterial stems do, indeed, 
grow out from the aortic root to join with the 
developing epicardial vessels. But since the epi-
cardial channels themselves are present prior to 
the emergence of the aortic sprouts, it remains 
appropriate to question the notion that the entire 
vascular network, including the coronary venous 
system, is generated by angiogenesis from soli-
tary aortic primordiums. Indeed, much evidence 
has accrued to show that at least part of the 
endothelial network is formed by vasculogene-
sis [9]. In this latter process, it is presumed that 
angioblasts, which are the progenitors of the 
endothelial cells themselves, coalesce to form 
clusters, which then transform to become new 
vessels.

Irrespective of whether the endothelial linings 
are generated by vasculogenesis as opposed to 
angiogenesis, further debate has surrounded the 
origin of the endothelial cells themselves. 
Excluding the possibility that they all expand 
from original aortic sprouts [5], various investiga-
tors have suggested that they derive from the 
endocardial lining of the ventricular trabecula-
tions [10], the liver sinusoids [11], or the epicar-
dium [12]. Yet another theory has now achieved 
prominence. The channels, rather than sprouting 
from the aorta, are alleged to sprout initially from 
the systemic venous sinus. In this concept, the 
channels are then presumed to reprogram to 
become arterial rather than venous [13]. That the 
entirety of the coronary arterial network is derived 
by sprouting from the systemic venous sinus 
seems just as unlikely as that it would sprout from 
the aorta. And, if the initial channels are re-pro-
grammed to become arterial, a second parallel 
system will be required to form the veins. 
Subsequent molecular biological evidence, fur-
thermore, has questioned the unitary origin of the 
endothelial cells. In this regard, it has been shown 
that a subset of epicardial progenitors, at least in 
the murine heart, make endothelial contributions 
[14]. It has then been shown that parts of the net-
work, at least for the coronary arteries, are derived 
from the endocardial linings of the ventricular tra-
beculations [15]. Questions must now be posed 
regarding yet another piece of evidence advanced 

R. H. Anderson et al.
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in favour of the formation of arterial endothelium 
from ventricular endocardium. This concept pro-
posed that the endocardial cells became trapped 
during alleged coalescence of the ventricular tra-
beculations to form the compact parts of the ven-
tricular walls [16]. Since there is no evidence that 
the compact ventricular wall is formed by so-
called “compaction”, this final piece of evidence 
must now be questioned. Intertrabecular spaces, 
nonetheless, can become connected to the epicar-
dial coronary arteries when the heart is congeni-
tally malformed. There can be little question, 
therefore, but that the endothelial linings of the 
developing coronary arteries within the ventricu-
lar walls originate, at least in part, from epicardi-
ally derived cells. And, in abnormal situations, 
endocardial channels from the ventricular cavities 
can make direct connections with these mural 
coronary arteries, and thence with the major epi-
cardial coronary arteries.

In contrast to the debate regarding the origin 
of the endothelial lining of the coronary arteries, 
there is general agreement that the vascular 
smooth muscle is largely produced by epicardi-
ally derived cells. Molecular biological studies, 
nonetheless, have shown that not all the smooth 
muscle cells within the arterial walls are labelled 
by epicardially derived markers. Some of the 
myocytes in the arterial walls are derived either 
from the neural crest or from the second heart 
field [17, 18]. And significantly, it is the initial 
stems of the major coronary arteries as they origi-
nate from the valvar sinuses that have been shown 
to have an endothelial lining of neural crest ori-
gin [19]. The fibrous components of the arterial 
walls are almost certainly derived primarily from 
the epicardium [20], although the possibility 
remains that some fibroblasts could arise from 
bone marrow cells [21]. Combining all this data 
produces the notion that the coronary arterial net-
work is a developmental mosaic [3]. In terms of 
the understanding of malformed coronary arter-
ies, nonetheless, the key features are the connec-
tion of the epicardial coronary arteries to the 
aortic root, and the connection between the mural 
arterial vasculature and the epicardial arteries 
themselves. These processes, in turn, are inti-
mately linked with the formation of the compact 

components of the ventricular walls. It is an 
understanding of these processes, therefore, that 
is our primary focus.

 Development of the Human Heart

In their review of normal and abnormal coronary 
arteries [3], the Working Group of Developmental 
Pathology emphasises that much of our knowl-
edge of development is driven by experiments 
made using the mouse. Evidence from murine 
development now serves to confirm inferences 
that can be made when with regard to the mecha-
nism of connection of the epicardial coronary 
arteries to the aortic root [8]. When seeking to 
consider the relationship of developmental events 
to congenital cardiac malformations, however, it 
is important to concentrate on human cardiac 
embryonic development. The major changes 
span the fifth through the eighth week subsequent 
to fertilisation. These stages of development are 
usually described using the system developed at 
the Carnegie Institute, in the United States of 
America [22]. The key stages are those extending 
from 10 through 23. By Carnegie stage (CS) 13, 
when the embryo is around 32 days old, the ini-
tial heart tube has passed through the stage known 
as looping. It is then possible to observe the api-
cal components of the developing right and left 
ventricles, which are forming from the inlet and 
outlet parts of the ventricular loop. The develop-
ing atrial chambers at this stage open exclusively 
into the developing left ventricle, with the devel-
oping right ventricle supporting the entirety of 
the outflow tract. The outflow tract is serpentine. 
Its walls, significantly, are myocardial to its junc-
tion, at the margins of the pericardial cavity, with 
the aortic sac (Fig. 1.1). At this stage of develop-
ment, the ventricular walls are formed mostly by 
a meshwork of the trabeculations, with endocar-
dium encircling each of the individual trabecula-
tions. The compact layer of the ventricular walls 
is barely formed.

By CS 15, when the embryo is around 36 days 
old, the atrioventricular canal has expanded such 
that a direct connection is established between 
the right ventricle and the right atrium. The out-

1 The Development of the Coronary Arteries
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a

c

b

Fig. 1.1 The panels show frontal sections taken from 
three different human embryos at CS 13, which represents 
around 32  days of development subsequent to fertilisa-
tion. Panel A shows the ventricular loop, with the develop-
ing right ventricle supporting the outflow tract. Panel B is 
a section through the outflow tract, showing that its walls 

are myocardial to the margins of the pericardial cavity 
(white arrows with black borders). Panel C is a section 
through the atrioventricular canal, which is supported 
exclusively at this stage by the developing left ventricle. 
Note that the ventricular walls are made up mostly of tra-
beculations, with a very thin compact layer

R. H. Anderson et al.
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flow tract, nonetheless, remains supported exclu-
sively by the developing right ventricle. A 
significant change has taken place, however, with 
regard to the extent of its myocardial walls. The 
entirety of the developing right ventricle, includ-
ing the outflow tract, is known to be formed by 
migration of cells into the heart tube from the so- 
called second heart field. Additional cells con-
tinue to populate the arterial pole of the tube 
between CSs 13 and 15. Unlike the initial 
 migrations, the new cells are non-myocardial. 
They form the intrapericardial components of the 
arterial trunks [23]. At the same time, a protru-
sion extends from the dorsal wall of the aortic sac 
into the cavity of the distal outflow tract. This 
separates the newly formed non-myocardial 
component into the intrapericardial aorta and 
pulmonary trunk. By CS 15, the protrusion has 
fused with the distal margins of the mesenchymal 
cushions that themselves fuse to separate the 
remainder of the outflow tract (Fig. 1.2).

The cushions themselves are derived by a pro-
cess of epithelial-to-mesenchymal transforma-
tion within the cardiac jelly that extends 
throughout the outflow tract. Concomitant with 
the appearance of the non-myocardial walls to 
form the distal part of the outflow tract, the distal 
margins of the cushions regress towards the base 
of the developing right ventricle in parallel with 
proximal regression of the distal myocardial bor-
der. At the same time, swellings are formed at the 
proximal ends of the tongues of the non- 
myocardial tissues that are forming the parietal 
walls of the intrapericardial arterial trunks. These 
swellings, identified by Kramer as the interca-
lated valvar swelling [24], interpose between the 
parietal distal margins of the major cushions. In 
this way, they permit the recognition of the pri-
mordiums of the developing arterial root within 
the area that can now be nominated as the middle 
part of the outflow tract [23]. It is within this mid-
dle part that the distal outflow cushions, along 

a b

Fig. 1.2 The images show sections from the same human 
embryo at Carnegie stage (CS) 15, when the embryo is 
around 36 days old. Panel A is a section through the atrio-
ventricular canal, which has expanded to provide the right 
ventricle with its inlet component. The primary atrial sep-
tum is growing towards the canal, and will separate the 
right and left atrial chambers. Note that the ventricular 
walls continue to be formed primarily by a meshwork of 
trabeculations, with a thin compact component. Panel B 

shows the developing outflow tract, which is being sepa-
rated into the aortic and pulmonary channels. It now pos-
sesses three parts, with the middle part delineated by the 
extent of the so-called intercalated valvar swellings, 
which will form the non-adjacent leaflets of the aortic and 
pulmonary valves. In this image, only the pulmonary 
swelling is shown. The distal myocardial border has now 
regressed to the level of the junction between the distal 
and middle parts of the outflow tract

1 The Development of the Coronary Arteries
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a b

Fig. 1.3 The images show frontal sections from the same 
human embryo at Carnegie stage (CS) 17, when around 
40 days have passed subsequent to fertilisation. Panel A 
shows the developing aortic root, which has been sepa-
rated from the developing pulmonary root, which is shown 
in Panel B. Both roots remain supported by the developing 
right ventricle, and both are enclosed within the collar of 
the middle myocardium. The protrusion from the dorsal 

wall of the aortic sac has fused with the distal margins of 
the outflow cushions, which themselves have fused in the 
middle part of the outflow tract. The cushions, however, 
remain to fuse in the proximal outflow tract. The ventricu-
lar walls remain formed predominantly by trabeculations, 
with each trabeculation surrounded by its own endothelial 
sleeve. As yet, it is not possible to recognise any epicardial 
vascular channels

with the intercalated valvar swellings, remodel to 
produce the leaflets of the arterial valves. It is 
within this middle myocardial collar, further-
more, that we see the initial formation of vascular 
endothelial channels. Additional channels, none-
theless, form within the walls of the distal non- 
myocardial outflow tract. These distal vessels 
have been dubbed the “peritruncal plexus” [7]. 
The crown-like plexus formed with the myocar-
dial walls of the middle part of the outflow tract 
is discrete from the peritruncal plexus found 
within the distal outflow tract. Indeed, it is argu-
able that, so as to understand the relationships to 
congenital malformations, it is the fate of this 
middle part of the outflow tract that is the key to 
understanding.

The fusion of the protrusion formed from the 
dorsal wall of the aortic sac with the distal mar-
gins of the outflow cushions is the prelude to sep-
aration of the middle part of the outflow tract into 
the future aortic and pulmonary roots. This sepa-

ration can be seen by CS 17, when the embryo has 
passed through around 40 days subsequent to fer-
tilisation (Fig. 1.3). Subsequent to the fusion of 
the protrusion from the dorsal wall of the aortic 
sac with the distal margins of the outflow cush-
ions, the arterial roots are separated one from the 
other, but as yet there has been no remodelling of 
the distal margins of the cushions and the interca-
lated valvar swellings, which remain flush with 
the distal myocardial border. And it is the myocar-
dial border that marks the boundary between the 
middle part of the outflow tract and its distal non-
myocardial components. The ventricular walls at 
this stage, furthermore, remain formed predomi-
nantly by the meshwork of trabeculations. As yet, 
it is not possible to recognise any formation of 
vascular channels within the epicardial covering 
of the chambers, nor within the thin compact 
components of the ventricular walls. It first 
becomes possible to recognise the beginning of 
remodelling to produce arterial valvar leaflets at 
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a b

Fig. 1.4 The images are sagittal sections through a 
human embryo at Carnegie stage (CS) 19, when the 
embryo is almost 7  weeks old. Panel A shows a cut 
through the left side, showing the developing pulmonary 
root. Panel B is a higher-powered image through the dor-
sally located aortic root. The root remains aligned with the 
cavity of the right ventricle, but the proximal cushions by 
now have fused with each other to build a shelf, which 
connects the root with the cavity of the left ventricle. The 
fused proximal cushions are now myocardialising, and 

will eventually largely form the infundibulum of the right 
ventricle. The cushion shown in the image will fuse with 
the tubercles of the atrioventricular cushions to close the 
tertiary interventricular communication. The distal mar-
gins of the cushions are beginning to remodel to form the 
leaflets of the arterial valves, but remain encased in a col-
lar of the middle outflow tract myocardium. The ventricu-
lar walls, however, remain formed mostly by 
trabeculations. There is still no evidence of the formation 
of epicardial vascular channels

CS 19, when the embryo is almost 7 weeks old. 
Even at this stage, nonetheless, the middle part of 
the outflow tract remains encased almost exclu-
sively within its myocardial collar (Fig. 1.4). By 
this stage, the proximal outflow cushions have 
themselves fused, thus building a shelf in the roof 
of the right ventricle. This process creates a chan-
nel between the aortic root, which is still sup-
ported by the right ventricle, and the 
interventricular communication. A channel still 
persists, however, between the aortic root and the 
cavity of the right ventricle. The closure of this 
aorto-right ventricular channel, by tubercles 
derived from the atrioventricular cushions, serves 
to convert the interventricular foramen into the 
outflow tract for the left ventricle. The tubercles 
then become the membranous part of the septum. 
By this stage, the remodelling of the cushions and 
the intercalated valvar swellings, producing the 

leaflets of both arterial valves, is obvious 
(Fig. 1.4). Both arterial roots, nonetheless, remain 
largely encased within the turret of the middle 
outflow tract myocardium. And the ventricular 
walls remain largely trabeculated. Still there has 
been no formation of any epicardial vascular 
channels, nor arterial channels within the thin 
compact ventricular walls.

Only during CSs 21 and 22, when the embryo 
is at the beginning of the eighth week of develop-
ment, does it become possible to recognise the 
appearance of vascular channels. These are 
formed initially in the developing atrioventricular 
and interventricular grooves, but also in abun-
dance within the myocardial walls that continue 
to surround the middle part of the outflow tract 
(Fig.  1.5). The channels in the atrioventricular 
and interventricular grooves will form the major 
epicardial arteries. In addition to these endothe-
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a b

Fig. 1.5 The frontal sections are taken from a human 
embryo at Carnegie stage (CS) 21, when the embryo is at 
the beginning of the eighth week of development. It is at 
this stage that it first becomes possible to recognise the 
endothelial channels that will become the coronary arter-
ies. As shown in Panel A, the stem of the left coronary 
artery is emerging from the intrapericardial aorta. It is dis-
tal to the boundary with the developing aortic root. As 
shown in panel B, the tubercles of the atrioventricular 
cushions have fused to close the persisting communica-

tion between the aortic root and the right ventricle, even 
though the aortic root itself remains aligned with the cav-
ity of the right ventricle. It is now possible to recognise 
the endothelial channels that will become the major coro-
nary arteries, along with an extensive plexus within the 
myocardial walls that still enclose the middle part of the 
outflow tract. As yet, however, there has been minimal 
formation of the arterial walls of the valvar sinuses. The 
compact component of the ventricular walls, however, is 
now beginning the thicken

lial channels, an extensive circumferential plexus 
can now be recognised within the myocardial 
walls that continue to surround the middle part of 
the outflow tract. Although the distal cushions 
and swellings have undergone additional remod-
elling as they form the valvar leaflets, they still 
remain supported, in their larger part, by the 
myocardium of the middle part of the outflow 
tract. Significantly, however, endothelial chan-
nels can now be seen growing out of the aortic 
trunk just distal to the myocardial border. These 
channels form the main stems of the coronary 
arteries. The stem of the left coronary artery is 
recognisable in the embryo shown in Fig. 1.5. In 
another embryo in the Human Developmental 
Biology Resource (HDBR) archive, considered 
to represent CS 22, it is possible to recognise the 
stem of the right coronary artery. As with the 
stem of the left coronary artery shown in 

Fig. 1.5b, it arises from the intrapericardial aorta 
distal to the border of the myocardium surround-
ing the middle part of the outflow tract (Fig. 1.6).

CS 23 marks the end of the embryonic period 
of development, by which time the embryo is 
8 weeks old. By this stage, ongoing growth of the 
non-myocardial tissues permits recognition of 
the beginning of the formation of the arterial val-
var sinuses. At CS 23, however, the stems of the 
right and left coronary arteries remain at the level 
of the sinutubular junction. They take a transmu-
ral course within the adventitial lining of the 
developing sinuses merge before they merge with 
the major coronary arteries, which by this stage 
have developed from the circumferential plexus 
initially formed within the myocardial walls of 
the middle part of the outflow tract. Although the 
compact layer of the ventricular walls has begun 
to thicken, the trabecular meshwork remains 
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a b

Fig. 1.6 The sections are taken through the developing 
left ventricular outflow tract of a human embryo at 
Carnegie stage (CS) 22, in the eighth week of develop-
ment. Panel A shows the vascular channels that form the 
peritruncal plexus within the myocardial walls of the mid-
dle part of the outflow tract. Note the ongoing remodelling 

of the intercalated valvar swelling to form the non- 
adjacent leaflet of the aortic valve. Panel B shows how the 
stem of the right coronary artery is growing out of the 
intrapericardial aorta just distal to the myocardial border. 
It is extending to join with the endothelial channels of the 
peritruncal plexus

a b

Fig. 1.7 The sections are taken from a human embryo at 
Carnegie stage 23, which is at the end of the eighth week 
of development. Panel A shows an oblique cut through the 
right ventricle, the aortic root, and the pulmonary trunk. 
The stem of the left coronary artery can be seen taking an 

intramural course through the adventitial lining of the 
developing left coronary arterial sinus. Panel B is a mag-
nified view taken from the next serial section to the right. 
It shows that the opening of the artery, at this stage, is at 
the level of the developing sinutubular junction

prominent. Although the major epicardial coro-
nary arteries are recognisable within the atrioven-
tricular and interventricular grooves in the 
particular embryo representing CS 23  in the 

HDBR archive, there is still no evidence of the 
formation of arterial channels within the develop-
ing compact ventricular walls (Fig. 1.7). Although 
it was not possible to identify endothelial chan-
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Fig. 1.8 The image shows the short axis of the left ven-
tricle in a human embryo graded at Carnegie stage 22, 
which is in the eighth week of development. In this 
embryo, it is possible to recognise developing endothelial 
channels in both the interventricular grooves and the com-
pact walls. The trabeculations are diminishing in their 
thickness, while the compact wall is thickening

nels within the walls of the embryo shown in 
Fig. 1.7, which had been graded as CS 23, it was 
possible to identify the channels in another 
human embryo retained in the Hamilton archive. 
This embryo had been considered to represent 
stage 22 (Fig. 1.8). The mural channels had only 
an endothelial wall. The vessels developing 
within the interventricular grooves, in contrast, 
were duplicated. One of the channels in both 
grooves, furthermore, was developing a smooth 
muscular component as part of its walls.

 Evidence from Murine Development

At the moment, our access to human embryos is 
limited by the number of datasets available in the 
Human Developmental Biology Resource. Other 
datasets are in the process of preparation, and we 
anticipate being able to generate further informa-
tion regarding the fate of the vascular channels 
seen already at CS 22. In this regard, we will fur-
ther be able to assess the formation of the valvar 

sinuses as we prepare material from the early 
weeks of the foetal period of development. We 
are able, nonetheless, already to support our con-
cept of development on the basis of the availabil-
ity of a large number of murine embryos and 
foetuses prepared using the technique of epi-
scopic microscopy. In the mouse heart, the intra-
pericardial aorta becomes separated from the 
pulmonary trunk within the distal outflow tract at 
embryonic day 12.5. Embryonic day 13.5 in the 
mouse is the stage of beginning of closure of the 
embryonic interventricular communication, and 
hence comparable to CS 21  in humans. It is at 
this stage in the mouse that it becomes possible to 
identify the outgrowth of buds from the intraperi-
cardial aortic trunk. As in humans, the buds origi-
nate distal to the boundary between the distal and 
middle parts of the outflow tract (Fig. 1.9).

By embryonic day 14.5, which is the day on 
which the interventricular communication is 
closed in the mouse, the orifices of the coronary 
arteries are evident in all embryos. The orifice of 
the right coronary artery, however, remains distal 
to the developing sinutubular junction, while the 
orifice of the left coronary artery is typically 
found at the level of the junction (Fig. 1.10).

With ongoing development during the foetal 
period, there is further regression of the distal 
border of the myocardium covering the middle 
part of the outflow tract, with this regression 
accompanied by further development of the arte-
rial valvar sinuses. And, concomitant with the 
growth of the sinuses, the orifices of the coronary 
arteries are translocated so that, by embryonic 
day 15.5, they take their origin within the sinuses, 
proximal to the sinutubular junction (Fig. 1.11). 
At the same time, as was the case in the human 
heart, there is thickening of the compact compo-
nents of the ventricular walls, accompanied by 
reciprocal diminution in thickness of the trabecu-
lations. The trabeculations do coalesce to form 
the papillary muscles of the developing atrioven-
tricular valves (Fig. 1.12). In the right ventricle, 
the trabeculations also coalesce to form the sep-
tomarginal and septoparietal trabeculations, with 
one trabeculation becoming prominent as the 
moderator band.

R. H. Anderson et al.



13

a b

Fig. 1.9 The images are taken from the same three- 
dimensional dataset prepared from a mouse embryo at 
embryonic day 13.5. Panel A shows the origin of the bud 
of the right coronary artery distal to the boundary between 
the distal and middle parts of the outflow tract. Panel B 
shows the bud of the left coronary artery, again originating 

distal to the myocardial border, which is shown by the 
white arrows with black borders. The section showing the 
left coronary artery, however, has been taken to show its 
connection with the arteries developing from the peritrun-
cal plexus within the myocardial wall of the middle part of 
the outflow tract

a b

Fig. 1.10 The images are taken from a three-dimensional 
dataset prepared from a mouse embryo at embryonic day 
14.5. Panel A shows how, at this stage, the orifice of the 
right coronary artery remains distal to the developing 
sinutubular junction. The left coronary artery, as shown in 

panel B, connects with the aortic root at the level of the 
sinutubular junction, with the epicardial component of the 
artery within the myocardial wall of the middle part of the 
outflow tract
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Fig. 1.11 The images are from a dataset prepared from a 
mouse foetus at embryonic day 15.5. Both coronary arter-
ies have now been remodelled so as to arise within the 
valvar sinuses proximal to the sinutubular junction. These 

images show the origin of the right coronary artery, seen 
from the aspect of the right coronary aortic sinus in panel 
(a), and in cross-section in panel (b)

a b

Fig. 1.12 The images are four chamber sections through 
the ventricular mass of mouse foetuses at embryonic day 
15.5 (panel A) and 18.5 (panel B). They show how, subse-
quent to closure of the embryonic interventricular com-
munication at embryonic day 14.5, there is ongoing 

thickening of the compact layer of the ventricular walls, 
with diminution in the part made of trabeculations. The 
trabeculations themselves, whilst not coalescing to form 
the compact wall, do come together to form the papillary 
muscles of the atrioventricular valves
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 Comment

The evidence from both developing human and 
murine embryos shows that the key stages of 
development of the coronary arteries take place 
during the transition from the embryonic to the 
foetal stages. It is at these stages, representing 
CSs 19 through 23  in human development, and 
then continuing through the initial weeks of foe-
tal development subsequent to 8 weeks after fer-
tilisation, that there is closure of the embryonic 
interventricular communication. This is com-
bined with the transition during which the 
 ventricular walls change to have predominantly 
compact rather trabeculated walls. The compara-
ble changes in murine development take place 
during embryonic days 13.5 through 15.5. It is 
during these stages, furthermore, that the epicar-
dial coronary arteries achieve their connection 
with the aortic root. Over the same period, the 
arterial circulation is developed with compact 
ventricular walls.

The manner of connection of the epicardial 
coronary arteries with the aortic root has long 
been controversial. The process was initially sug-
gested to depend on the outgrowth of stems from 
the arterial roots. The stems, however, were 
alleged to sprout not only from the aortic sinuses, 
but also from the sinuses of the pulmonary root 
[25]. This notion was supplanted by the belief 
that the stems grew into the aortic root from the 
crown-like plexus formed within the middle part 
of the outflow tract [6]. The evidence is now 
overwhelming that the stems do, indeed, bud out 
from the aortic component of the outflow tract [7, 
8, 19]. Our morphological evidence, however, 
reveals that the stems grow out from walls of the 
intrapericardial aorta distal to the developing 
sinutubular junction. They can first be recognised 
prior to any formation of the arterial valvar 
sinuses. Only with the ongoing formation of the 
sinuses are the arterial orifices translocated to 
achieve their anticipated definitive positions 
proximal to the sinutubular junctions. Lack of 
such translocation provides an obvious explana-
tion for the frequent finding of distal origin of the 
coronary arteries relative to the sinutubular junc-
tion in otherwise normal hearts [26]. It is unlikely 

to be coincidental, furthermore, that the high ori-
gin of the left coronary artery is a frequent find-
ing in the setting of the aortic valve with two 
leaflets [27]. These findings point to an obvious 
relationship between maldevelopment of the 
arterial roots and abnormal origin of the coronary 
arteries. Further evidence in this regard is pro-
vided by the association of origin of the left coro-
nary artery from the pulmonary trunk with the 
persistence of the aortopulmonary foramen as an 
aortopulmonary window [28]. The latter finding 
then points to completion of separation of the 
intrapericardial trunks and arterial roots one from 
the other as underscoring appropriate budding of 
the coronary arterial stems. It has been suggested 
that this process might be guided by “aortic car-
diomyocytes” [7]. This term, however, is a con-
tradiction in itself. The walls of the arterial valvar 
sinuses contain smooth muscle cells, rather than 
cardiomyocytes. The aortic root does have myo-
cardium incorporated at the bases of the two 
sinuses that give rise to the coronary arteries. 
This myocardium is formed by the so-called 
“myocardialisation” of the outflow cushions. Its 
location at the bases of the aortic sinuses that 
usually give rise to the coronary arteries, none-
theless, could, be influential in determining the 
appropriate origin of the developing arterial 
stems. All three sinuses of the pulmonary root, 
however, are supported by comparable crescents 
of myocardium. Those arguing in favour of the 
role of “aortic cardiomyocytes” suggest that such 
cells are lacking in the pulmonary root [7]. This 
is manifestly not the case. The arterial stems, fur-
thermore, originate distal to the myocardial bor-
der. And, when first formed, they take an 
intramural course through the adventitial linings 
of the developing sinusal walls. Abnormal devel-
opment of the sinuses themselves, therefore, is 
more likely to be responsible for origin of one or 
other of the major coronary arteries from an inap-
propriate valvar sinus. Further studies on the 
mechanism of formation of the sinusal walls, and 
the incorporation of the coronary arterial orifices 
within the sinuses, will be required to resolve 
these issues.

The same goes for clarifying the morphogen-
esis of fistulous communications between the 
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ventricular cavities and the epicardial coronary 
arteries. Such fistulous communications can be 
found as isolated lesions [3]. Much more fre-
quently they are found as complicating malfor-
mations in the setting of hypoplasia of either the 
right or left ventricle when there is atresia of the 
arterial valve and an intact ventricular septum. 
When found in the setting of pulmonary atresia 
with an intact ventricular septum, the fistulous 
communications are most frequent when there is 
a so-called “unipartite” arrangement of the cav-
ity. This occurs when mural hypertrophy has 
overgrown the apical trabecular and outlet ven-
tricular components [29]. The finding implies 
that the insult responsible for the pulmonary atre-
sia occurred early in foetal development, but sub-
sequent to closure of the embryonic 
interventricular communication. When found in 
the setting of hypoplastic left heart syndrome, in 
contrast, the fistulous communications are found 
only in those phenotypes that include mitral ste-
nosis rather than mitral atresia [30]. In both 
instances, nonetheless, the arrangements are sug-
gestive that increased ventricular pressure is 
involved in creating the communications from 
the ventricular cavity, via the mural arterial circu-
lation, to the epicardial coronary arteries, with 
the latter vessels then frequently becoming 
ectatic. Further investigations on the timing and 
mechanisms of formation of the mural arterial 
channels will be required to resolve these issues.
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2Congenital Anomalies of Coronary 
Arteries: Anatomy, Embryology 
and Risk of Sudden Death

Stefania Rizzo, Cristina Basso, Michela Muriago, 
and Gaetano Thiene

 Anatomy of Coronary Arteries 
with Historical Notes

Arturo Banchi, assistant in anatomy to Prof. 
Chiarugi in Florence, published in 1903 the paper 
entitled “Morfologia delle arteriae coronariae 
cordis” (Fig. 2.1), first introducing the concept of 
coronary arterial patterns [1] (Fig. 2.2).

 (a) Right dominant when the right coronary 
artery gives origin to the posterior descend-
ing artery (“branch of the posterior longitu-
dinal groove”) and branches to the posterior 
wall of the left ventricle.

 (b) Left dominant when the posterior descend-
ing coronary artery and branches to the pos-
terior left ventricular wall take origin from 
the left circumflex artery (“circumflex 
branch”).

 (c) Balanced when the posterior descending cor-
onary artery takes origin from the right 
 coronary artery whereas branches to the pos-

terior left ventricular wall originate from the 
left circumflex artery.

At that time, the cause of myocardial infarc-
tion, by sudden coronary thrombotic occlusion, 
was not yet established. Nowadays, we are well 
aware of how much important is the coronary 
arterial pattern for the site and extension of myo-
cardial infarction (“infarct related artery”). 
Moreover, among Bianchi’s drawings, a coronary 
arterial branch called “right atrial branch” is well 
evident, arising from the right coronary artery in 
right dominant pattern and from the left circum-
flex artery in the left dominant pattern. We know 
that it is the artery for the sino-atrial node, which 
at that time had not been yet discovered as the 
cardiac pacemaker.

The variability of coronary artery network 
was confirmed with post-mortem casts by Giorgio 
Baroldi. His book, published in 1967, is known 
as the “Bible” of the anatomy and pathology of 
coronary arteries [2] (Fig. 2.3).

Overall, these information, deriving from 
research of anatomists and pathologists, would 
have become fundamental for the development of 
in  vivo diagnosis, invented by Mason Sones at 
the Cleveland Clinic (Fig. 2.4) in 1962 by coro-
nary angiography [3] and followed by surgical 
therapy of coronary artery disease, with aorto- 
coronary by-pass with saphenous vein by Renè 
Favaloro in 1967 [4] (Fig. 2.5).
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Fig. 2.1 Title page of 
Dott. Banchi paper

a b

c d

Fig. 2.2 The original drawings of coronary artery patterns. (a, b) Right dominance and (c, d) left dominance. From 
Banchi A [1]
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a b

c d

Fig. 2.3 Postmortem casts of coronary arteries. (a) Left coronary artery anatomy, (b) dominant right pattern, (c) domi-
nant left pattern, and (d) balanced pattern. From Baroldi G et al. [2]
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Fig. 2.4 Mason Sones (1918–1985), the inventor of selective coronary angiography (1962)

RITA ligated

Radial-artery graft from
aorta to diagonal
coronary artery

Saphenous-vein graft
from aorta to RCA

In situ graft from
LITA to LAD

Composite RITA
graft from LITA

graft to circumflex
coronary artery

Fig. 2.5 René Favaloro (1923–2000). The inventor of aorto-coronary bypass with autologous saphenous vein (1967)

 Embryology of Coronary Arteries

Both subepicardial coronary arteries (CAs) and 
veins derive from epicardial cells [5, 6].

Their development begins with the forma-
tion of a plexus-like vasculature, located in 
the subepicardium, which invades the myo-
cardium and develops small vessels and 
capillaries.

Earlier, the myocardial blood supply origi-
nated directly from the ventricular cavities 
through the intertrabecular spaces lined by endo-
cardium (Fig. 2.6a). This source of blood to the 
primitive spongy myocardium disappears with 
the myocardial compaction (Fig.  2.6b). At this 
point, the whole intramyocardial vascularization 
consists of vessels with endothelium derived 
from the subepicardium [6–8].
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a b

Fig. 2.6 Embryology of the myocardium. (a) Spongy 
myocardium with blood supply deriving directly from the 
endocardium of the ventricular cavities. (b) The myocar-

dium becomes compact, with blood supply deriving from 
the subepicardial vasculature

Fig. 2.7 Origin of coronary arterial stems from the peritruncal epicardial ring

The origin of both CAs and veins, whether 
intra- or extramural, is similar. Their definitive 
identity and function depend upon the connec-
tion, arteries with the aorta, and veins with the 
sinus venosus.

A subepicardial network of cells surrounds the 
orifices of the great arteries (peritruncal ring) and 
eventually connects with the facing aortic sinuses 
[5, 9] (Fig.  2.7). The question is whether the 
development of CAs origin is a matter of ingrowth 
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or outgrowth [10]. There are two hypotheses to 
explain the connection.

The first is the outgrowth hypothesis, namely, 
the development of sprouts or buds from the aor-
tic wall of facing sinuses, capturing the  peritruncal 
ring of coronary subepicardial arterial vascula-
ture [5, 11] (Fig. 2.8).

The second developmental hypothesis is sup-
ported by the observation that the prongs of the 
peritruncal ring penetrate the aortic wall and 
make contact with the endothelial lining of the 
aorta [9, 10] (Fig. 2.9).

Until the late 1980s, it was thought that CAs 
entirely derived from an aortic endothelial out-
growth that would expand to form the complete 
coronary system, including coronary veins. Further 
research in avian models partially argued against 
this, demonstrating that CA endothelial cells do not 
bud from the aortic root, but instead grow into the 
aortic wall from the aortic peritruncal plexus to 
connect to the systemic circulation, most likely 

under the guidance of vascular endothelial growth 
factor (VEGF) and periaortic cardiomyocytes. At 
least part of the early arterial coronary vascular sys-
tem forms through a process of vasculogenesis 
with subsequent fusion of endothelial cell clusters 
to form new blood vessels [12, 13].

Recent investigations confirmed that the prox-
imal CAs do not grow from the aorta. In the con-
trary, they develop from the peritruncal ring of 
the subepicardial vascular plexus [14, 15] pene-
trating into the aorta.

Septation of the arterial pole of the heart 
(42  days in the human embryo) precedes the 
appearance of coronary ostia when cells from the 
peritruncal ring migrate into the aortic root. 
Septation therefore cannot be responsible for the 
final position of coronary orifices.

Formation of the left CA precedes the 
right CA.

Moreover, unlike from the tunica media of the 
ascending aorta, the tunica media of the CAs 
does not derive from the neural crest.

Cellular cross-talks and signaling pathways 
take place (notch and hippo signals, transcription 
factors, angiogenic molecules, and apoptosis) 
[16–20]. VEGF plays a crucial role in the devel-
opment of coronary ostia and main stem forma-
tion [14]. Absence of VEGF was shown to inhibit 
ostia formation. Epicardial inhibition, reducing 
apoptotic remodelling at the ventricular-arterial 
junction, alters vascular connection with the 
aorta and may produce CA anomalies equal to 
those observed in humans [21].

Why the primitive subepicardial coronary 
arterial vasculature tends to connect with the fac-
ing aortic sinuses, instead of facing pulmonary 
sinuses, is still a mystery. The explanation cannot 
be the posterior position of the aorta since in 

Fig. 2.8 The hypothesis according to which sprouts or 
buds arise from the facing aortic sinuses and make contact 
with the subepicardial coronary vasculature

a b c d e

AO
CA

NOT SEEN
PR

Fig. 2.9 Ingrowth 
Developmental Hypothesis 
with cells of the peritruncal 
ring penetrating the aortic 
wall. (a–e) show the 
progression of the ingrowth of 
epicardial cells trouth thye 
aortic wall until the 
endocardium
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LEFT CORONARY
AORTIC SINUS

(LEFT POSTERIOR)

SINUTUBULAR
JUNCTION

RIGHT CORONARY
AORTIC SINUS

(ANTERIOR)

NON-CORONARY
AORTIC SINUS

(RIGHT POSTERIOR)

Fig. 2.10 The topographical variability of coronary artery orifices in normal hearts. From Muriago M. et al. [32]

a

b

Fig. 2.11 (a) The right coronary artery orifice (arrow) is 
just above (2 mm) the sino-tubular junction, within nor-
mal limits. (b) The right coronary orifice (arrow) is well 
above the sino-tubular junction (10 mm), over the thresh-
old of normal limits. From Thiene, G., Corrado, D., Basso, 
C. (2016). Coronary Artery Disease. In: Sudden Cardiac 
Death in the Young and Athletes. Springer, Milano. https://
doi.org/10.1007/978- 88- 470- 5776- 0_3

transposition of the great arteries (TGA), where 
the aorta is anterior, the CAs regularly arise from 
the facing sinuses of the aorta. Indeed, an anoma-
lous origin of a coronary artery from the posterior 
pulmonary artery in TGA is quite rare [22, 23].

 Coronary Artery Anomalies

The incidence of reported coronary artery anom-
alies is [15, 24–29]

• 0.17% in autopsy,
• 1.2% in coronary angiography, and
• 0.17% in echo series.

Ogden [30] distinguished major anomalies, 
like coronary artery origin from the pulmonary 
artery, and minor anomalies, such as high take 
off, single coronary artery, and origin from a 
wrong coronary sinus. However, this classifica-
tion turned out to be untenable, since even some 
Ogden “minor” anomalies were proven to be life- 
threatening as well.

Familial clustering of coronary artery anoma-
lies has been sporadically reported [31]. It does 
not exceed the rate of recurrence in siblings and 
off-springs of other congenital heart diseases 
and, as such, they cannot be considered a 
Mendelian disorder.

There is a large spectrum of coronary artery 
anomalies, from variants of normal without func-
tional significance to real morbid entities at risk 
of myocardial infarction and sudden death.

 (a) Variants of normal

• High take off from the aortic root with 
coronary ostium located less than 2.5 mm 
above the sino-tubular junction [32, 33] 
(Figs. 2.10 and 2.11).
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Fig. 2.12 The first 
historical description of 
myocardial bridge made 
in 1834 by Leopoldo 
and Floriano Caldani, 
Professors of Anatomy 
at the University of 
Padua

Fig. 2.13 Double left anterior descending coronary 
artery

• Myocardial bridge with a short, not deep 
intramural course of a coronary artery 
branch (mostly descending coronary 
artery), observed in 30% of individuals 
[33–38] (Fig. 2.12).

• Separate origin of the left anterior descend-
ing and left circumflex arteries, in the 
absence of left coronary trunk [33, 39].

• Double left anterior descending coronary 
artery [2, 33] (Fig. 2.13).

• Left anterior descending coronary artery 
taking origin from the right coronary 
artery and crossing the pulmonary infun-
dibular, at risk during surgical infundibu-
lotomy [39].

 (b) Uncertain morbid significance

• High take off-ostium located >2.5  mm 
from the sino-tubular junction [40, 41] 
(Fig. 2.14)

• Origin of the right coronary artery from 
the left sinus

• Single coronary artery (Fig. 2.15)
• Valve-like ridge in front of a coronary 

ostium [42] (Fig. 2.16)
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• Short and superficial myocardial bridge in 
HCM [43–47] (Fig. 2.17)

• Congenital coronary aneurysm

 (c) Anomalies at risk of sudden death (as sole 
explanation of fatal outcome)

• Origin from the pulmonary artery [48, 49] 
(Fig. 2.18)

• Origin of the left coronary artery from 
wrong right aortic sinus [50–55] 
(Fig. 2.19)

Fig. 2.14 High take off

a

c

b

Fig. 2.15 Single right coronary artery. (a) Drawing of gross picture (b) and (c). AO aorta, PA pulmonary trunc, RA right 
atrium, SCV superior caval vein
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ba

Fig. 2.16 Valve-like ridge obstructing the left coronary ostium. (a) gross view; (b) histology, Azan-Mallory stain

a

c

b

Fig. 2.17 The heart of a boy with Hypertrophic 
Cardiomyopathy. A cross-section of the heart (a) remark-
able asymmetric septal hypertrophy (25-mm septal thick-
ness vs 7-mm thickness of the left ventricular free wall); 
in the center is a dark red area. (b) the anterior view of the 
heart. The proximal middle tract of the left anterior 

descending coronary artery show a deep and long intra-
mural course. The region of the first and second septal 
perforators corresponds to the location of the myocardial 
bridging. A panoramic histologic view (c) shows coagula-
tion and reperfusion necrosis of the septal myocardium 
(trichrome–Heidenhain stain). From Gori F et al. [47]
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Fig. 2.18 Origin of the left coronary artery from the pul-
monary artery. From Thiene, G., Corrado, D., Basso, C. 
(2016). Coronary Artery Disease. In: Sudden Cardiac 

Death in the Young and Athletes. Springer, Milano. https://
doi.org/10.1007/978- 88- 470- 5776- 0_3

• Myocardial bridge, deep >5  mm, long 
>2.5 cm with a myocardial circular sleeve 
with disarray [56, 57] (Fig. 2.20)

• Left circumflex from right sinus coronary 
artery, with retro-aortic course [56, 58, 
59] (Fig. 2.21)

• Coronary ostia sequestration [60] 
(Fig. 2.22).

• Coronary fistula
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Aortic valve

Circ

Rt cor

Pulmonic valve

Fig. 2.19 Origin of the left coronary artery from the 
wrong right aortic sinus. From Thiene, G., Corrado, D., 
Basso, C. (2016). Coronary Artery Disease. In: Sudden 

Cardiac Death in the Young and Athletes. Springer, 
Milano. https://doi.org/10.1007/978- 88- 470- 5776- 0_3
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a b

Fig. 2.20 Myocardial bridge with deep intramural 
course: the coronary segment is completely surrounded by 
a myocardial sleeve. Gross (a) and histological views (b). 
Azan Mallory stain. From Thiene, G., Corrado, D., Basso, 

C. (2016). Coronary Artery Disease. In: Sudden Cardiac 
Death in the Young and Athletes. Springer, Milano. https://
doi.org/10.1007/978- 88- 470- 5776- 0_3

LCX

RCA

LAD

LCX

RCA

LAD

a b

Fig. 2.21 LCx from RCA (a) Diagram with origin of the 
left circumflex artery from the right coronary artery and 
retro-aortic course. From Roberts [39]. (b) Gross view of 
the aortic root. Arrow indicates the retro-aortic course of 
the anomalous left circumflex artery. From Thiene, G., 

Corrado, D., Basso, C. (2016). Coronary Artery Disease. 
In: Sudden Cardiac Death in the Young and Athletes. 
Springer, Milano. https://doi.
org/10.1007/978- 88- 470- 5776- 0_3
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a b

Fig. 2.22 Coronary ostia sequestration in Williams syndrome

 Coronary Artery Anomalies 
and Sudden Cardiac Death

Coronary artery anomalies account for a signifi-
cant burden of sudden cardiac deaths in the 
young and particularly in athletes [61–70]. Of 75 
consecutive cases of sudden death in athletes, 
studied pathologically in the time interval 1981–
2014  in the Veneto Region, Italy, 12 (16%) 
(Fig. 2.23) were ascribed to congenital malfor-
mations of coronary arteries, either of origin or 

course [71]. They represent the third morbid 
entity as the sole explanation of the fatal out-
come, following arrhythmogenic cardiomyopa-
thy (27%) and  coronary atherosclerosis (24%). 
Clearly, their detection at pre-participation 
screening for competitive sports eligibility plays 
a fundamental role in sudden death prevention 
[72]. It represents a great challenge, since it 
requires clinical imaging, ECG (both 12 leads 
basal and stress test) having a scarce sensibility 
to raise the suspicion.

S. Rizzo et al.
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Sudden Cardiac Death in Athletes
Veneto Region, Italy, 1981-2014 total n. 75

normal heart
PE 10%
1%

cond system
 7%

aortic dissection
1%

CAD, ATH 24%

mvp
3%

DCM
1% myocarditis

4%
HCM
5%

CCA
16%

A(RV)C
27%

Fig. 2.23 Causes of Sudden Cardiac Death in 75 ath-
letes, Veneto Region Registry, Italy (1981–2014). 
Coronary artery anomalies accounted for 16% of cases. 
A(RV)C arrhythmogenic right ventricular cardiomyopa-

thy, CAD coronary artery disease, ATH atherosclerosis, 
CCA congenital coronary anomalies, DCM dilated cardio-
myopathy, HCM hypertrophic cardiomyopathy, mpv 
mitral valve prolapse, PE pulmonary embolism

 Causal Relationship Between 
Coronary Artery Anomalies 
and SCD

According to the autopsy guidelines for the study 
of SCD cases of the Association for European 
Cardiovascular Pathology [73, 74]:

 1. Only the origin from the pulmonary trunk 
should be considered as a certain cause of 
SCD.

 2. The origin of left coronary artery from the 
opposite wrong right sinus of Valsalva has 
been classified as a highly probable cause of 
SCD.

 3. Other forms (right from left sinus, left circum-
flex from right sinus and retro-aortic course, 
high take off, and myocardial bridging) are 
classified as uncertain cause.

 4. If uncertain, in the absence of other structural 
abnormalities, molecular investigation 
together with family genetic study cascade 
should be carried to rule out pathogen muta-
tions for channelopathies.
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3Normal Coronary Flow Physiology

Carlo Trani, Cristina Aurigemma, and Filippo Crea

 Introduction

The heart is the unique organ responsible for pro-
viding its own blood supply through the coronary 
circulation. Regulation of coronary blood flow is 
quite complex and, after over 100 years of dedi-
cated research, is understood to depend on multiple 
mechanisms that include extravascular compres-
sive forces (tissue pressure), coronary perfusion 
pressure, myogenic, local metabolic, endothelial as 
well as neural and hormonal influences [1]. Each of 

these determinants can have a profound influence 
on myocardial perfusion, largely through effects on 
end- effector ion channels and collectively modu-
late coronary vascular resistance and act to ensure 
an adequate refueling of oxygen and substrates. 
Owing to the limited anaerobic capacity of the 
heart, coronary vascular resistance is continuously 
regulated to deliver sufficient quantities of oxygen 
to meet any change in the demand of surrounding 
myocardial tissue (Fig. 3.1).
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Fig. 3.1 Determinants 
of coronary blood flow

Fig. 3.2 The main anatomic features of the coronary 
circulation

 Physiology of Myocardial 
Blood Flow

The coronary circulation is divided into three 
compartments, the large epicardial conduit ves-
sels (proximal compartments with vessels range 
from 5.0 to 0.5 mm), the prearterioles (intermedi-
ate compartments with vessels range from ≈500 
to 100  μm) and the arterioles (distal compart-
ments with vessels diameters <100  μm) (Fig. 
3.2). The conduit vessels exert little resistance to 
flow, indeed resistance to flow progressively rises 
in prearterioles and arterioles. The vasomotor 
actions of the prearterioles are independent of 
diffusible myocardial metabolites, but are more 
responsive to changes in flow (in proximal prear-
terioles, 500–150 μm) and in pressure (in distal 
prearterioles, 150–100 μm). Instead, the tone of 
arterioles depends on substances produced by the 
surrounding cardiac myocytes, representing the 
place of metabolic regulation of coronary flow 
[2]. Flow across the myocardium largely depends 
on the pressure gradient between the aortic root 
and the right atrium (the “coronary driving pres-
sure”). Under normal conditions, the driving 
pressure is fully maintained along the epicardial 
conduit vessels with little if any pressure loss in 
the distal epicardial arteries. However, intra-cor-
onary pressures decline along the microvascula-
ture (with most of the pressure dissipating in the 
300–100 μm diameter vessels) until reaching a 
pressure of 20–30 mmHg, still adequate to main-

tain a gradient across the capillaries. Extravascular 
resistive forces, that are directly related to the left 
ventricular systolic pressure, the contractile state 
of the myocardium, and the heart rate, represent 
additional determinants of the resistance to flow. 
The interaction between intra-coronary driving 
pressure and microvascular resistance is coordi-
nated by auto-regulatory mechanisms in order to 
maintain adequate flow across the capillaries. 
The flow is mathematically described in the vas-
cular system as a correlate to Ohm’s Law 
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(Flow  =  ΔPressure/Resistance). Therefore, 
through this regulatory mechanism, defined “cor-
onary autoregulation”, decreases in driving pres-
sure are compensated by decreases in resistance 
and conversely, increases in driving pressure by 
increases in resistance, so that flow remains con-
stant for a given cardiac workload. This regula-
tory mechanism operates within the range of 
physiologic arterial pressures (60 and 200 mmHg) 
but fails during hypotension when flows become 
strongly dependent on the driving pressure [3].

The specifics of metabolism-perfusion match-
ing are unique in the coronary circulation 
because of the continuous pumping and high 
workload of the heart. Based on a constantly 
functioning contractile machine, the heart dem-
onstrates the highest per gram oxygen consump-
tion of any organ (~50–100 μL O2/min/g) and, as 
such, extracts ~70–80% of delivered oxygen 
even under resting conditions (coronary venous 
PO2  ~  18–20  mmHg), unlike skeletal muscle 
which utilizes only ~30–40% of delivered oxy-
gen at rest (venous PO2 ~ 40 mmHg) [4]. This 
high extraction percentage results in a system 
that is almost completely dependent on the deliv-
ery of blood to the tissue as enhancements to 
extraction are rather limited. Therefore, coro-
nary vascular tone must be constantly modulated 
to ensure adequate myocardial perfusion. This 
point is evident in examination of coronary 
responses to a variety of physiologic perturba-
tions including alterations in metabolism, perfu-
sion pressure, arterial oxygen content, and/or a 
transient coronary artery occlusion. These well-
established phenomena clearly illustrate the 
tight coupling between coronary blood flow and 
myocardial oxygen consumption (MVO2) in 
response to exercise. Indeed, in non-diseased 
coronary vessels, whenever cardiac activity and 
oxygen consumption increase there is an increase 
in coronary blood flow that is nearly proportion-
ate to the increase in oxygen consumption (func-
tional hyperemia) [5]. Coronary blood flow 
analogously increases in response to the repay-
ment of “oxygen- debt” occurring following the 
interruption of myocardial oxygen, such as a 
transient coronary artery occlusion (reactive 
hyperemia) [6]. Work-related flow increases are 

initiated by a metabolically mediated decrease in 
microvascular resistance, involving adenosine 
and causing vascular smooth muscle relaxation 
[7]. The resulting flow is augmented by 
endothelium- dependent factors; higher flow 
velocities exert greater shear stress upon the 
endothelium with stimulation of the endothelial 
nitric oxide synthase (eNOS) and release of the 
smooth muscle- relaxing nitric oxide (NO). In 
this scenario, endothelial cells closely interact 
with vascular smooth muscle cells in order to 
adjust the vessel diameter to changes in flow 
velocities (“flow- mediated dilation”), both at the 
level of the microvessels and the epicardial con-
duit vessels.

In the majority of organs, the compressive tis-
sue force is constant and therefore its contribu-
tion to the pressure gradient is only minimal yet 
consistent. Instead, the pattern of flow in the 
coronary vascular system is more complex due to 
the periodicity of contractions in the heart and 
tremendous compressive forces of the myocar-
dium. Coronary vascular flow is described as 
phasic flow in that the compressive forces of sys-
tole counteract the driving force for flow in the 
coronary circulation and, therefore, the majority 
of anterograde blood flow to the left ventricle 
occurs during diastole (Fig. 3.3) [8]. The physio-
logic interaction between myocardial contraction 
and the phasic nature of coronary flow is further 

Fig. 3.3 Phasic trace of coronary blood flow
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Fig. 3.4 Schematic cross-section of the myocardial wall at end-diastole and end-systole. (Figure modified from Bell 
JR, Fox AC. Pathogenesis of subendocardial ischemia. Am J Med Sci. 1974; 268:3–13)

complicated by the disparity in compressive 
forces across the wall of the left ventricle, as 
described in the early 1950s by Rushmer [9]. The 
greatest degree of vascular compression is found 
in endocardial layers, with little if any compres-
sive force at the level of the epicardium (Fig. 3.4). 
This disparity leads to a reduced blood flow in 
endocardial tissue during systole as the compres-
sive forces are of sufficient magnitude to exceed 
the driving force of arterial pressure. Thus, the 
endocardium only receives flow during diastole 
and is therefore extremely dependent on an ade-
quate diastolic filling period to maintain suffi-
cient coronary flow. By contrast, the lack of 
compressive forces at the epicardial layer allows 
for perfusion throughout the entire cardiac cycle. 
Therefore, there is a linear decrease in depen-
dence on diastolic time fraction for the mainte-
nance of coronary flow in the endocardial to 
epicardial direction [10]. Given the higher com-
pressive forces and oxygen requirements of the 
left ventricular endocardium, there is a gradient 
for coronary flow across the wall of the heart. 
Typically, epicardial to endocardial flow ratio 
ranges from ~1.1–1.5 and is only partially com-
pensated by the higher density and the lower 
resistance of the endocardial microcirculation. 
As such, the left ventricle receives ~80% of its 
blood supply during diastole whereas the much 
thinner right ventricle, which is subject to much 
lower myocardial tissue pressures, is primarily 
perfused during systole.

 Coronary Flow Assessments

Maximum hyperemic flows reflect the total vaso-
dilator capacity of the coronary circulation. 
Blood flow during pharmacologically stimulated 
vasodilation strongly depends on the driving 
pressure, therefore the ratio of mean arterial 
blood pressure over myocardial blood flow, 
defined as minimal coronary vascular resistance 
(CVR), represents an index of the coronary vaso-
dilator capacity that is however normalized to the 
perfusion pressure. The coronary (or more appro-
priately, myocardial) flow reserve (CFR) is also 
been accepted as another measure of the vasodi-
lator capacity. It reflects the ratio of hyperemic 
over rest myocardial blood flow, which limits its 
accuracy because it not only reflects the maxi-
mally achieved hyperemic blood flow, but 
depends also on myocardial blood flow at rest. In 
patients with hypertension, for example, flows at 
rest are elevated due to the higher myocardial 
work so that even when hyperemic blood flows 
are in the range of normal, the actual flow reserve 
may be diminished. Therefore, resting blood flow 
is adjusted to cardiac work by normalizing flows 
to the rate pressure product. The CFR is reported 
as the ratio of hyperemic to “normalized” resting 
blood flows [3] and it is considered an index of 
microvascular function with a cutoff >2.0. The 
index of microcirculatory resistance (IMR) is an 
invasive quantitative assessment of the minimum 
microcirculatory resistance in a target coronary 
artery territory. The IMR is defined as the ratio 
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Fig. 3.5 Coronary flow assessments: coronary flow reserve (CFR) and index of microcirculatory resistance (IMR)

between the distal intracoronary pressure (Pd) 
and the inverse of the hyperemic mean transit 
time (Tmn). Because IMR incorporates only 
hyperemic parameters, it eliminates the variabil-
ity of hemodynamics and resting vascular tone 
and estimates the minimum achievable microvas-
cular resistance. Importantly, IMR is based on 
indirect measurements of coronary flow using 
Tmn, in contrast to CFR, based on direct mea-
surements of coronary flow velocity [11]. IMR is 
used as a marker of microvascular dysfunction 
with a cutoff ≥25 (Fig. 3.5).

Vasodilator Stress Pharmacological stress with 
vascular smooth muscle relaxing agents (e.g. 
dipyridamole, adenosine, adenosine- 
triphosphate, and more recently, adenosine recep-
tor subtype A2A agonists like regadenoson) 
reduce maximally the vascular resistance through 
relaxation of the vascular smooth muscle cell at 
the level of the microcirculation, thereby uncou-
pling coronary flow (supply) from myocardial 
work (demand). Flows during vasodilator- 
induced hyperemia then depend largely on the 
coronary driving pressure and, thus, on the arte-
rial blood pressure, and the residual coronary 
resistance [12].

Sympathetic Stress Sympathetic stimulation, 
such as cold pressor testing, more specifically 
targets endothelium-related determinants of the 
coronary circulatory function. It increases heart 

rate and systolic blood pressure together with 
local norepinephrine release from adrenergic 
nerve terminals in the coronary circulation. The 
increase in myocardial work, as reflected by the 
increase in the rate pressure product, is under 
normal conditions associated with a proportion-
ate increase in myocardial blood flow [13]. A 
metabolically induced work-related increase in 
flow is augmented by endothelium-related vaso-
dilator forces. Indeed, vasoconstrictor effects on 
the vascular smooth muscle mediated by adrener-
gic stimulation are balanced by largely 
endothelium- related vasodilator forces affecting 
both the microvasculature and the epicardial con-
duit vessels. The endothelium-dependent modu-
lation of flow during sympathetic stimulation 
corresponds to the endothelium-related flow aug-
mentation during pharmacologically stimulated 
hyperemia. For example, in healthy subjects 
without coronary risk factors, the change in vas-
cular resistance in response to cold pressor test-
ing is significantly correlated with the 
adenosine- or dipyridamole-induced decline in 
CVR, suggesting proportionate contributions of 
endothelium-related mechanisms to both types of 
flow responses [3].

Positive Inotropic Stimulation Pharmacologic 
inotropic stimulation is an alternate to physical 
stress. Intravenous administration of dobutamine, 
a synthetic sympathomimetic amine with a domi-
nant positive inotropic effect via stimulation of 
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β- and α-adrenoreceptors, produces significant 
increases in MVO2 and consequently commensu-
rate increases in myocardial blood flow. The 
dobutamine-induced changes in MVO2 are 
closely correlated to changes in myocardial work 
and, further, myocardial blood flow [14].

 Coronary Artery Anomalies: Effect 
on Coronary Flow

The pathophysiology of anomalous coronary 
arteries originating from the opposite sinus of 
Valsalva (ACAOS) is not well understood. 
Anatomic high-risk features of slit-like ostium 
and proximal narrowing are not only relevant due 
to the reduced cross-sectional area (CSA), com-
pared with a round vessel shape, but also due to 
higher resistance. Decreasing CSA increases the 
resistance, as a function of the height/width ratio. 
Furthermore, the intramural length directly 
increases resistance to flow (Fig. 3.6). Therefore, 
the increased resistance along the anomalous 
segment, due to the progressive deformation, 
results in compensatory coronary vasodilatation 
for the preservation of adequate perfusion at the 
expense of decreased CFR [15]. A two-tier con-
cept for the pathomechanisms of ischemia in 
ACAOS based on the combination of a fixed 

(anatomic high-risk features of slit-like ostium 
and proximal narrowing) and a dynamic (acute 
take-off angle, intramural course with the elliptic 
vessel shape) component is recently proposed 
[15]. In previous studies, none of the anatomic 
features correlated with ischemia, indicating a 
complex interaction between the different com-
ponents [16]. In addition, the hemodynamic rel-
evance depends directly on the supplied viable 
myocardial mass downstream of the stenosis, 
providing an explication for the diverging prog-
nosis of right and left ACAOS. Moreover, isch-
emia is unlikely to occur every time, suggesting 
the presence of additional factors such as volume 
status and type of physical activity [17].

Fixed Component Slit-like ostium and proximal 
narrowing are present at rest and behave in a sim-
ilar manner to classic coronary lesions. The 
reduction of the CSA creates flow restrictions, 
which can be evaluated by coronary angiography 
or intravascular imaging and/or the pressure gra-
dient over the stenotic segment. Fractional flow 
reserve (FFR) with hyperemia induced by phar-
macological vasodilatation (i.e. adenosine) was 
used to assess the hemodynamic relevance of 
ACAOS in multiple studies, but only a poor cor-
relation with symptoms and/or anatomic features 
could be documented [18]. Indeed, these studies 

Fig. 3.6 The impact of deformed vascular shape, such as 
lateral compression, on coronary flow. Decreasing cross- 
sectional area is associate to increasing resistance as a 
function of the height/width ratio in a vessel with a fixed 
circumference is calculated (a theoretical model with the 
limitation that deformation will rarely result in a perfect 

elliptic shape). (Figure modified from Bigler MR, Ashraf 
A, Seiler C, Praz F, Ueki Y, Windecker S, Kadner A, Räber 
L, Gräni C.  Hemodynamic Relevance of Anomalous 
Coronary Arteries Originating From the Opposite Sinus 
of Valsalva-In Search of the Evidence. Front Cardiovasc 
Med. 2021 Jan 21;7:591326)
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assessed the fixed component alone but the 
dynamic component cannot be sufficiently repro-
duced using pharmacological stress with 
vasodilators.

Dynamic Component Anatomic features like 
acute take-off angle or lateral compression in the 
intramural segment have hemodynamic relevance 
during exercise. After the increase in heart rate, 
an increase of systolic blood pressure, myocar-
dial contractility, systolic expansion, and higher 
wall stress of the proximal aorta can be observed 
because of increased dP/dt and stroke volume 
[19]. These modifications increase lateral com-
pression of the intramural segment and subse-
quent flow resistance, affecting CFR during 
conditions of increased myocardial oxygen 
demand. This phenomenon causes myocardial 
ischemia that cannot be triggered by vasodilatory 
drugs alone. Hence, assessment of the hemody-
namic component of ACAOS should be per-
formed preferably by physical exercise or 
dobutamine, which increases heart rate and stroke 
volume. Of note, in multiple studies, FFR dobu-
tamine was usually lower than FFR adenosine, 
revealing the inconstant presence of the dynamic 
component [20]. Increasing age, thickening, and 
stiffness of the aortic wall decrease distensibility, 
and thus, the dynamic component loses its rele-
vance. These findings are in line with the autoptic 
studies that reported a decreased risk of sudden 
cardiac death beyond the age of 30 [16].

Stress Testing The ideal stress test for ACAOS 
in patients with suspected angina should be able 
to assess both dynamic and fixed components. 
Stress tests based on vasodilators (i.e. adenosine 
or regadenoson) fail to assess the dynamic com-
ponents (i.e. dynamic lateral compression of the 
intramural abnormal coronary artery) and there-
fore may provide false negative results. 
Dobutamine stress test is more adequate to test 
both fixed and dynamic components. 
Unfortunately, dobutamine stress test typically 
achieves less than 85% of the maximal heart rate 
and does not result in a substantial increase in 
blood pressure. Therefore, a dobutamine stress 
test sensitized by saline infusion to prevent pre-

load decrease and by atropine administration to 
reach 100% of the maximal heart rate, has been 
proposed [16]. This enhanced dobutamine stress 
test should be considered in patients with sus-
pected angina and ACAOS, in particular in ath-
letes, to predict the risk of ischemia-induced 
sudden death during strenuous physical exercise.
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4Myocardial Bridge(s)

Alberto Barioli, Flavia Belloni, 
and Giuseppe Tarantini

 Introduction

A myocardial bridge (MB) is defined as an ana-
tomical variant in which a segment of a coronary 
artery (referred to as a tunneled artery) deepens 
into the myocardium for a variable distance, 
before returning to the epicardial surface. The 
presence of a band of myocardial fibers (i.e. the 
“myocardial bridge”) overlying the coronary 
artery may result in compression of the artery 
during the systolic phase of the cardiac cycle. 
This anatomic variant, despite being traditionally 
considered a benign condition, has been associ-
ated with various clinical presentations, such as 
silent ischemia, exertional angina, acute coronary 
syndromes, Takotsubo cardiomyopathy, and sud-
den cardiac death [1–5].

The prevalence of this congenital coronary 
anomaly is highly variable, and depends largely 
on the techniques used to detect its presence and 
on patient’s condition. In necropsy series, the 
reported rate of MB varies between 5 and 86% 
[1, 6], with a mean frequency of 25%. Recently, a 
meta-analysis of 15 autopsy studies reported an 
average prevalence of 42% [7]. These numbers 
are consistent with those observed in studies 
involving coronary-computed tomography 
(CCT) [8, 9]. Conversely, these rates are consid-
erably higher than those found in angiographic 
studies, where the reported prevalence of MBs 
varies from 0.5% to 12% in basal conditions to 
40% if provocative tests or intracoronary injec-
tion of nitroglycerin are used [10]. The observed 
rates of MBs increase to 23% when intravascular 
ultrasound (IVUS) is performed [11]. Prevalence 
of MBs has been reported to be higher in patients 
with hypertrophic cardiomyopathy and in cardiac 
transplant recipients [1, 12, 13].

The differences between the rates observed at 
necropsy or CCT and those detected at coronary 
angiography may lie in the different sensitivity of 
the investigative methods. As a matter of fact, if 
autopsy and CCT permit the direct visualization 
of the anatomy and course of the bridged seg-
ment, coronary angiography allows only the 
visualization of the “milking effect” (i.e. the 
dynamic narrowing of the coronary artery during 
systole). Intuitively, small intramyocardial 
courses with no hemodynamic significance can-
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not be detected with the latter method. In turn, 
the hemodynamic significance of MBs depends 
upon several factors, including the length of the 
bridged segment, the thickness of the myocar-
dium overlying the tunneled artery, the nature 
and characteristics of the tissue surrounding the 
vessel, the orientation between myocardial fibers 
and the coronary artery, the presence of a coro-
nary stenosis proximal to the MB, and observer 
experience [14].

 Anatomy

The left anterior descending (LAD) artery is the 
most common coronary artery affected by MBs, 
although bridging can be found less frequently in 
the other major epicardial coronary arteries. 
Eventually, diagonal and marginal branches may 
be involved in 18% and 40% of cases, respec-
tively [1, 15].

LAD-MBs may significantly vary in depth 
(1–10  mm) and length of encasement (10–
30  mm) [16]. These characteristics, along with 
the degree of systolic diameter reduction and sec-
ondary branches involvement, are key elements 
for the evaluation of the hemodynamic signifi-
cance of MBs. Ferreira et al. proposed a classifi-
cation of LAD-MBs into two subtypes, according 
to the depth of embedment of the coronary artery: 
a more common superficial bridge (75% of 
cases), in which the myocardial fibers cross the 
artery transversely towards the apex of the heart 
at an acute angle or perpendicularly; and a deep 
variant (25% of cases), in which the LAD devi-
ates towards the right ventricle and deepens into 
the interventricular septum, where it is crossed 
transversely, obliquely or helically by a muscle 
bundle arising from the apex of the right ventricle 
[17]. While the superficial variant rarely results 
in systolic compression of the artery, the deep 
variant is supposed to cause myocardial ischemia 
due to the distortion and twisting of the bridged 
segment induced by the overlying muscle bundle, 
resulting in impaired coronary blood flow.

 Pathophysiology

The physiology of MBs is substantially different 
both from that of fixed defects and from the 
dynamic phenomenon of coronary vasospasm. 
Therefore, in the last decades, numerous studies 
have been carried out to understand the mecha-
nism by which the presence of a MB can cause 
myocardial ischemia.

It is known that myocardial perfusion occurs 
mainly during the diastolic phase of the cardiac 
cycle. How the presence of a MB should impair 
diastolic coronary blood flow, since extravascular 
compression of the tunneled artery occurs during 
systole? It has been shown that the systolic nar-
rowing of the bridged segment can extend into 
the early diastolic phase, resulting in the so- 
called “spillover” phenomenon [18]. In general, 
the more severe the systolic compression, the 
more likely the luminal area will be compro-
mised in the early and even mid-diastole, where a 
persistent reduction of 34–51% in the bridged 
segment has been observed [19]. This phenome-
non is further exacerbated by an increased heart 
rate, which causes a reduction of the diastolic 
perfusion time and an increase in epicardial coro-
nary vasoconstriction and contraction of the MB 
[20, 21]. The resulting reduction in diastolic cor-
onary blood flow may cause subendocardial isch-
emia downstream of severe arterial bridge 
compression, as the shortened diastolic perfusion 
time may exacerbate the normal time delay in 
early diastolic subendocardial hyperemia com-
pared to the subepicardial layers. More often, 
MBs can trigger septal ischemia by the “branch 
steal” mechanism, whereby increased flow veloc-
ity in the compressed artery results in depressur-
ization of septal branches within the MB [22].

MBs are thought to be protective against the 
formation of atherosclerotic plaques within the 
bridged segment. As a matter of fact, it has been 
postulated that the characteristics of the intima of 
the tunneled segment, which contains a predomi-
nance of the contractile subtype of smooth mus-
cle cells, the separation of the bridged segment 
from epicardial perivascular adipose tissue and 
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the absence of foam cells may play a role in this 
anti-atherosclerotic effect [23–25]. On the other 
hand, MBs are associated with up to 90% 
increased atherogenesis at the vessel segment 
proximal to the bridge [26]. This could be 
explained by the fact that systolic compression of 
the tunneled artery results in retrograde flow in 
the segment proximal to MB entrance, causing 
disturbance in systolic wall shear stress that has 
been linked to coronary plaques formation at this 
site [27, 28]. In addition, the altered hemody-
namic pattern at the level of the MB has also been 
associated with other potential complications, 
including plaque vulnerability/thrombosis [27], 
increase in vasospasticity [29], and intimal injury 
possibly leading to dissection [30].

 Clinical Presentation

Most MBs are clinically silent and usually repre-
sent an incidental finding on angiography, CCT, 
or autopsy. Patients with MB may present with 
stable symptomatic or silent myocardial isch-
emia, as well as with acute coronary syndromes. 
Other reported clinical presentations are coro-
nary spasm, myocardial stunning, transient ven-
tricular dysfunction, stress cardiomyopathy, 
syncope, exercise-induced dysrhythmias like 
supraventricular tachycardia, atrioventricular 
conduction block, and life-threatening ventricu-
lar arrhythmias possibly leading to sudden death 
[1–5, 10, 31, 32]. Previously silent MBs may 
become symptomatic over time. 
Pathophysiological factors that may reveal or 
exacerbate symptoms are age, heart rate, left ven-
tricular hypertrophy, and coronary atherosclero-
sis [33].

 Diagnosis

 Morphological Assessment

CCT is a prime important, non-invasive tool in 
the diagnosis of MBs, being reported superior to 
coronary angiography in terms of detection rates 
[1]. CCT provides three-dimensional images 

with high spatial and contrast resolution, allow-
ing identification of morphological features of 
MBs, including the length and the degree of 
encasement of the bridged artery, as well as the 
length and thickness of the MB over the tunneled 
segment [34, 35] (Fig. 4.1). The technique also 
allows the classification of the vessel intramyo-
cardial course in superficial or deep. Recently, 
the use of new post-processing algorithms for the 
derivation of functional information from the 
anatomic assessment provided by CCT, such as 
transluminal attenuation gradient and CCT-based 
fractional flow reserve (FFR), has brought 
encouraging, albeit initial, results [36–39].

With coronary angiography, the MB appears 
as a systolic compression, or milking, of the tun-
neled artery, that reverses during diastole. A sys-
tolic narrowing is defined as a  ≥50% systolic 
diameter stenosis not present or less evident dur-
ing diastole, and can be enhanced by intracoro-
nary administration of nitroglycerine [40, 41]. To 
note, the severity of systolic compression at angi-
ography does not always correlate with the func-
tional relevance of MBs [42]. In addition to 
coronary milking, a MB can be suspected when a 
characteristic “step-down” and “step-up” mor-
phology, also known as the “U” sign, of the intra-
mural course of the LAD is observed [40]. 
Several angiographic views, including the lateral 
projection, are usually obtained to better visual-
ize and characterize the vessel course (Fig. 4.2) 
(Videos 4.1 and 4.2).

Given its ability to characterize the length, 
thickness, and location of the MB, IVUS assess-
ment can be an adjunctive valuable tool to 
increase the detection rate of this coronary 
anomaly. Imaging with IVUS may display the 
reduced vessel area within the MB segment, the 
loss of the circular morphology of the artery 
under the compression of the bridge, as well as 
the characteristic, hypoechogenic “half-moon” 
sign over the bridged segment [43] (Fig.  4.3) 
(Video 4.3). Although the etiology of this last 
phenomenon is still a matter of debate, it appears 
to be highly specific as it can only be found in 
the bridged segment and not in adjacent refer-
ence segments or other coronary arteries [26]. 
Lastly, IVUS examination can provide useful 
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Fig. 4.1 Volume rendering 3D image showing myocar-
dial bridging of the LAD.  The intramyocardial course 
involves the middle third of the vessel and shows overly-

ing myocardial tissue. Therefore, the MB can be addressed 
as deep. LAD left anterior descending artery. MB myocar-
dial bridge

information on the presence, severity, and distri-
bution of subangiographic atherosclerosis [43], 
in order to guide treatment (e.g. appropriate stent 
selection and placement). Other intravascular 
imaging techniques, such as optical coherence 
tomography (OCT), may theoretically improve 
the characterization of the vessel wall within the 
bridged segment, but existing evidence is still 
scarce [44, 45].

 Functional Assessment

An appropriate diagnostic workup of MBs should 
include the hemodynamic assessment of the 
bridged coronary artery. As previously men-
tioned, physiology of MBs is rather different to 
that of fixed lesions. Because the dynamic steno-
ses in the context of MBs are dependent on extra-
vascular compression and intramyocardial 
tension, their functional assessment should not 

be limited to resting conditions and thus should 
include chronotropic and inotropic stimulation. 
Also, during systole, the vascular compression 
causes distal pressure overshooting due to milk-
ing of blood against a highly restrictive circula-
tion. This translates into higher intracoronary 
over aortic pressures distal to the MB, or, in other 
words, in negative pressure systolic gradients 
across the MB [46] (Fig.  4.4). Distal pressure 
overshooting and systolic pressure gradient 
inversion may lead to an underestimation of the 
functional impact of the MB when assessed with 
conventional FFR, this being an average of sys-
tolic and diastolic gradients. In view of these con-
siderations, the use of diastolic-FFR during 
dobutamine challenge or after intracoronary ade-
nosine administration has been shown to be a bet-
ter alternative approach to test MB functional 
significance [42]. However, the acquisition of 
diastolic rather than mean FFR is complex and 
more vulnerable to measurement errors, and 
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a b

c d

Fig. 4.2 Angiographic appearance of a LAD-MB in a 
patient with hypertrophic cardiomyopathy, both in dias-
tole (a and c) and systole (b and d). The lateral projection 

enhances the step-down (top arrow) and step-up (bottom 
arrow) of the bridged LAD (c and d). LAD left anterior 
descending artery. MB myocardial bridge

therefore is not routinely performed in most car-
diac laboratories [47].

More recently, the introduction of a lesion- 
specific, non-hyperemic diastolic index, the 
instantaneous wave-free ratio (iFR®, Volcano 
corporation, San Diego, Ca, USA), has shed 
new light on functional assessment of MBs. 
This index measures the translesional pressure 

gradient in a specific phase of the cardiac dias-
tole (the wave-free period), in which coronary 
flow is maximal and microcirculatory resis-
tances are low and stable. As such, it might not 
be hampered by systolic pressure overshooting 
and negative systolic pressure gradient caused 
by extravascular compression of the tunneled 
artery. Moreover, iFR allows anatomic mapping 
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a b

Fig. 4.3 IVUS imaging of a LAD-MB during diastole (a) 
and systole (b). An hypoechogenic “half-moon” image 
surrounding the bridge is present during the entire cardiac 

cycle (arrows). IVUS: intravascular ultrasound. LAD: left 
anterior descending artery. MB: myocardial bridge

Fig. 4.4 Intracoronary 
pressure tracings at 
baseline and during 
inotropic challenge in 
MB. Pressure 
overshooting during 
dobutamine challenge 
occurs because of 
systolic milking of blood 
distal to the MB, causing 
higher intracoronary 
(Pd – blue tracing) over 
aortic (Pa – red tracing) 
pressures. MB 
myocardial bridge

of the vessel by guidewire pullback (iFR Scout), 
providing information on the ischemic contribu-
tion of the MB [48]. iFR has been shown to have 
greater correlation to patients’ symptoms or 
presence of myocardial ischemia than FFR. In a 
series of 20 patients with angina, no significant 
coronary artery disease (CAD), silent ischemia 
confirmed by non-invasive stress test, and angi-
ographic or CCT evidence of MB, iFR at rest 
was abnormal in 65% of cases (with a clear 
step-up across the MB at iFR pullback), whereas 
FFR at rest was negative in all patients. In addi-

tion, after inotropic stimulus by intravenous 
dobutamine infusion, iFR dropped in all cases, 
while conventional FFR did not significantly 
change. The discrepancy between FFR and iFR 
correlated with the reduction or negativization 
of the systolic pressure gradient both at rest and 
after dobutamine challenge, further supporting 
the hypothesis that systolic pressure gradient 
inversion observed in significant MBs can 
invariably affect FFR measurements [49]. A 
typical clinical example of LAD-MB functional 
evaluation is shown in Fig. 4.5.
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e g

c

d

f h

Fig. 4.5 Morphological and functional assessment of a 
patient with LAD-MB. (a and b) Diastolic and systolic 
angiographic appearance of the MB at resting conditions 
and (c and d) after dobutamine administration (20 μ/kg/
min). Hemodynamic assessment shows near-cutoff values 
for both FFR (e) and iFR (f) in basal conditions. FFR val-
ues increase during dobutamine infusion (g). Conversely, 

iFR measurements become more positive after dobuta-
mine challenge (h). Red and yellow tracings indicate 
proximal (Pa) and distal (Pd) pressures, respectively. LAD 
left anterior descending artery, MB myocardial bridge, 
FFR fractional flow reserve, iFR instantaneous wave-free 
ratio
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The use of Doppler-tipped guidewires to 
assess intracoronary flow velocity and coronary 
flow reserve is by far a less diffuse tool to evalu-
ate MB functional significance. The analysis of 
flow velocity in vessels with MB revealed a sys-
tolic flow reversal proximal to the bridged seg-
ment and a characteristic “spike and dome” 
pattern or “fingertip phenomenon”, due to abrupt 
early diastolic flow acceleration, rapid mid- 
diastolic flow deceleration and mid to late dia-
stolic plateau [26, 50]. An impaired coronary 
flow reserve has been observed when measured 
distal to the MB [19].

Among functional non-invasive imaging tests, 
stress echocardiography, stress cardiac magnetic 
resonance, single-photon emission-computed 
tomography and positron emission tomography 
are the most widely used [51]. As already men-
tioned, transluminal attenuation gradient and 
CCT-derived FFR are emerging as new post- 
processing techniques to derive functional infor-
mation from CCT [36–39].

 Treatment

 Medical Therapy

The treatment of MBs should be reserved only 
for patients with symptoms and/or objective 
signs of ischemia, and should focus on relieving 
potential triggers and hemodynamic disturbances 
that aggravate the MB, such as hypertension/
hypertrophy, increased heart rate, reduced dia-
stolic coronary filling period, and inappropriate 
compression of the artery. Although evidence is 
limited, symptomatic patients seem to respond 
well to pharmacological treatment with beta- 
blockers or non-dihydropyridine calcium- 
channel blockers (CCB), which are therefore 
considered as first-line therapy [52–54]. By 
reducing heart rate and myocardial contractility, 
beta-blockers have been shown to restore base-
line pressure tracings in patients with significant 
overshooting induced by inotropic challenge, 
providing evidence of treatment efficacy [42, 49, 
52]. Given the similar hemodynamic effect of 
beta-blockers and the additional benefit in reduc-

ing concomitant vasospasm, CCB can be used as 
an alternative to beta-blockers when they are not 
tolerated or contraindicated [54]. Pure vasodila-
tors, such as nitrates, are contraindicated in 
patients with functional significant MBs, as they 
may exacerbate symptoms by augmentation of 
the systolic narrowing and increase in vessel wall 
compliance [41]. Ivabradine, which acts by slow-
ing the heart rate and thereby prolonging the dia-
stolic period, may be considered as a second-line 
therapy for patients who cannot tolerate beta- 
blockers or CCB, or in combination with lower 
doses of these drugs [10]. Patients with concomi-
tant atherosclerotic disease may benefit from 
aggressive risk factor modification and treatment 
with antiplatelet and statin therapy.

 Percutaneous Coronary Intervention

No randomized studies between optimal medical 
treatment and medical therapy plus percutaneous 
coronary intervention (PCI) in patients with MB 
have been reported so far. Nevertheless, percuta-
neous stent implantation may be considered in 
selected patients refractory to maximal medical 
therapy. Although some initial experiences had 
shown an improvement in hemodynamic abnor-
malities and symptoms [50, 55], further studies 
have raised concerns by reporting higher rates of 
target lesion revascularization after PCI of the 
bridged segments [56]. In addition, stent implan-
tation in MBs has been associated with higher 
rates of complications, including coronary perfo-
ration [57], stent fracture [58, 59], in-stent reste-
nosis [56], and stent thrombosis [60]. An elegant 
study using IVUS reported increased rates of late 
events after stenting of the LAD when the stent 
extended unintentionally into the MB, compared 
to patients who underwent stent implantation 
only in the epicardial obstructive lesion [61]. 
Given these unfavorable outcomes, revascular-
ization using drug-eluting stents should be con-
sidered only for severely symptomatic patients 
who are refractory to optimal medical therapy 
and who are not amenable for surgery. 
Bioresorbable scaffolds, when implanted in MBs, 
have recently been shown to be superior to 
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everolimus- eluting stents in terms of angio-
graphic late loss and tissue proliferation, suggest-
ing a potential benefit of vascular restoration in 
this setting [62].

 Surgery

Surgical options for MBs include supra-arterial 
myotomy (i.e. surgical unroofing of the bridged 
LAD) and coronary artery bypass grafting 
(CABG). Isolated supra-arterial myotomy can be 
performed in the absence of severe atheroscle-
rotic disease, and involves dissection of the myo-
cardial fibers overlying the bridged segment with 
complete exposure of the coronary artery [63–
65]. This procedure is not without risk, and may 
result in wall perforation, ventricular aneurism 
formation, and post-operative bleeding [64]. In 
this regard, intraoperative high-frequency epicar-
dial echocardiography may help to identify the 
course of the vessel thereby reducing the risk of 
complications [66]. CABG has been shown to be 
superior to myotomy in cases of extensive 
(>25 mm) or deep (>5 mm) MBs, and might be a 
better option for patients with significant athero-
sclerotic disease proximal to the MB [67, 68]. 
However, graft failure rates have been reported to 
be high due to potential competitive flow [69].

Surgical treatment should be considered for 
patients with persistent symptoms despite opti-
mal medical therapy and with proven inducible 
ischemia, especially for those who have experi-
enced myocardial infarction, life-threatening 
arrhythmias, and resuscitated cardiac arrest. A 
recent meta-analysis of 18 studies comparing dif-
ferent therapeutic strategies for patients with MB 
showed that, among invasively treated patients, 
surgery was superior to percutaneous treatment 
in terms of symptoms relief and major cardiovas-
cular events related to target vessel revasculariza-
tion [70].
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5Isolated Coronary Artery Fistulas

M. Rebonato, G. Butera, S. Qureshi, 
and M. Carminati

 Introduction

Coronary artery fistulas (CAF) are rare anoma-
lies of the cardiovascular system first described 
by Krause in 1865. A CAF is defined as an abnor-
mal connection that bypasses the myocardial 
capillary bed between a normally originating 
coronary artery and another cardiovascular struc-
ture, which can be a cardiac chamber, the coro-
nary sinus, vena cava, or a pulmonary artery or 
even a bronchial artery or vein. They are the most 
common of hemodynamically significant coro-
nary lesions and comprise nearly half of all coro-
nary artery anomalies [1].

Haller and Little [2] described the diagnostic 
triad for CAFs: an abnormal location for a to- 
and- fro murmur thought to be due to a patent 
ductus arteriosus; a left to right shunt at the 

atrial or ventricular level; and a large, tortuous 
coronary artery at coronary angiography. Bjork 
and Crafoord reported the first successfully cor-
rected CAFs in 1947 [3], and the first successful 
transcatheter closure of a CAF was reported in 
1983 [4].

The site and size of the fistulous communica-
tion may determine in large part the clinical and 
hemodynamic consequences. Their clinical 
importance, usually in adult life, is due to an 
increased risk of complications including heart 
failure, myocardial ischemia, infective endocar-
ditis, arrhythmias, and rupture. Fortunately, clini-
cally important coronary arteriovenous fistulas 
are uncommon in childhood.

The natural history of CAF is not associated 
with a normal life expectancy, due to the eventual 
development of either congestive heart failure, 
myocardial ischemia, subacute bacterial endocar-
ditis, aneurysm formation with rupture or embo-
lization, or the development of pulmonary 
hypertension.

 Epidemiology

The exact incidence of CAFs is unknown because 
the undiagnosed rate still remains high, but may 
represent about 0.2–0.4% of all cardiac malfor-
mations and 14% of all coronary anomalies.

Frequently isolated (80%), several studies 
report the presence of CAF in 0.3% of patients 
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presenting with congenital heart disease, in 
0.06% of children undergoing echocardiography, 
and in 0.13–0.22% of adults undergoing coro-
nary angiography.

Multiple fistulas are present in 10.7–16% of 
all CAFs with single fistula being far more com-
mon, occurring in up to 90% of the cases.

The embryologic origin of these fistulous 
communications is likely due to persistence of 
sinusoids in the coronary system and abnormali-
ties in coronary capillary differentiation. 
Normally, the intramyocardial sinusoids become 
narrowed and persist only as thebesian vessels in 
the adult. If obliteration of the intramyocardial 
trabecular sinusoids fails, a fistulous communica-
tion persists between the coronary arteries and a 
cardiac chamber [5].

Although in the past, CAF was usually con-
genital, over the years the development and dis-
semination of interventional and surgical 
techniques have resulted in a change of its etiol-
ogy, with a higher prevalence of the acquired 
forms, [6] which may include those secondary to 
infective endocarditis, aortic dissection, previous 
surgery, endomyocardial biopsy, coronary angio-
plasty and bypass surgery, valve replacement, 
cardiac transplantation, trauma, permanent pace-
maker placement, closed-chest ablation of acces-
sory pathways, neoplasms, and iatrogenic 
management of Kawasaki disease.

 Anatomy

The majority of coronary fistulas arise from the 
right coronary arteries or the left anterior 
descending; the circumflex coronary artery is 
rarely involved. Several case series report that the 
right coronary artery, or its branches, is the site of 
the fistula in about 55% of cases; the left coro-
nary artery in about 35%; and both coronary 
arteries in 5% [7].

However, this was contradicted by a review of 
12 case series including 227 patients, which 
revealed half of the CAFs to involve the left coro-
nary artery, 38% involving the right coronary 
artery, and the remaining 12% involving both left 
and right coronary arteries [8].

Over 90% of the CAFs drain into the venous 
circulation. Low-pressure structures are the most 
common sites of drainage of the fistulas. These 
include right-sided chambers, pulmonary artery, 
superior vena cava, and coronary sinus [9]. 
Fistulous communication to the left-sided cham-
bers is less frequent. Fistulous drainage occurs 
into the right ventricle in 41%, right atrium in 
26%, pulmonary artery in 17%, left ventricle in 
3%, and superior vena cava in 1%. Coronary 
artery dilatation is usual, and the degree of dilata-
tion does not always depend on the shunt size. 
When the fistulous communication arises in the 
distal part of a coronary artery, the arterial diam-
eter may remain small.

The more proximal the feeding artery origi-
nates from the main coronary artery, the more 
dilated it tends to be (Fig. 5.1). If the fistula drains 
to the right atrium with a proximally arising feed-
ing artery, it tends to be considerably dilated but 
less tortuous. If there is a more distal origin of the 
feeding artery, and in particular when the fistulas 
originate from the left coronary artery and drain 
to the left ventricle, they may be very tortuous, 
presenting a challenge for catheter closure. 
However, in the less frequently encountered right 
coronary artery to coronary sinus drainage, the 
fistula vessel may be large and very tortuous. It is 

Fig. 5.1 Example of a huge fistula originating from left 
anterior descending coronary artery
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important to note that there may be multiple feed-
ing arteries to a single coronary arterial fistula 
drainage point or there may be multiple drainage 
sites [10].

 Pathophysiology

The pathophysiology of a CAF depends on the 
resistance of the fistulous connection and on the 
site of fistulous termination, the hemodynamic 
consequences depend on the size of the fistula, 
the pressure gradient along the fistula, and the 
volume of the shunt flow.

When the fistula drains to the right side of the 
heart, the volume load is increased to the right 
heart as well as to the pulmonary vascular bed, 
the left atrium, and the left ventricle and may 
present with a continuous flow for the whole 
duration of the cardiac cycle, because the pres-
sure is lower than the one encountered in myo-
cardial arterioles and capillaries.

A left-to-right shunt exists in over 90% of the 
cases [11]. In these conditions, especially in CAF 
with a large caliber, it could allow the well- 
known phenomenon of the coronary steal, in 
which blood with a diastolic run-off is directed 
away from the normal coronary circulation and 
myocardial microcirculation.

Coronary “steal phenomenon” is believed to 
be the primary pathophysiological problem seen 
in CAF without outflow obstruction. The mecha-
nism is related to the run-off from the high- 
pressure coronary vasculature to a low-resistance 
receiving cavity due to a diastolic pressure gradi-
ent. Eventually, there is a high risk of ischemia in 
the myocardium beyond the site of the origin of 
the fistula, which is most frequently evident in 
association with increased myocardial oxygen 
demand during exercise or activity [12].

When the fistula drains into the left atrium 
or the left ventricle, there is volume overload-
ing of these chambers but no increase in the 
pulmonary blood flow, that, over time, could 
lead to dilatation of the heart chambers. The 
clinical consequences of this volume overload 
may be heart failure, atrial and ventricular 
tachyarrhythmias.

 Clinical Presentation

Most CAFs are small, and patients are asymp-
tomatic because myocardial blood flow is not 
compromised. Symptoms tend to occur more in 
the older age groups (aged >20 years).

The diagnosis of a CAF is often suspected on 
auscultation when a continuous murmur is noted. 
Newborns can present with signs and symptoms 
of congestive heart failure immediately after 
birth due to the volume load on the left heart. 
Most pediatric patients, however, are asymptom-
atic at the time of diagnosis. Whilst only 10–20% 
of pediatric patients will be symptomatic, adults 
are more likely to report symptoms.

Small CAFs in children tend to grow with age. 
If untreated, fistulas cause clinical symptoms in 
19% of patients aged younger than 20 years and 
in 63% of older patients [1].

Complications of CAFs include excessive 
load on the cardiac chambers which give rise to 
increased left ventricular end-diastolic pressure, 
left ventricular hypertrophy, and in older patients, 
congestive cardiac failure [13].

With increased flow, the coronary artery 
branches proximal to the shunt site become sig-
nificantly enlarged. Symptoms and sequelae of 
coronary complications include chronic myocar-
dial ischemia and angina, cardiomyopathy, and 
myocardial infarction. Coronary steal, producing 
myocardial ischemia due to diversion of blood, is 
commonly expected [14].

Thrombosis within the fistula is rare but may 
cause acute myocardial infarction, and atrial and 
ventricular arrhythmias. Persistent high flow in 
coronary arteries can give rise to massive dilata-
tion and aneurysm formation. Premature coro-
nary atherosclerosis is also reported.

Valvar regurgitation, secondary to papillary 
muscle dysfunction, has been described in chil-
dren and adults with CAF. Hemopericardium can 
result from the rupture of an associated aneurysm 
[15].

The exact percentage of spontaneous closure 
of the CAFs remains unknown but relatively rare 
in consideration of the uncertain natural history. 
Review of the literature shows that fistulae drain-
ing into the right ventricle have some chances to 
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close spontaneously [16]. Gewillig and col-
leagues reported six cases of full spontaneous 
closure of congenital CAFs monitored by color 
Doppler echocardiography. Their series is the 
first to describe patients whose follow-up by 
color Doppler echocardiography permitted moni-
toring of spontaneous CAF closure by non- 
invasive techniques [17].

 Diagnosis

Prenatal diagnosis of isolated CAF is rare but can 
be made in fetal life by cross-sectional and color 
Doppler echocardiography. It is possible to detect 
CAFs prenatally, which may indicate fistulas 
with large left-to-right shunts, and thus may pre-
dispose the patients to the early onset of conges-
tive cardiac failure and the need for early 
intervention [18].

The divert of blood from the aorta through the 
shunts into the right ventricular cavity during 
diastole possibly leads to a “steal” effect with 
partial ischemia of the myocardium that is insuf-
ficiently supplied by its coronary artery; occa-
sionally, fetal hydrops may develop [19].

Most cases of CAF are asymptomatic and 
diagnosed incidentally during a routine clinical 
examination. During a physical examination, an 
atypical systolic, diastolic, or continuous murmur 
can be heard occasionally. Some patients with 
large shunts may present with signs of congestive 
cardiac failure and angina, usually at the two 
extremes of life.

The electrocardiogram and chest X-ray are 
unhelpful usually, although the electrocardio-
gram may show the effects of left ventricular vol-
ume overload and occasionally ischemic changes. 
When the electrocardiogram is normal and if the 
patient is old enough to exercise on the treadmill 
with electrocardiographic monitoring, ischemic 
ST segment changes may become apparent. 
Generally, the chest X-ray is normal, but occa-
sionally moderate cardiomegaly may be present 
when there is a large left-to-right shunt.

Two-dimensional and color Doppler echocar-
diography is helpful in visualizing volume over-
load of the chambers, decreased regional or 

global dysfunction as a consequence of myocar-
dial ischemia, and in some cases, dilatation of the 
affected coronary artery and coronary artery 
aneurysms. Echocardiography may show the site 
of drainage, but it is difficult to visualize detailed 
anatomy of the fistula. Three-dimensional echo-
cardiography may be more superior in this aspect.

On color Doppler flow imaging, large flow 
may be seen at the origin or even along the length 
of the vessel and indeed flow into the right heart 
chambers may also be visualized.

Catheter angiography is invasive in nature. 
Although it delineates the origin and proximal 
course of CAFs well, demonstration of distal 
drainage may be suboptimal. This is attributed to 
the contrast dilution that occurs at the distal 
drainage sites, usually low-pressure chambers of 
the heart. Previously, cardiac catheterization was 
usually performed pre-operatively to confirm the 
anatomy and in planning the surgical treatment. 
However, with advances in non-invasive imag-
ing modalities, nowadays it is only used as an 
adjunct to endovascular management in these 
lesions [20].

Magnetic resonance (MR) imaging has also 
been used in the preoperative evaluation of CAFs. 
Newer MRI sequences allow improvement in 
image quality along with better anatomical 
demarcation. Cine MR sequences demonstrate 
the flow dynamics, especially the turbulence 
observed at the fistulous communication site, 
whilst the black-blood sequences permit excel-
lent visualization of the vessel lumen and its wall 
[21]. MRI has evolved into an imaging substitute 
to assess anatomic, flow-related, and functional 
aspects of the lesion with no ionizing radiation 
burden [22]. Its greatest limitation, however, is 
the determination of distal coronary course. 
Therefore, this technique is not so helpful in eval-
uating CAFs, collateral vessels, and coronary ori-
gin outside the normal sinuses.

Coronary CTA is a relatively new imaging 
modality that has been used for non-invasive cor-
onary artery imaging. With the introduction of 
multi-detector computed tomography (MDCT), 
many problems with image quality have been 
overcome. ECG-gated dual tube 128-slice MDCT 
is capable of producing high-quality images with 
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the ECG-gated image reconstruction algorithms 
allowing phase-correlated image data sets [23]. 
In this manner, Coronary CTA clearly delineates 
the cardiac chambers, the coronary arteries, and 
coronary veins. It has been used as the technique 
of choice in demonstrating anomalous coronary 
artery anatomy and similarly is ideally suited to 
imaging patients with suspected CAFs. 
Multiplanar reconstruction with 3D volume- 
rendered imaging yields excellent anatomic 
information, including the origin, course, and 
drainage site of CAFs—even in cases of complex 
anomalies—and thus has the potential to serve as 
a basic guide for treatment planning [24].

 Management of Coronary Artery 
Fistula

The best management of a patient with a CAF 
should provide the greatest probability of event- 
free survival over a lifetime.

According to the American College of 
Cardiology/American Heart Association (ACC/
AHA) guidelines, “percutaneous or surgical clo-
sure is a Class I recommendation” for large fistu-
las regardless of symptoms and for small- to 
moderate-sized fistulas with evidence of myocar-
dial ischemia, arrhythmia, ventricular dysfunc-
tion, left ventricular enlargement, or endarteritis 
[25]. Indication for closure also includes a pul-
monary to systemic blood flow ratio >1.5–1.7 or 
right ventricular volume overload, signs of isch-
emia, or volume overload in the right ventricle on 
echocardiography, progression of pulmonary 
hypertension, or congestive heart failure.

Small, asymptomatic fistulas, which are clini-
cally silent, may best be observed over time since 
the risks of complications or symptoms appear to 
be low and spontaneous closure is a possibility.

With regard to children, especially those older 
than 5  years, elective closure of any clinically 
apparent fistula should be performed, even if the 
patient remains asymptomatic. Late stenosis, sec-
ondary to intimal hyperplasia, represents a very 
important complication that has been reported in 
children, which could increase the risk of myo-
cardial infarction later in life.

While the traditional approach to coronary fis-
tulas in the past was surgical closure, coronary 
fistulas are now best closed in the cardiac cathe-
terization laboratory.

The choice of the technique for CAF closure 
depends on its morphology, its course, tortuosity, 
and the presence of an aneurysmal dilatation of 
the vessel that supplies and the vessel which is 
being considered for occlusion. The results of all 
techniques for CAF closure are comparable with 
a total mortality of <1% and low rates of 
complications.

 Surgical Treatment

The surgical obliteration of the fistula by epicar-
dial and endocardial ligations is the cornerstone 
of surgical treatment, first described by Bjorck in 
1947.

Surgical treatment has been reported with 
excellent short- and long-term results, even in 
childhood, despite complications including myo-
cardial infarction and valve insufficiency, espe-
cially of the tricuspid valve, occurring in up to 
11% of patients [26].

Surgical treatment is generally reserved for 
single, large, symptomatic fistulas that are pres-
ent with angina, cardiac decompensation, or 
complications characterized by high-fistula flow, 
multiple communications, very tortuous path-
ways, multiple terminations, significant aneurys-
mal formation, or need for simultaneous distal 
bypass [27].

Some authors have reported successful surgi-
cal occlusion of CAF on beating heart off-pump 
[28].

Ligation of the CAF may be performed out-
side the heart without cardiopulmonary bypass 
when there is a simple and easily accessible 
CAF.  Surgical ligation at the fistula drainage 
site should be the preferable way of treatment, 
avoiding the occurrence of myocardial 
ischemia.

Depending on the anatomical morphology of 
the fistula and the consequent involvement of the 
chambers, the most appropriate technique has to 
be chosen.
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An interesting series of cases, spanning over 
37  years of medical practice, comes from the 
Texas Heart Institute. Following that experience, 
several techniques may be considered: internal 
closure of the fistula, proximal and distal ligation 
or the latest alone, tangential arterial suture, liga-
tion and bypass (simple or with Dacron graft 
required), or closure within an aneurysm [29].

From recent reports, the overall operative 
mortality for surgical treatment is about 2%.

Mortality related to surgical closure of iso-
lated CAF should be rare (<1%).

Said et  al. from the Mayo Clinic observed 
perioperative Myocardial Infarction (MI) in three 
of their patients (6.5%), and late MI was docu-
mented in two other patients. The common fac-
tors noted were the presence of a large and 
significant fistulous communication and dilated 
or aneurysmal CA. The infarction occurred in the 
distribution of the involved CA. Residual fistulas 
were detected in three patients (6%), with no 
reintervention needed [30].

Data from Wang et al. showed that TCC had a 
higher rate of residual shunt compared to the sur-
gical group. At follow-up, they demonstrated that 
10 (6.9%) patients in TCC group had a residual 
shunt versus 2 (3.6%) patients in surgical closure 
(SC) group, suggesting that SC had a better long-
term efficacy, as was better long-term safety.

Another series by Schumacher and colleagues 
shows similar results with a very low morbidity 
and mortality rate (0–4%) when fistulas are oper-
ated on in infancy and childhood [31].

 Transcatheter Closure

Transcatheter CAF closure has emerged as a fea-
sible alternative to surgical closure with associ-
ated shorter hospitalization and recovery, and 
reported efficacy and safety in several small 
single- center series [7–10].

However, due to the rarity of CAF, the reported 
experience remains relatively limited. As a result, 
anatomic and procedural factors that may lead to 
unsuccessful closure, complications, or recanali-
zation of CAF are unclear.

Due to its low rate of major complications, 
transcatheter closure has been promoted as treat-
ment of choice, even in neonates and infants [32].

Small single-center studies have suggested 
that transcatheter CAF closure is associated with 
a high rate of procedural success (82–93%) and 
relatively low morbidity in select patients [33].

Similar rates of procedural success and com-
plications were observed in a multicenter series 
[34]. Different transcatheter closing techniques 
(TCC) and different devices can be used safely 
with good long-term results, even in small infants. 
The choices of TCC and device selection vary, 
and are primarily determined by the heteroge-
neous anatomic characteristics of the fistulas. 
The aim of catheter closure is to occlude the fis-
tula feeding artery as distally and as close to its 
termination point as possible, so as to avoid any 
possibility of occluding branches to the normal 
myocardium.

The techniques for transcatheter closure of 
CAFs include various types of occlusion devices 
such as Amplatzer duct occluder and Amplatzer 
vascular plug (St Jude/AGA Medical, Golden 
Valley); detachable coils (PFM Medical, 
Germany; Cook Gianturco patent ductus arterio-
sus coil, Cook Cardiology, Bloomington,); free 
coil (Cook coil, Cook Cardiology, Bloomington); 
and detachable balloon (Goldbal, Balt, France).

There are three major access approaches for 
percutaneous closure. One is the venous 
approach, one is arteriovenous loop, and the other 
is the arterial approach. Arterial approach is suit-
able for smaller fistulas that can be closed with 
coils (Fig. 5.2). When the fistula is large requir-
ing a device or a plug, the venous approach is 
preferable (Fig. 5.3). Also, when the fistula is tor-
tuous and long and can be approached easily 
through the venous side, the venous approach is 
preferable. Creating an AV loop allows a most 
distal positioning of the implantation sheath from 
the venous site without compromising coronary 
arterial blood flow during the procedure.

The choice of equipment and technique 
depends on the morphology of the fistulas. The 
factors include their tortuosity, the presence of 
high flow in the fistula, aneurysmal dilation of the 
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Fig. 5.2 Left coronary angiogram reveals dilated and tor-
tuous left anterior descending coronary artery with distal 
fistulous communication with the right ventricle. Insertion 

of microcatheter and anterograde fistula closure with 
Concerto coils

feeding vessel, and the point of intended  occlusion. 
Other important determinants include the age and 
size of the patient, the catheter size that can be 
used in the patient, the size of the vessel to be 
occluded, and the tortuosity of the catheter course 
to reach the intended point of occlusion.

Mavroudis et al. outlined the requirements for 
satisfactory embolization of a CAF as follows: 
the ability to cannulate safely the branch  coronary 
artery that supplies the fistula, the absence of 
large and significant myocardial branches that 
can be inadvertently embolized or occluded, the 
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Fig. 5.3 Right coronary fistula closed with plug

presence of single, narrow restrictive drainage 
site into the cardiac chamber or vessel, and the 
absence of multiple fistulous communications 
[35].

Ischemic complications represent the main 
risk during TCC of CAFs; coronary thrombosis, 
and early or late STEMI have been reported in 
some studies [36].

Other important procedural risks include ven-
tricular arrhythmias, coronary spasm, coronary 
perforation or fistula dissection, and device 
embolization.

Due to the potential long-term risk of recana-
lization with residual flow and potential throm-
botic complications, close follow-up with 
periodic noninvasive imaging or angiography 
should be routinely performed after CAF closure 
as repeat procedure may be occasionally needed.

In a retrospective series of 76 patients with 
mean follow-up of 12.2 years, Valente et al. also 
identified anastomosis in the coronary sinus as a 
risk factor for long-term morbidity after closure 
[37]. This is because these fistulas tend to be very 
large, tortuous, and prone to challenging proce-
dures and complications.

Antithrombotic treatment is usually recom-
mended to prevent thrombus extension from the 
CAF to the nearby coronary artery branches, 
although it is not clear whether antiplatelet or 
anticoagulant therapy should be used. Latson has 
advised long-term oral anticoagulation and then 
anatomical reassessment in case of large CAF 
and antiplatelet therapy (aspirin) for the patients 
without residual coronary dilatation [38].

 Prognosis

The prognosis of CAFs depends on the severity 
of the shunt and complications that sometimes 
occur, such as heart failure, pulmonary hyperten-
sion, and bacterial endocarditis.

The transcatheter and surgical approaches 
have similar early effectiveness, morbidity, and 
mortality.

Sequelae after closure of the fistula include 
persistent coronary dilatation, residual leak, 
thrombosis with or without myocardial infarc-
tion, and coronary artery stenosis with perfusion 
defects [39]. Patients who undergo a closure pro-

M. Rebonato et al.



65

cedure may have a recurrence rate of up to 
20–30%. Intermediate and longer-term follow-up 
of these thin-walled, ectatic coronary arteries 
after either surgical or transcatheter repair 
appears mandated.
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6Coronary Artery Abnormalities 
Associated to Congenital or 
Non- congenital Heart Disease

Roberto Formigari and Micol Rebonato

 Coronary Artery Abnormalities 
Associated to Congenital Heart 
Disease

The anatomic variations of the coronary artery 
system are a well-known feature of many con-
genital cardiac malformations, and their precise 
recognition is mandatory to provide optimal care 
and to avoid potentially ominous consequences. 
The embryology of the coronary system is dis-
cussed elsewhere and will not be the focus of this 
chapter.

Knowledge of all the issues bound to the rela-
tionship of the great arteries, the number of coro-
nary ostia and their locations within the sinuses, 
the proximal courses of vessels, branching pat-
terns, and regions of supply is very important for 
the congenital cardiologist and cardiac surgeon, 
allowing the precise planning and conduction of 
surgical and interventional procedures, and 
avoiding unnecessary diagnostic workouts. 
Because of the variability of the coronary system 
and the geometry of the aortic and pulmonary 

roots in congenital heart defects, the ordinary 
concepts of “right” and “left” coronary branches 
may be misleading. Thus, for decades, the 
nomenclature of the coronary anatomy has been 
a matter of discussion and controversies between 
surgeons and imaging cardiologists [1]. Several 
coding systems have been proposed (Yacoub, 
Leiden, and others) which can be adopted for the 
morphological description of the coronaries; nev-
ertheless, shorthand descriptive terminology is 
still commonly accepted in many institutions.

 Pulmonary Atresia with Intact 
Ventricular Septum

Coronary anatomy in pulmonary atresia with 
intact ventricular septum (PA-IVS) has a pro-
found influence on surgical management and out-
comes. PA-IVS features a wide spectrum of 
underdevelopment of the tricuspid valve (TV) 
and the right ventricle (RV). A proportion of 
patients with PA and IVS may have unique coro-
nary artery abnormalities, ranging from clinically 
unimportant myocardial sinusoids to the pres-
ence of an RV-dependent coronary circulation [2, 
3]. Right ventricle-to-coronary artery connec-
tions (RVCAC) are thick-walled structures with 
myointimal hyperplasia, thought to be a conse-
quence of repeated injury to the intima from the 
high-pressure, turbulent, RV systolic flow [4]. 
The frequency of RV coronary artery fistulas has 
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Fig. 6.1 Right-ventricular angiogram without (left panel) and with simultaneous injection in the aorta (right panel). 
Sinusoids (white arrows) are connecting a hypoplastic RV (black arrow) with the aorta

been reported to be 45% [2, 5, 6] and there is an 
inverse correlation between the diameter of the 
TV annulus, and therefore also to the RV size, 
and the probability of RVCAC [6], ranging from 
98% for a TV annulus Z-value of −5 to 5% at a 
Z-value of 0.

A subset of these patients may demonstrate 
RV-dependent coronary circulation secondary to 
aortocoronary discontinuity with stenosis and/or 
interruption, or major coronary-cameral fistulae 
with the myocardium being supplied by the low 
O2-saturated, predominantly systolic flow from the 
hypertensive RV.  Thus, not only there is a clear 
substrate for myocardial ischemia, but the poten-
tial of a two-ventricle repair is doomed to failure 
because the RV cannot be decompressed and there 
is no way to provide antegrade pulmonary flow.

Therefore, complete recognition of coronary 
artery anatomy is of the utmost priority in the 
early management of these infants, as this directly 
impacts the decision to proceed with a single 
ventricle palliation pathway as opposed to biven-
tricular repair (Fig. 6.1) [7].

Usually, the presence of RVCAC may be sus-
pected by color-Doppler echocardiography 
(online video), which may provide some initial 
clues concerning the potential dependency of the 
coronary supply from the hypertensive RV [8]. 

However, in cases with a potentially recruitable 
RV and suspected major coronary anomalies, 
cardiac catheterization is mandatory and is still 
the gold standard [9], with the potential to per-
form interventional procedures of pulmonary 
perforation and/or ductal stenting. Computed 
tomography (CT) may be considered as a possi-
ble adjunctive tool [10].

 Tetralogy of Fallot

Coronary artery abnormalities are common in 
tetralogy of Fallot (ToF), with a reported inci-
dence between 4% and 6% [11, 12]. The spec-
trum varies from a prominent conal branch (7%) 
to a left anterior descending artery (LAD) origi-
nating from the right coronary artery (RCA) 
(3%), to the so-called “double left anterior 
descending artery” (2%), where a normal LAD 
from the left common trunk is paralleled by a 
supplemental LAD from the RCA. These vessels 
may run across the right-ventricular outflow tract 
(RVOT), preventing the complete resection of the 
subpulmonary infundibulum without jeopardiz-
ing the coronary perfusion. Indeed, the great 
majority of ToF patients have some component of 
their supply to the LAD territory coming from 
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the RCA by a vessel crossing the RV-free wall at 
a variable distance below the pulmonary annulus, 
which may even be concealed in the muscle or 
the epicardial fat. This may be explained by the 
clockwise rotation of the aortic root, as viewed 
from the apex, which is a classic hallmark of 
conotruncal anomalies. This, and so more in case 
of a side-by-side arrangement of the great arter-
ies in patients with double outlet right ventricle 
and/or mitro-aortic discontinuity, brings the right 
anterior-facing sinus into a leftward and more 
anterior position, much closer to the LAD.  In 
patients with a LAD crossing the RVOT, ana-
tomic repair is sometimes delayed, eventually 
with the creation of a more stable pulmonary 
blood supply by means of palliative surgical or 
interventional procedures. If relief of the annular/
infundibular obstruction is deemed impossible 
without the risk of transection of a coronary 
artery, a prosthetic conduit is usually the only 
solution for definitive repair. Therefore, timely 
recognition of coronary vessels crossing the 
RVOT is extremely important to avoid a nasty 
surprise in the operating theatre with the poten-
tial need for an unplanned bailout surgical strat-
egy, a potentially hazardous situation in neonates 
or young toddlers. For decades, coronary imag-
ing of ToF has been the realm of cardiac catheter-
ization and angiography (Fig.  6.2) but 
echocardiography [13] and CT [14] have pro-
gressively taken over, offering a safe, reliable, 
and non-invasive tool of imaging.

With the increasing popularity of percutane-
ous pulmonary valve replacement (PPVR), the 
importance of coronary artery anatomy has 
gained even more relevance for the interventional 
cardiologist, who needs to be familiar with the 
surgical techniques of RVOT repair and the spa-
tial relationship with the coronary course. These 
patients typically undergo magnetic resonance 
imaging to evaluate right-ventricular volume and 
function with simultaneous evaluation of the cor-
onary anatomy, as compression by an ill-placed 
stent or valve within the RVOT can be a fatal 
complication [15] (Fig. 6.3).

In patients with pulmonary atresia with ven-
tricular septal defect (PA-VSD), the coronary 
system may provide collateral arteries to the pul-

Fig. 6.2 Right coronary anteroposterior selective angio-
gram of a patient with ToF.  Origin of the LAD (black 
arrow) from the RCA.  The LAD crosses the RVOT, 
marked by a diagnostic catheter (white arrow)

Fig. 6.3 3D rotational angiography of a patient with ToF 
and RV to pulmonary artery conduit. A balloon has been 
inflated into the conduit while contrast has been simulta-
neously injected into the ascending aorta. The RCA runs 
between the aorta and the balloon
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monary circulation which needs to be embolized 
before any type of surgical pulmonary augmenta-
tion or unifocalization procedure.

 Transposition of the Great Arteries

Transposition of the great arteries (TGA) can be 
considered as the prototype of congenital heart 
defects where treatment has been conditioned by 
the native anatomy of the coronary system. 
Indeed, the coronary arteries were regarded a lit-
tle more than an anatomic curiosity in patients 
undergoing a Senning/Mustard operation until 
the first successful arterial switch procedure by 
Jatene in 1975. The feasibility of anatomic repair 
of TGA compelled pediatric cardiologists to 
refine their diagnostic skills in order to make sur-
geons confident enough to carry out a successful 
coronary translocation, still a risky affair until the 
mid-1990s, when complex coronary patterns 
were considered a major contraindication for 
anatomic repair. Even if no longer such a crucial 
issue in the current era, nevertheless, the timely 
recognition of major coronary anomalies still 
plays a significant role in the preoperative assess-
ment of neonates with TGA and may impact sur-
gical outcome [16]. Because of the high 
variability of aortopulmonary spatial relation-

ships, the concept of “facing sinus” is commonly 
used in clinical and surgical practice [1]. In this 
description, the observer places themselves in the 
nonadjacent aortic sinus looking toward the pul-
monary valve. The anterior sinus on the left hand 
is labeled “1” and the posterior sinus on the right 
hand is labeled “2” (Fig. 6.4).

Coronary branching can be described as nor-
mal, looping, or intramural. In the “normal” pat-
tern, which accounts for 60–70% of cases, sinus 
1 gives rise to the anterior descending and cir-
cumflex arteries. Sinus 2 gives rise to the right 
coronary artery. The “looping” pattern results 
when one or more of the three major coronary 
arteries run in front of or behind the major arte-
rial trunks. The classification of the different pat-
terns of coronary anatomy has been extensively 
studied [17] and echocardiography is still the 
mainstay of the preoperative assessment 
(Fig. 6.5) [18].

Branching patterns giving rise to double loops 
are not uncommon and occasionally there is no 
true circumflex coronary artery, but separate 
branches arise from the left coronary to supply 
the corresponding portion of the left ventricle. A 
single coronary orifice is another possible occur-
rence (Fig. 6.6).

Finally, a coronary artery may cross through 
the media of the aortic wall behind the valve 

Fig. 6.4 Drawing of the 
concept of “facing 
sinuses” in TGA as seen 
by echocardiography. F 
facing, NF non facing
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Fig. 6.5 Coronary artery origin as seen by echocardiography in a TGA with an anterior aorta. Note the rotation of the 
facing sinuses

Fig. 6.6 CT scan of a patient with TGA and single right 
coronary orifice, giving rise to the LAD (black arrow), 
RCA (white arrow), and circumflex arteries

commissure, arising from the other adjacent aor-
tic sinus, with a so-called “intramural” course 
which can be suspected by echocardiography 
[19] and still poses a challenge for surgical 
repair.

 Other Types of Congenital Heart 
Defects Associated with Abnormal 
Coronary Artery Anatomy

In patients with congenitally corrected transposi-
tion of the great arteries (ccTGA) the morphol-
ogy of the coronary system is said to “follow” 
that of the ventricle. Thus, when there is a 
leftward- anterior aorta, the coronary connecting 
to the right anterior-facing sinus has the distribu-
tion of a morphologically left coronary artery, 
while the coronary connecting to the left 
posterior- facing sinus runs in the left atrioven-
tricular groove and supplies the RV and posterior 
interventricular septum [20]. In patients with 
ccTGA who are candidates for double switch 
procedures, the coronary anatomy should be 
thoroughly investigated by coronary angiography 
or CT scan. Moreover, the sinus node artery may 
arise from the circumflex artery, crossing the 
medial side of the morphologic right atrial wall, 
thus jeopardizing atriotomy or baffling for the 
atrial switch procedure. Patients with common 
arterial trunk exhibit a high incidence of slit-like 
coronary orifices, often with higher take-off from 
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the aortic wall. Hypoplastic left heart syndrome 
with mitral stenosis and aortic atresia may show 
the presence of left ventricle-coronary connec-
tions whose impact on prognosis has yet to be 
understood. Anomalous coronary origin from the 
pulmonary artery has been reported in patients 
with aortopulmonary window [21].

 Inflammatory Diseases 
of the Coronary System

Coronary artery vasculitis (CAV) is an emerging 
field of diseases featured by the propensity of 
younger population groups and with multiple 
complications including the development of 
 coronary artery aneurysms, coronary stenotic 
lesions, and thrombosis, all of which may result 
in acute coronary syndromes. More recently, the 
COVID-19 pandemic witnessed the outbreak of 

several cases of children with a multi- 
inflammatory disease with coronary and myocar-
dial involvement [22]. Other types of CAV 
diseases are Kawasaki disease (KD) and Takayasu 
arteritis (TA). KD is a predominant vasculitis of 
childhood that primarily affects the coronary 
arteries (~25% of patients) and is the most com-
mon cause of coronary artery aneurysms which 
may be complicated by endoluminal thrombosis 
or late stenosis (Fig. 6.7) [23]. Prompt recogni-
tion of coronary aneurysm in the acute phase by 
echocardiography is mandatory as intravenous 
administration of gamma globulin has been 
proved as highly effective in preventing the for-
mation of coronary aneurysms. In TA the most 
common lesions are stenosis or occlusion of the 
coronary ostia, diffuse or focal coronary arteritis, 
and aneurysms. These findings are detected in up 
to 60% of patients on coronary angiography 
(< 20% symptomatic cases) [24].

Fig. 6.7 Coronary angiography in a child after KD. Aneurysm and complete occlusion of the RCA (left panel). Giant 
aneurysm of the Cx artery (right panel)
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7Anomalous Origin of the Coronary 
Arteries from the Pulmonary 
Artery: ALCAPA and ARCAPA

Alessandro Giamberti, Massimo Chessa,  
Martina Evangelista, and Federica Caldaroni

 Introduction

The first descriptions of anomalous coronary 
arteries (CA) from the pulmonary artery (PA) 
were performed by Krause in 1865 and by Brooks 
in 1885. They reported the presence of accessory 
arteries originating from the anterior side of the 
PA and joining a network of thoraco-mediastinal 
thoracic vessels, including CAs branches nor-
mally originating from the aorta. The first adult 
report of anomalous left CA (LCA) from PA 
(ALCAPA) came in 1908 from Maude Abbott’s 
contribution to Osler’s Modern Medicine. 
Thereby, she reported the case of an asymptom-
atic 60-year-old woman with a dilated and aneu-
rysmal right coronary artery (RCA) giving off 
branches that anastomosed with venous-like ves-
sels running in the normal territory of the LCA, 
but originating from the posterior sinus of the 
PA.  Such autoptic finding became known as 
Bland-White-Garland syndrome in 1933, with 
the landmark publication of a 3-month-old infant 
with autopsy confirmed ALCAPA [1].

 Epidemiology

Anomalous origin of right coronary artery 
(ARCAPA) anatomy was found in 0.002% of 
patients undergoing coronary angiography, but, 
given the inherent bias related to the cohort of 
patients undergoing the procedure and the possi-
ble asymptomatic course of some patients with 
ARCAPA, the true incidence is unknown [2]. A 
slight predominance of male has been reported 
for ARCAPA [3], as compared to a greater than 
2:1 predominance of females for ALCAPA [4]. 
The estimated incidence of ALCAPA is 1/300000 
live births, representing 0.24–0.46% of congeni-
tal cardiac disease [2, 5, 6]. If untreated, approxi-
mately 90% of infants die within the first year of 
life. Since it predominantly presents in the first 
year of life, diagnosis in adult age is extremely 
rare, and the majority of information comes from 
case reports or from pediatric case series. Over 
the past two decades, the number of reported 
patients with ALCAPA over 50  years old has 
increased. This might correlate with advances in 
echocardiography and wide diffusion of cardiac 
computed tomography (CT) and magnetic reso-
nance imaging (MRI). Early autopsy studies 
reported that SCD among untreated adult 
ALCAPA patients occurs at 35 years old on aver-
age, thereby requiring surgical treatment in all 
diagnosed adults [7, 8]. Nevertheless, with the 
increased diagnostic rate of adult ALCAPA cases, 
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Fig. 7.1 Diagrammatic representation of aortic and pul-
monary artery origins of the left main coronary artery in 
normal and anomalous conditions. Cephalic views depict 
a person in the non-facing sinus with the right hand always 
signifying sinus 1 and the left hand always signifying 
sinus 2. [The sinuses of the pulmonary valve are desig-

nated right hand (sinus number 1), and left hand (sinus 
number 2), as viewed from the non-facing sinus of the 
pulmonary trunk toward the aorta. Sinus 1 of the aorta 
faces sinus 2 of the pulmonary trunk and vice versa; both 
non-facing sinuses are at the two extremities]. Reproduced 
with permission from Dodge/Khatami et al.

the true association between ALCAPA and SCD 
may be lower than estimated, especially among 
older patients.

 Anatomy

The anomalous connection of a CA from the PA 
is included in the major anomalies of the coro-
nary arteries (APOC-Anomalous Pulmonary 
Origin of the Coronaries, in the accepted classifi-
cation of the STS database and Nomenclature 
project Fig. 7.1) [9].

The morphological spectrum accounts for 
Four different variants: (1) ALCAPA, (2) 
ARCAPA, (3) anomalous origin of both CAs 
from the PA, and (4) anomalous origin of the cir-
cumflex artery from the PA. Among these vari-
ants, ALCAPA and ARCAPA are the most 
frequent and clinically relevant, since only a few 
cases of anomalous origin of both CAs or an 
“accessory” artery from the PA have been 
described [3, 9, 10] and the anatomical variants 
are depicted as follows.

1.  Anomalous origin of the left main CA from the 
pulmonary artery (ALCAPA)

     1.1. From right-handed sinus (sinus 1)
     1.2. From non-facing pulmonary sinus
     1.3. From left-handed sinus (sinus 2)
     1.4.  From commissure between sinus 1 and 

non-facing sinus
     1.5.  From commissure between sinus 2 and 

non-facing sinus
     1.6.  From commissure between sinus 1 and 

sinus 2
     1.7.  High takeoff from left or right 

pulmonary arteries
2.  Anomalous origin of the right coronary artery 

(ARCAPA)
3.  Anomalous origin of the circumflex coronary 

artery from the PA (ACxPA)
4.  Anomalous right and left coronaries from the PA 

(both)

The ALCAPA is the most frequent form; how-
ever, the anatomy can be variable, influencing the 
technique of surgical correction [11, 12]. Most fre-
quently, the anomalous CA arises from the left or 
posterior sinus of Valsalva of the PA, rarely from 
the right sinus, and usually gives branches (LAD 
and Cx) 5–6 mm after its origin. Collateral circula-
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Fig. 7.2 Intraoperative image showing multiple large 
collaterals (arrows) arising from the right coronary artery 
from anomalous origin of left coronary artery from pul-
monary artery. Reproduced with permission from 
Rajbanshi et al. [13]

tion, more represented in adults, gives origin to a 
network of collateral vessels of technical impor-
tance during surgery [3, 13] (Fig.  7.2). The left 
ventricle is usually dilated, with impaired function 
and myocardial fibrosis, in response to a maladap-
tive remodeling secondary to chronic ischemic 
insult [3, 6, 12]. The result is often secondary 
mitral regurgitation with the underlying mecha-
nism being annular dilation, chordal tethering, and 
papillary muscle fibrosis and dysfunction [14].

 Clinical Presentation/Diagnosis

In fetal and early neonatal life, the origin of one 
CA from the PA is well tolerated because pulmo-
nary artery pressure (PAP) equals systemic pres-
sure, leading to adequate anterograde flow in both 
the anomalous and the normal CA.  After birth, 
when PAP decreases, flow in the anomalous CA 
decreases and eventually reverses, therefore lead-
ing to myocardial ischemia (MI) and infarction. 
The long-term consequence of reverse flow is vol-
ume overload caused by left-to-right shunt; the 
left-to-right shunt is also known as the steal phe-
nomenon. The development of collateral circula-
tion between the RCA and LCA during the critical 
period, when PAP gradually decreases, deter-
mines the extent of MI. Patients without collateral 
vessels have the infant type of the disease, and 

those with well-established collateral vessels have 
the adult type (Fig. 7.3). These two disease types 
have different manifestations and outcomes. In 
the infant type, symptoms onset usually occurs 
about 8 weeks after birth: with the establishment 
of reversal of flow in the anomalous CA, the lim-
ited blood supply to the myocardium due to the 
absence of coronary collateral development leads 
to congestive heart failure (HF) and mitral insuf-
ficiency secondary to MI [6]. Infants present with 
failure to thrive, profuse sweating, dyspnea, pal-
lor, and atypical chest pain while eating or crying. 
Without surgical repair, death ensues in up to 90% 
of patients within weeks or months of life [4, 15]. 
In the adult type, chronic LV sub-endocardial 
ischemia ensues despite the development of sig-
nificant collateral circulation from the normal to 
the anomalous CA. As a result, patients may 
develop malignant ventricular arrhythmia (VA). 
Symptoms upon ALCAPA presentation are 
angina, dyspnea, palpitations, or fatigue in 66% of 
patients; 17% present with VAs, syncope, or SCD 
and only a minority remain asymptomatic until 
adulthood (14%) [4, 15–17]. Out of patients with 
life-threatening presentations, more than a half 
(62%) have no antecedent symptoms.

ARCAPA is frequently diagnosed inciden-
tally, and patients may be completely asymptom-
atic (38% of patients), or may present with angina 
(22%), dyspnea (17%), HF (10%), or SCD 
(2,7%) [3]. Both CAs arising from the PA is an 
extremely rare condition. In such cases, symp-
toms manifest within a few days after birth, and 
death follows within 2  weeks; this condition is 
compatible with life only if associated with pul-
monary hypertension [6].

Associated congenital abnormalities may be 
present. In patients with ALCAPA, the most 
common abnormalities are extracardiac collateral 
circulation, including bronchial artery collater-
als. The most common abnormality in patients 
with ARCAPA is aorto-pulmonary window 
(10.8%) followed by ventricular septal defect 
(6.3%) and atrial septal defect (4.9%) [3, 4].

Abnormalities on physical examination are 
frequent findings, and the most common is a sys-
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Fig. 7.3 Pathophysiology of APOC.  In the neonatal 
period, the anomaly does not cause any perfusion abnor-
mality, nor any clinical signs. Progressively the pulmo-

nary artery pressure decreases leading to changes in the 
coronary artery perfusion, therefore to the Infantile or the 
Adulthood presentation

tolic or continuous or “to-and-fro” murmur, pre-
dominantly localized to the left sternal border or 
apical region (87% of patients). The electrocardi-
ography (ECG) frequently reveals infarct pat-
terns with Q-waves (50%), otherwise it may 
present LV hypertrophy (28%) or left axis devia-
tion (15%), and it is normal in only a minority of 
cases (4%) [4]. Noninvasive diagnosis of coro-
nary abnormalities has always been challenging 
[18, 19]. Echocardiographic markers of ALCAPA 
have been identified, highlighting differences 
between infant and adulthood presentation. The 
most common markers in infants include mildly 
dilated RCA, prominent fibrotic changes of pap-
illary muscles, secondary fibroelastosis of endo-
cardium, severely dilated LV, abnormal 
myocardial contractility especially of the anterior 
and lateral walls, and severe LV systolic dysfunc-
tion. In adulthood presentation, the most frequent 
markers are severely dilated RCA and prominent 

septal flow from collateralization, without LV 
dilatation or dysfunction [19]. In 46% of the 
exams, echocardiography findings are diagnostic 
or suggestive of ALCAPA; 44% of echocardiog-
raphy exams are abnormal but do not indicate 
ALCAPA (predominantly mitral regurgitation 
and segmental ventricular dysfunction). 
Echocardiography may be normal in 10% of 
patients. Stress tests may be useful to identify 
ischemia. Stress ECG and stress imaging studies 
have been reported to detect ischemia respec-
tively in 85% and 87% of the cases.

The development of cardiac CT and MRI 
has improved noninvasive evaluation of the 
coronary anatomy [15, 20, 21]. CT and MRI 
findings of ALCAPA in adults include direct 
visualization of the origin of the LCA from the 
posterior aspect of the PA, dilated and tortuous 
RCA, and visualization of dilated inter-coro-
nary collateral arteries along the external sur-
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face of the heart or within the interventricular 
septum. Both modalities may be used to assess 
LV systolic function. MRI has the additional 
advantage of demonstrating and assessing 
flow from the LCA into the PA, and to deter-
mine myocardial viability with delayed gado-
linium enhancement.

 Surgical Indications

Anomalous LCA from the PA (ALCAPA), if left 
unrepaired has a mortality rate up to 90% [22]. 
Surgery, however, has good early and long-term 
results [23–25], proving to be effective and resolu-
tive, restoring a two-coronary system [10, 26]. 
Diagnosis itself is a surgical indication, so that the 
currently and generally accepted standards include 
urgent surgical repair soon after diagnosis, with 
establishment of a dual-CA system, regardless of 
age or degree of inter-coronary collateralization 
[10, 15, 24, 27]. In fact, in neonates or infants who 
have little or no coronary collateral development, 
the surgical treatment is lifesaving and the best 
results are achieved with the availability of postop-
erative mechanical assist devices [23, 28]. Adults, 
on the other hand, in whom a developed network 
of collateral circulation is generally already estab-
lished, even if asymptomatic, continue to have a 
significant left- to- right shunt and poor coronary 
reserve (steal phenomenon), and will therefore be 
predisposed to ischemia, arrhythmia, and sudden 
death [4, 13, 15, 17].

ARCAPA and other variants (single LAD or 
Cx arising from the PA) are considerably rarer 
and less malignant than ALCAPA and are often 
underdiagnosed because of the absence of clini-

cal manifestations. However, operation is like-
wise indicated upon the diagnosis for all these 
variants [13, 29].

 Surgical Technique

Several surgical procedures have been described, 
including simple ligation, various forms of 
bypass grafting, subclavian artery graft, intrapul-
monary baffle, and, the most frequently used, 
direct coronary reimplantation to the aorta [4, 
12–15, 20, 24, 26, 28, 30–33].

Usually, the discriminant for the choice of 
the technique is the position of the anomalous 
CA, when it is on the right side of the PA or 
arises from the posterior wall (i.e. from a pul-
monary sinus facing the aortic wall, direct 
anastomosis with mobilization of the left coro-
nary is recognized as the simplest and best 
choice) [12, 24, 32]. In case of origin from the 
left side of the PA, a baffle type of technique 
can be considered (Takeuchi-type repair) [24, 
32, 33] (Fig. 7.4).

In adult patients, in case of technical issues or 
presence of associated CAD, CA bypass grafting 
techniques, with ligation of the origin of anoma-
lous CA, deem feasible [4, 13].

Cardiopulmonary bypass is routinely estab-
lished with high aortic and bi-caval or single right 
atrial venous cannulation. Myocardial protection, 
of utmost importance, is performed with ante-
grade root cardioplegia, taking care of manually 
occluding the anomalous origin of CA or the 
main or the branches of pulmonary arteries, to 
prevent cardioplegia steal into the pulmonary bed 
[10, 13, 24, 26, 32].
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Fig. 7.4 Surgical technique, reproduced with permission from Alsoufi et al. Ann Thorac Surg. 2008 [12]
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Postoperatively, a left atrial pressure monitor-
ing is advisable and the use of mechanical assist 
devices ranges from 25% to 36% [23, 24, 26, 28, 
30].

 Complications

The reported early mortality rate after ACAPA 
correction varies from 0% to 16% [10, 26, 34]. 
Presumably, after hospital discharge, there is a 
sharp decrease in the hazard, but a low risk 
remains constant, mostly conditioned by the 
amount of residual ischemic left ventricle. In 
fact, the onset of malignant VAs, induced by the 
presence of areas of ischemic myocardium, rep-
resents the substrate for sudden death. In most 
patients, however, the left ventricular function 
recovers to almost normal after several months 
[7, 8, 10, 12].

Management of mitral regurgitation is contro-
versial. In most cases, insufficiency is deemed to 
be reversible, and therefore should not be 
addressed at the time of surgery [12, 14, 23, 35]. 
In addition, some studies demonstrate that, in 
ALCAPA, even preoperatively severe MR fully 
regresses after reperfusion alone, while MV 
replacement or repair during ALCAPA correc-
tion could potentially be harmful by prolonging 
the ischemic time and by acutely increasing the 
afterload in an already-damaged ventricle. 
Therefore, the primary goal of the initial surgery 
should be to establish antegrade coronary perfu-
sion [23, 35]. However, significant mitral regur-
gitation persists in at least one-third of patients, 
despite good recovery of LV function [23, 24, 28, 
30]. This usually reflects the presence of irrevers-
ible papillary muscle infarction and scarring [23]. 
In that case, with a completely different underly-
ing mechanism of mitral regurgitation, reopera-
tion is required to address the valve insufficiency 
and reduce its impact on ventricular dysfunction 
[14, 16, 30, 31, 36].

Even though surgical results are satisfactory, 
there is potential for postoperative complications 
such as ischemia due to anastomosis or conduit 
restenosis or aortic valve or pulmonary valve 
injury [12, 13, 30]. Some cases of RVOT obstruc-
tion have also been reported after Takeuchi repair 
[10, 30, 33, 37].

 Follow-up

Although early diagnosis and prompt surgical 
intervention lead to excellent results, the possi-
bility of postoperative complications necessitates 
long-term follow-up imaging [14, 24, 30, 32]. 
Cardiac CT and MRI offer prognostic informa-
tion, allow for risk stratification, and should be 
used for long-term follow-up. MRI also allows 
functional assessment of the heart and evaluation 
of MI and viability [4, 15]. Currently, there are no 
clear indications for the follow-up evaluation of 
these patients. According to the authors of the 
chapter, a reasonable approach is to schedule the 
first clinical evaluation 1  month after the dis-
charge and in the same context, to perform an 
ECG and an echocardiography. The clinical eval-
uation has to be focused on signs and symptoms 
of HF and of MI; the ECG has to highlight new 
ischemic modifications and the echocardiogra-
phy has to asses myocardial function as well as 
the improvement or the worsening of 
MR. Whenever feasible, we suggest scheduling a 
coronary CT scan 6 months after the operation, 
mainly to evaluate the anastomosis between the 
CA and the aorta or the anastomosis of the baffle, 
in case a Takeuchi-type repair has been per-
formed. If the coronary CT scan shows any 
abnormalities or a doubtful result in patients who 
refer to typical or atypical symptoms of MI, a 
coronary angiogram should be performed.

An exercises stress test should be scheduled as 
soon as feasible, according to the growing-up 
rate of the patient.

7 Anomalous Origin of the Coronary Arteries from the Pulmonary Artery: ALCAPA and ARCAPA



82

In case signs or symptoms of MI appear at the 
follow-up, we suggest performing a functional 
test, above all stress-MRI, to asses inducible MI, 
myocardial viability, and myocardial fibrosis.
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8Coronary Artery Anomalies: 
An Updated Discussion 
on Nomenclature, 
Pathophysiology, and Screening

Paolo Angelini and Carlo Uribe

 Introduction

In this chapter, we provide updates on several 
critical issues that experts on coronary artery 
anomalies (CAAs) are currently discussing: (a) A 
rational nomenclature scheme for CAAs is 
urgently needed and is potentially available. (b) 
A core parameter of CAA pathophysiology was 
recently established, such that the severity of 
coronary stenosis can now be confidently and 
consistently established as the single essential 
factor for evaluating clinical manifestations and 
risk in CAAs. (c) Prospective screening to detect 
CAAs in athletes and military recruits is achiev-
able and may substantially lower sudden cardiac 
death (SCD) rates in these populations.

 CAA Nomenclature

Nomenclature is particularly relevant in view of 
the persistent hodge-podge of terms and acro-
nyms that too frequently confuses clinical service 
providers. In this regard, for the past 20  years, 
our group has supported a specific and descrip-
tive staged nomenclature scheme for CAAs (in 

an initialism style) that brings new clarity to the 
subject. In particular:

 1. The initialism begins with the letter indicating 
the coronary artery involved, either right (R-) 
or left (L-).

 2. The presence of ectopic origin of the coronary 
artery, ie, anomalous origin from the right 
sinus of Valsalva (ACAOS-), follows.

 3. The initialism ends with the path the ectopic 
artery takes to cross to the destination terri-
tory, which may be intramural (IM, the only 
prognostically serious course), prepulmonic 
(PP), intraseptal (IS), retroaortic (RA), or ret-
rocardiac (RC). See Figs.  8.1 and 8.2. The 
CAA type and its implicit risk are defined 
more by this path than by ectopy.

ACAOS-IM is characterized by: (1) a tangen-
tial origin (usually, but not always, ectopic from 
the opposite sinus: see also the cases of high- 
origin and the proper site of origin with IM 
course [1]); (2) frequently a slit-like orifice; and 
(3) a constant proximal course within the aortic 
wall, where the vessel becomes compressed at 
varying degrees during the cardiac cycle, in dif-
ferent individuals and at different times in their 
lives. On the contrary, L-ACAOS-IS always 
implies a straight-down initial epicardial course 
(a partial interarterial course that is always extra-
mural) directed towards the supraventricular 
crista of the right ventricle, and then the 
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a b

Fig. 8.1 Schematic illustrations of L-ACAOS-IM and 
L-ACAOS-IS on a coronal plane. (a) An intramural course 
features a proximal left main coronary artery trunk 
“attached” (intramural) to the aortic wall (segment in red), 
whereas (b) in an intraseptal course, the proximal segment 
of the left main coronary artery is initially extramural/off 
the aortic root (in yellow) and then intramyocardial at the 
supraventricular crista and intraventricular septum (in 
green). ANT anterior side, DIAG diagonal branch of the 
LAD, IAS interatrial septum, L left sinus of Valsalva, 

L-ACAOS-IM left coronary artery with anomalous origin 
from the right sinus of Valsalva and intramural course, 
L-ACAOS-IS left coronary artery with anomalous origin 
from the right sinus of Valsalva and intraseptal course, LA 
left atrium, LAD left anterior descending coronary artery, 
LT left side, NC noncoronary sinus, OM obtuse marginal 
coronary artery, OTRV right ventricular outflow tract, PA 
pulmonary artery, POST posterior side, R right sinus of 
Valsalva, RA right atrium, RT right side

 interventricular septum, before emerging epicar-
dially at the anterior interventricular sulcus and 
joining the epicardial left anterior descending 
and circumflex coronary arteries. This anomaly is 
mostly benign (see Figs. 8.1 and 8.2). An early 
origin of the first septal branch off the left main 
coronary artery is a distinctive pathognomonic 
sign in angiography. The other anomalous 
courses are essentially benign and extramural.

These concise initialisms quickly and effec-
tively convey essential initial clues as to the 

pathology involved. Conversely, alternative 
nomenclatures seem to be generally unhelpful 
in clarifying the nature of the CAA and its 
intrinsic prognostic risk. Initialisms like 
AAOCA (anomalous aortic origin of a coronary 
artery) or AOCA (anomalous origin of a coro-
nary artery) are simplified versions of our com-
mon nomenclature scheme that may be more 
confusing than useful. Many current investiga-
tors prefer subdivisions into consistent clinical 
entities.
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Fig. 8.2 Magnetic resonance imaging and preferred 
imaging planes for L-ACAOS-IS and L-ACAOS-IM. (a) 
In a case of L-ACAOS-IS, the long left main coronary 
artery trunk (black arrowhead) originates from a com-
mon niche with the right coronary artery (white arrow) 
and follows an oblique course (extramural, separated 
from the aortic wall) that eventually crosses the RVOT 
before entering the interventricular septum. (b) In 
L-ACAOS-IM, the long left main coronary artery trunk 
is shown to be adjacent to the aortic wall (black arrow-
head) in this image taken at the sino-tubular junction, 
and its early bifurcation is seen. (c) Schematic drawings 
of the different preferred planes for computed tomogra-
phy angiography of the L-ACAOS-IM course (left panel) 
and the L-ACAOS-IS course (right panel); the IM plane 
is at or about the level of the sino-tubular junction and 
the ostium of the ectopic artery (this plane also passes 

across the pulmonary valve), whereas the IS course is 
better seen in a plane that goes from the origin of the left 
coronary artery to the right ventricular outflow tract 
(infundibular). Mild variations are possible in individual 
cases, and the observer should follow the discipline of 
initially establishing the expected specific planes for 
each variant and then following the left main coronary 
artery above or below that plane (the specific plane is 
variable and usually not totally apparent in any single 
tomographic plane). Ao aorta, AoR aortic root, 
L-ACAOS-IM left coronary artery with anomalous origin 
from the right sinus of Valsalva and intramural course, 
L-ACAOS-IS left coronary artery with anomalous origin 
from the right sinus of Valsalva and intraseptal course, 
LV left ventricle, MPA main pulmonary artery, PAV pul-
monary valve, RA right atrium, RVOT right ventricular 
outflow tract
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 CAA Screening

For several decades, cardiologists and medical 
organizations have debated and issued statements 
on the role of CAAs in precipitating SCD in ath-
letes and military recruits and on the use of 
screening to prevent SCD in similar populations 
[2, 3]. Candidates for athletic or otherwise stren-
uous activity are uniquely amenable to routine, 
accurate preparticipation screening, given that 
syncopal emergencies and especially SCD are 
frequently the first symptoms of high-risk con-
genital conditions. Until such symptoms mani-
fest, these candidates typically continue to train 
and compete, thereby progressively increasing 
their risk.

In order to be acceptable, preventive screening 
must be effective, affordable, and preferentially 
able to achieve definite primary diagnoses of 
potentially high-risk CAA(s) in 1 encounter. We 
have come to realize that prospective screening 
can indeed be done accurately, cost-effectively, 
and justifiably in large populations by using new, 
precise screening methods, such as cardiac mag-
netic resonance imaging (MRI) [4]. A key reason 
for MRI-based primary screening is that tradi-
tional screening programs (essentially based on 
history and physical examination plus occasional 
electrocardiography) generally perform too 
poorly to be justifiable as a primary program [4]. 
Indeed, history and physical alone are inadequate 
for identifying most high-risk cardiovascular 
conditions, and ACAOS-IM in particular. In con-
trast, MRI can be as accurate as an autopsy (and 
in fact has been termed virtual autopsy), requires 
only a 10–15 min acquisition time, is done with-
out intravenous drugs or contrast agents, and 
does not induce significant complications.

A recent MRI-based screening study executed 
under the direction and supervision of the Texas 
Heart Institute in Houston may now enable the 
introduction of MRI as a novel basis for general 
primary screening of candidates for sports activi-
ties. In that study of 5169 adolescents (aged 
11–18 years) examined by MRI, 1.5% were car-
riers of potentially high-risk cardiovascular con-
ditions (cardiomyopathies, CAAs, or 
electrocardiographic abnormalities) [5]. We rec-

ognize that this initial study was preliminary, 
focusing only on the prevalence of high-risk car-
diovascular conditions in sports candidates, and 
had no planned mortality endpoint [5, 6]. A his-
torical study of US military recruits (6.3 million 
candidates) conducted by Eckart and colleagues 
[7] found that 33% of SCD events were caused 
by only one CAA type: L-ACAOS-IM. That pop-
ulation was screened by history and physical, and 
autopsy was performed on all.

Such new findings lay a strong foundation for 
restructuring screening programs for elite ath-
letes and military recruits, who are under the 
supervision and responsibility of schools, sports 
organizations, or military administrations. 
Dedicated screening centers could eventually be 
organized within a comprehensive, integrated 
network of facilities with trained personnel who 
could in most cases complete a thorough screen-
ing without the need for extensive secondary 
expert evaluation, except for the rare cases in 
which a high-risk CAA is discovered at primary 
screening. In the unlikely event of a positive find-
ing, the individual should be referred for specific 
expert evaluation (again, probably required in 
only 1.5% of total cases for the general popula-
tion of sports candidates). The cost of a screening 
MRI in a dedicated high-volume center (orga-
nized to screen more than 20 cases/day) [4] was 
expected to be approximately US$200 [5]—the 
cost of a pair of basketball shoes.

Dedicated screening centers could facilitate 
the planning and execution of large-scale pro-
spective and controlled studies on mortality risk 
in MRI-based screening aimed to acquire the evi-
dence necessary to formulate and validate new 
protocols for effective screening to prevent SCD 
[6]. Such studies are vital for understanding the 
incidence of and mortality risk for each specific 
CAA and the circumstances that precipitate SCD.

 Evaluating CAA Severity

If screening identifies potentially severe forms of 
L-ACAOS-IM, experts can be engaged electively 
to conduct secondary evaluations to determine 
the nature and severity of the anomaly. The infor-
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mation gained can be used to reliably advise can-
didates and to justify selective intervention or 
disqualification from sports activities.

Anatomical CAAs are numerous and dys-
homogeneous (reported as present in 5.6% of 
patients undergoing cardiac catheterization [8]), 
but they are mostly clinically benign. Sports car-
diologists are more likely to look for 
L-ACAOS-IM than for the generally benign 
myocardial bridges or other forms of ACAOS.

 L-ACAOS-IM Pathophysiology

Given its inherent relation to intramural course, 
the term L-ACAOS-IM implies that a coronary 
artery has been irreversibly misplaced inside the 
aortic wall during its prenatal development. 
Under the radial force of the aortic wall, the coro-
nary lumen cannot acquire a circular diameter, 
which is the most effective shape for a given cir-
cumference. After birth, an L-ACAOS-IM will 
always feature an ovaloid cross-section and will 
always be narrowed to some degree. The degree 
of luminal narrowing is at its least during the dia-
stolic phase and at its worst in the systolic phase, 
even when the individual is at rest.

The simplest way to measure the severity of 
stenosis is by using the ratio of the widest and 
narrowest inner diameters in diastole: A ratio of 
more than 2:1 is indicative of potentially signifi-
cant stenosis. The length of the stenotic segment 
is not usually a significant measure of severity, 
given that the critical site of maximal hemody-
namic severity is usually short (less than 3 mm); 
it is the best site for measuring stenosis for inter-
ventional decisions.

Computerized axial tomography obtained at 
the aortopulmonary window (the Angelini- 
Cheong sign [9], see Fig. 8.3) can be useful for 
grossly quantifying the degree of stenosis. 
Intravascular ultrasound (IVUS) produces in- 
vivo video of great precision (30 images per sec-
ond) and is therefore the most precise and useful 
method for measuring dynamic stenosis in 
L-ACAOS-IM in the selected patients. 
Transthoracic echocardiography produces less- 
precise measurements due to intrinsic limited 

precision, but especially because the position of a 
given planar sectioning is not known (ideally, it 
should be orthogonal to the luminal axis).

In practice, stenotic severity should be 
obtained during both end-systole and end- 
diastole [1, 10] and compared with distal refer-
ence values (the formula for stenotic area: distal 
cross-sectional area minus the proximal worse- 
stenosis cross-sectional area, divided by the dis-
tal cross-sectional area). The stenosis spectrum in 
diastole ranges from 20% to 80% in L-ACAOS-IM 
and 30–100% in R-ACAOS-IM, being about 
10% worse in systole than in diastole. After 

a

b

Fig. 8.3 Computed tomography angiograms from a 
young athlete with unrecognized L-ACAOS-IM who had 
syncope and chest pain during athletic activities. (a) A 
vertical cross-section at the level of the aortopulmonary 
window shows the passage of the ectopic left coronary 
artery above the sino-tubular junction (white arrow); this 
is highly suggestive of intramural lateral compression (the 
Angelini/Cheong sign). (b) A horizontal cross-section 
above the sino-tubular junction shows the proximal con-
tiguous position of the left main coronary artery trunk 
(probable intramural course, white arrowhead). 
Intravascular ultrasound is the definitive method for quan-
tifying severity in L-ACAOS-IM. Ao aorta, L-ACAOS-IM 
left coronary artery with anomalous origin from the right 
sinus of Valsalva and intramural course, PA pulmonary 
artery

8 Coronary Artery Anomalies: An Updated Discussion on Nomenclature, Pathophysiology, and Screening



90

observing more than 100 cases, including IVUS 
imaging correlated with symptomatology, we 
recently proposed that stenosis of more than 50% 
in L-ACAOS-IM or 60% in R-ACAOS-IM dur-
ing diastole is suggestive of significant stenosis. 
Correlations between such data and clinical man-
ifestations vary greatly (especially related to 
exercise habits); in borderline cases, the SAD test 
(bolus administration of 500 mL saline solution, 
plus infusion of atropine 0.5 mg and dobutamine 
up to 40  μg/kg/min) can be used to simulate 
actual exertion [10].

The elasticity of the aortic root varies from 
patient to patient and could be an important 
parameter to evaluate, especially to explain the 
progression of symptoms with aging. Systolic 
values are important to evaluate in athletes, espe-
cially because exercise (in the young, more than 
in the old) leads to significant relative increase in 
systolic time due to tachycardia (when the sys-
tolic time can increase from only 30% of total 
cardiac cycle time to 70%, as the heart rate 
reaches approximately 200  beats/min during 
maximal increase in oxygen demand). Aortic root 
size increases with aging and the onset of hyper-
tension [1].

 L-ACAOS-IS Pathophysiology

In cases of L-ACAOS-IS, the discussion is even 
more fundamental: (1) An IS (or infundibular) 
course does not feature stenosis, as can be shown 
by angiography or IVUS, if the diagnostic proce-
dure is properly protected from guidewire-related 
spasm by administration of intracoronary nitro-
glycerin; (2) Advancing a relatively stiff, straight 
pressure-guidewire through the tortuous intra-
myocardial anatomy of the L-ACAOS-IS can fre-
quently induce significant coronary spasm that is 
commonly visible on angiography and the corre-
sponding pressure-wire recordings (Figs. 8.4 and 
8.5). Tendency-to-spasm is clearly increased in 
cases of L-ACAOS-IS, while approximately 30% 
of these patients will have spontaneous angina 
that is responsive to nitroglycerin. Incidentally, 
clinical presentations of spontaneous spasms are 
relatively frequent in all ACAOS types [1]. We 

have reviewed the few reported pilot cases of 
pressure-wire studies (mostly pediatric cases) 
[11, 12], and our impression is that the recently 
claimed “frequent” stenoses were not really pres-
ent at baseline but were artifactual and would 
have resolved after nitroglycerin administration 
or wire removal [11, 13], as shown in Figs. 8.4 
and 8.5.

We acknowledge that more experience with 
L-ACAOS-IS is needed, and prospective con-
trolled studies will have to be performed before 
strong recommendations can be established. 
Cardiologists interested in coronary anomalies 
see L-ACAOS-IS fairly frequently in their adult 
patients, and they consider spontaneous spastic 
manifestations to be generally benign if treated 
with vasodilators [1].

 Comments on Pathophysiological 
Differences Between L-ACAOS-IM 
and L-ACAOS-IS Studied by 
Pressure Wire

Recently, some authors have tentatively pro-
posed that the severity of stenosis in 
L-ACAOS-IM and L-ACAOS-IS can be evalu-
ated more simply by measuring intracoronary 
pressures (functional flow reserve [FFR] or 
instantaneous wave-free ratio [iFR]) [11, 12], 
but spastic complications can increase with this 
approach, especially in L-ACAOS-IS. Also, FFR 
(mean gradient through the full cardiac cycle) 
and iFR (gradient in diastole) have been initially 
validated only in patients who had atheroscle-
rotic coronary artery disease and mild-to-moder-
ate stenoses on angiography. The practical 
conclusion of such studies has been that an FFR 
<0.80 or an iFR <0.89 is associated with more 
frequent early clinical events in these patients 
[14–16]: Specifically, within a 1-year follow-up, 
the incidence of mortality, acute myocardial 
infarction, urgent percutaneous coronary inter-
vention, and cardiac death globally increased in 
such patients with acquired coronary artery dis-
ease [14, 15]. A decreased maximal vasodilatory 
capacity is not equivalent to proof of resting 
ischemia, if not during maximal exertion.
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Fig. 8.4 Still images from coronary angiograms taken at 
four different times. (a) Baseline imaging, before any 
drugs or advancement of coronary wire, normal LCA 
angiography, with small LAD and dominant RCA; asymp-
tomatic state. (b) Passing a guidewire into the LCA 
resulted in critical new narrowing at the proximal LAD 
(epicardial) and chest pain onset, which was relieved 
promptly by intracoronary nitroglycerin (100  μg, not 
shown). (c) Three minutes after nitroglycerin, acetylcho-
line infusion of 50 mcg was followed by chest pain; angi-
ography shows severe LM stenosis, followed by further 

recurrent stenoses at the LAD (with slow run-off). (d) 
After intracoronary nitroglycerin, the LM and LAD steno-
ses disappeared and chest pain resolved. This case was 
interpreted as demonstrating unusual response with coro-
nary spasm, both to mechanical guidewire stimulation and 
to ACh administration. Calcium antagonists were admin-
istered for long-term treatment (clinically successful). See 
Fig. 8.5 for pressure readings from the same study. ACH 
acetylcholine, LAD left anterior descending coronary 
artery, LCA left coronary artery, LM left main coronary 
artery, RCA right coronary artery

Unfortunately, at present there are no prospec-
tive or controlled studies that compare prognosis 
in L-ACAOS-IM versus L-ACAOS-IS; however, 
Eckart and colleagues [7] reported no cases of 
L-ACAOS-IS in military recruits. As noted, the 
systolic and diastolic cross-sectional areas differ 
from each other only in L-ACAOS-IM, whereas 

L-ACAOS-IS does not result in coronary narrow-
ing other than that induced by superimposed 
spasm. In ACAOS-IM, disease progression is 
quite subtle and difficult to quantitate (especially 
during a limited 1-year follow-up interval [15]). 
In young athletes, progression of symptoms is 
mainly related to exercise habits.

8 Coronary Artery Anomalies: An Updated Discussion on Nomenclature, Pathophysiology, and Screening
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Fig. 8.5 Pressure-wire gradients (iFR) at the distal posi-
tion to the origin of the left anterior descending coronary 
artery. The simple passing of the pressure wire created a 
mild gradient that increased after ACh testing and resolved 
completely after NTG administration. a Mild initial gradi-
ent while passing the wire (corresponding to the angio-
gram in Fig. 8.4b). (b) Gradient at the time of ACh testing, 

indicating severe stenosis of the left main trunk and left 
anterior descending coronary artery, which shows slow 
runoff (corresponding to Fig.  8.4c). (c) Gradient after 
NTG administration, indicating that all stenoses were 
eliminated; the gradient is absent with the sensor kept dis-
tal (corresponding to Fig. 8.4d). ACh acetylcholine, iFR 
instantaneous wave-free ratio, NTG nitroglycerin

An additional disturbing and objectionable 
notion has appeared in clinical practice related to 
ACAOS: the use of the term interarterial course 
(i.e., located in the free space between the aorta 
and pulmonary artery) that supposedly may or 
may not have the IM features we described. 
Besides the fact that the nature of interarterial 
course has never been clearly defined, this feature 
would apparently also include the IM variety (an 
objectionable confusion of 2 different entities). 

In reality, especially from our IVUS-based inves-
tigative position, the concept that other entities 
with interarterial course are possible and frequent 
is not credible; still, 10–15% of patients submit-
ted to surgery “for ACAOS” are not found to have 
IM course at surgical inspection, and a significant 
proportion of similar patients (having unroofing 
or reimplantation of a coronary artery) also have 
pulmonary translocation [11, 13, 17, 18]. This is 
difficult to explain, indeed! Clearly, pulmonary 
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artery translocation will not be able to affect IM 
course inside the aortic wall (the active compres-
sive force is the aortic systolic expansion).

The suspicion is that some clinicians have 
maintained the early concept of “scissor effect” 
affecting the ectopic arteries identified as located 
between the aorta and the pulmonary artery. We 
do not believe that such stenotic entities exist as 
an independent entity, and we suggest that much 
better imaging (especially IVUS) is urgently and 
routinely needed in all patients recommended for 
surgery, if doubts persist. The only pass inside the 
interarterial space is in the proximal IS epicardial 
course (Fig. 8.1), and neither IM nor IS has any 
functional result from an interarterial course or a 
scissor effect. The only relationship that 
L-ACAOS-IM arteries have with the pulmonary 
artery is at the level of intramural course, which 
is inside the aortic wall; the only relationship that 
L-ACAOS-IS has with the pulmonary artery is by 
its subpulmonic pass at the right ventricular 
infundibulum. No scissors can be seen in either 
of these instances.
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9Role of Patient History 
and Non- invasive Tests 
in the Workflow of Patients

Julie A. Brothers

Normal coronary artery anatomy consists of one 
coronary artery arising from the right aortic sinus 
of Valsalva and one from the left aortic sinus. The 
left main coronary artery (LMCA) originates 
from the left aortic sinus and commonly splits 
into the left anterior descending coronary artery 
(LAD) and the left circumflex coronary artery. 
The LAD runs in the anterior interventricular 
groove, and the left circumflex coronary artery 
courses in the left atrioventricular groove. The 
right coronary artery (RCA) arises anteriorly 
from the right aortic sinus, courses in the right 
atrioventricular groove, and commonly gives rise 
to the posterior descending artery (PDA) at its 
terminus in about 70–80% of the population 
(right-dominant circulation). The PDA originates 
from the left circumflex artery in 5–10% of the 
population (left-dominant) and is supplied by 
both the left circumflex and right coronary arter-
ies in 10–20% of the population (co-dominant) 
[1].

The coronary artery ostium is located cen-
trally in the appropriate sinus of Valsalva. 
Occasionally, the coronary artery may arise 
close to a valve commissure. As well, one or 

both coronary ostia may arise from the tubular 
aorta above the sino-tubular junction, which is 
commonly a benign condition; however, in some 
instances, it may be associated with increased 
risk of myocardial ischemia. This may be clini-
cally important if an aortotomy is necessary for 
aortic valve replacement; if not recognized, the 
coronary artery could be transected. Another 
anomaly is when both coronary arteries arise 
from the same aortic sinus with either a single 
ostium or two separate ostia (see Table  9.1). 
When this occurs, there are different courses the 
anomalous vessel may take. When the LMCA 
courses anterior to the aorta (pre-pulmonic), it is 
believed to be a benign anomaly. When the 
LMCA courses posterior to the aorta (retro-aor-
tic), this is also usually felt to be benign but there 
have been case reports of myocardial ischemia, 
notably when the orifice is slit-like. The anoma-
lous LMCA with an intraconal (intramyocardial/
intraseptal/transseptal) course is also generally 
felt to be a low-risk anomaly but episodes of 
myocardial ischemia have also been reported 
[2]. Lastly, a course of either the LMCA or RCA 
between the aorta and pulmonary artery (interar-
terial) is clinically significant and may lead to 
ventricular arrhythmias, myocardial ischemia, 
and sudden cardiac arrest (SCA)/sudden cardiac 
death (SCD).
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Table 9.1 Anomalous aortic origin of a coronary artery 
from or above the incorrect sinus of Valsalva, including 
single coronary artery

1.  From right aortic sinus or right coronary artery, 
left main coronary artery originates and courses:

   (a). Anterior to pulmonary artery (pre-pulmonic)
   (b) Posterior to the aorta (retro-aortic)
   (c) Through interventricular septum (intraseptal)
   (d)  Between aorta and pulmonary artery 

(interarterial)
   (e)  Behind mitral and tricuspid valves in the 

posterior atrioventricular groove (retrocardiac)
2.  From right aortic sinus or right coronary artery, 

left anterior descending coronary artery originates 
and courses:

   (a) Anterior to pulmonary artery (pre-pulmonic)
   (b) Posterior to the aorta (retro-aortic)
   (c) Through interventricular septum (intraseptal)
3.  From right aortic sinus or right coronary artery, 

circumflex coronary artery originates and courses:
   (a) Posterior to the aorta (retro-aortic)
   (b)  Behind mitral and tricuspid valves in the 

posterior atrioventricular groove (retrocardiac)
4.  From left aortic sinus or left main coronary artery, 

right coronary artery originates and courses:
   (a) Anterior to pulmonary artery (pre-pulmonic)
   (b) Posterior to the aorta (retro-aortic)
   (c)  Through interventricular septum (intraseptal/

transseptal)
   (d)  Between aorta and pulmonary artery 

(interarterial)
   (e)  Behind mitral and tricuspid valves in the 

posterior atrioventricular groove (retrocardiac)

 Anomalous Origin of a Coronary 
Artery from the Pulmonary Artery

Anomalous origin of a coronary artery from the 
pulmonary artery is a rare congenital anomaly 
that is almost always fatal if not diagnosed and 
treated shortly after diagnosis [3, 4]. Anomalous 
origin of the LMCA from the pulmonary artery 
(ALCAPA) is the most common subtype but 
other coronary arteries may also rarely arise from 
the pulmonary artery. ALCAPA is otherwise 
known as the Bland-White-Garland syndrome 
[5]. The incidence ranges from 1 in 30,000 to 1 in 
300,000 people. There is no known genetic pre-
disposition and there is neither racial nor ethnic 
tendency for the diagnosis. The diagnosis occurs 
approximately three times as frequently in males 
as in females. It is the most common cause of 
myocardial infarction in childhood and should 

always be included in the differential of a myo-
cardial infarction, even in older children and ado-
lescents. If not diagnosed and treated, the 
mortality rate approaches 90% by 1 year of age.

 Anatomy

In ALCAPA, the LMCA usually arises from the 
main pulmonary artery (MPA); on occasion, it 
arises from the right pulmonary artery. It usually 
originates from the rightward aspect of the poste-
rior (facing) sinus of the MPA, but it may also 
originate from the leftward aspect of the posterior 
(facing) and, in rare cases, from the anterior 
(non-facing) sinus of the MPA (Fig. 9.1).

The development of clinical symptoms will be 
discussed below but is dependent on the degree 
of collateral circulation development. The anom-
alous coronary artery that arises from the pulmo-
nary artery is commonly small, thin-walled, and 
the coronary arising from the aorta (the RCA in 
ALCAPA), dilates in compensation. When there 
is adequate collateralization, the left ventricle 
(LV) will remain well perfused and the heart will 
have normal biventricular function. However, 
more commonly, the collaterals are inadequate 
and the LV becomes ischemic and dilates. This 
can imitate that of dilated cardiomyopathy, nota-
bly when the fibrosis involves the papillary mus-
cles, leading to incompetence of the mitral valve 
leaflets. Although ALCAPA usually occurs in 
isolation, other associated cardiac defects may be 
present, such as patent ductus arteriosus (PDA), 
ventricular septal defect (VSD), coarctation of 
the aorta, and tetralogy of Fallot.

 Pathophysiology

Symptoms generally begin in infancy after clo-
sure of the ductus arteriosus and the subsequent 
fall in pulmonary vascular resistance. In fetal 
life, there is equal pressure in the systemic and 
pulmonary circulation and myocardial perfusion 
remains intact due to systemic pulmonary artery 
pressure. After birth but before ductal closure, 
the pulmonary artery pressure remains elevated, 
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Fig. 9.1 ECG-gated multidetector CT angiography, with 
oblique axial view (a) and 3-D volume-rendered images 
(b), confirmed the diagnosis of ALCAPA (DLP=99 mGy-
 cm). Reprinted with permission from: Lapierre C, Hugues 
N. Anomalous origin of the left coronary artery from the 
pulmonary artery (ALCAPA) in a newborn. Pediatr 
Radiol. 2010:40:77

allowing for adequate perfusion of the  anomalous 
coronary artery. Due to this, children are rarely 
diagnosed with ALCAPA during the first few 
days of life. After ductal closure and with the 
subsequent decrease in pulmonary vascular 
resistance, the clinical presentation is dependent 
on the presence and degree of collateralization 
from the RCA to the left coronary system. In the 
event of inadequate collateralization and along 
with subsystemic pulmonary arterial pressure, 
the LV will be perfused with poorly saturated 
blood at a low pressure. This leads to insufficient 
myocardial perfusion, resulting in LV myocar-

dial ischemia and ventricular dysfunction [6]. At 
first, myocardial ischemia only occurs at times 
when there is increased myocardial oxygen 
demand, such as when the infant is feeding or 
crying; however, over the next several weeks as 
the pulmonary vascular resistance continues to 
fall, reversal of flow into the pulmonary artery 
from the LMCA in diastole occurs. Ultimately, 
this causes infarction of the LV free wall, mitral 
valve papillary dysfunction with mitral valve 
regurgitation, and subsequent LV volume over-
load. If there is another cardiac defect, such as a 
PDA or VSD, the pulmonary artery pressure may 
remain elevated and the perfusion pressure to the 
LV may be enough to prevent myocardial 
ischemia.

With adequate collateralization, the left coro-
nary system remains perfused. When the pulmo-
nary vascular resistance decreases, a left-to-right 
shunt develops from the RCA to the pulmonary 
artery, leading to progressive dilation of the RCA 
and left coronary artery systems. There is a rever-
sal of flow in the left coronary leading to 
pulmonary- coronary steal. While the shunt is 
relatively small in relation to cardiac output, it is 
a significant amount with regard to coronary 
blood flow. In those with sufficient collateraliza-
tion who survive past infancy, there is usually 
progressive left ventricular dysfunction [7]. In a 
small percentage of cases, the collateral vessels 
are enough to maintain adequate myocardial per-
fusion at rest and sometimes even during exer-
tion. These patients may not come to clinical 
attention until adulthood, usually with exertional 
symptoms [8].

 Clinical Presentation

Infants frequently present between 4 and 6 weeks 
of age once the pulmonary vascular resistance 
has dropped [9]. However, many infants may not 
be diagnosed until 2–3  months of age, when 
symptoms have increased in severity. A typical 
presentation is commonly with signs and symp-
toms of congestive heart failure, including sweat-
ing and crying with feeding, tachypnea, poor 
weight gain, and pallor. The crying with feeds 
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likely represents discomfort from myocardial 
ischemia. Those who do not present at the typical 
time may be diagnosed in later infancy due to a 
loud mitral regurgitation murmur. Older children, 
adolescents, and adults may remain asymptom-
atic, while some may come to medical attention 
after experiencing exertional chest pain, pre- 
syncope, or syncope. Other presentations include 
SCA, respiratory failure, and shock [10].

On physical examination, the infant with 
ALCAPA typically will show signs of congestive 
heart failure, including tachypnea, tachycardia, 
and hepatomegaly. Left ventricular dysfunction 
caused by ALCAPA can be difficult to distin-
guish from a dilated cardiomyopathy and is often 
mistaken for this initially. The left heart is usually 
enlarged, and the point of maximal impulse may 
be displaced inferiorly and laterally. If left heart 
failure has resulted in pulmonary hypertension, 
then there may also be evidence of right heart 
enlargement with a close split-second heart sound 
with a loud P2 component. An S3 gallop rhythm 
is commonly present. When there is severe mitral 
regurgitation, a blowing holosystolic murmur 
will be heard over the apex of the heart. 
Congestive heart failure is less likely to present in 
the older presenting patients. However, there may 
be a continuous murmur auscultated from retro-
grade blood from the left coronary artery into the 
pulmonary artery.

 Diagnostic Imaging

On chest radiography, infants with ALCAPA may 
have an enlarged cardiac silhouette from the 
enlarged left atrium and LV with or without pul-
monary venous congestion. When infants present 
with congestive heart failure, the electrocardiog-
raphy (ECG) may show an anterolateral infarct 
pattern with deep Q waves in leads I, aVL, V5, 
and V6 with poor R wave progression across the 
precordial leads. There may also be ST segment 
depression in the inferolateral leads. Although 
this pattern can be found in other causes of myo-
cardial infarction or cardiomyopathy, if these 
electrocardiographic abnormalities are seen in an 
infant with congestive heart failure, ALCAPA 

needs to be high on the differential. As well, any 
infant diagnosed with dilated cardiomyopathy 
needs to be evaluated for ALCAPA. This diagno-
sis should also be considered in older children 
and adolescents with a dilated cardiomyopathy.

Transthoracic echocardiography (TTE) should 
be performed in all patients presenting with signs 
and symptoms of congestive heart failure. This 
usually demonstrates a dilated LV with severe 
mitral regurgitation, decreased systolic function, 
and left atrial dilation. The mitral regurgitation 
seen with ALCAPA is caused by infarction of the 
posterior leaflet of the mitral valve and subsequent 
poor movement of the leaflet; fibrosis and fibro-
elastosis of the papillary muscle also can be pres-
ent. Imaging of the coronary arteries, including 
origin and course, has become possible as a result 
of improved echocardiographic techniques, but it 
can still be challenging. The short-axis view is the 
best way to view the coronary arteries. Careful 
attention should be paid to the origins of both cor-
onary arteries. The LMCA will not be seen arising 
from the appropriate aortic sinus, but rather from 
the pulmonary trunk. An enlarged RCA is almost 
always present and should raise suspicion of this 
diagnosis. Color Doppler flow interrogation can 
show retrograde flow from the coronary artery into 
the pulmonary artery, best seen in diastole 
(Fig. 9.2). This is pathognomonic for ALCAPA.

Importantly, one needs to distinguish between 
left main coronary ostial atresia and 
ALCAPA.  Both diseases will show retrograde 
flow in the LAD coronary artery. Using echocar-
diography, the two diseases can be distinguished 
by examining the flow in the left circumflex coro-
nary artery. With ALCAPA, there will be 
 retrograde flow in the left circumflex coronary 
artery, while with left main coronary ostial atre-
sia, there will be antegrade flow in the left cir-
cumflex coronary artery [11].

While echocardiography is an extremely use-
ful imaging modality for evaluation of ALCAPA, 
underdiagnosis may occur, notably when there 
are difficulties in identifying the coronary origins 
and courses. If any question remains about the 
coronary anatomy and there remains a high clini-
cal suspicion for ALCAPA, then further evalua-
tion is necessary.

J. A. Brothers



101

a b

c d

Fig. 9.2 (a) 2D on parasternal long axis view. White 
arrows show the dilated left ventricle (LV). (b) Color 2D 
on parasternal long axis view. White arrows show Mitral 
regurgitation (MR). (c) Color 2D on parasternal short-axis 
view. White arrow shows the retrograde flow from the left 
coronary artery (LCA) into the pulmonary artery. (d) 
Color 2D on parasternal short-axis view. White arrow 
shows the increased flow in the intraventricular collateral 

vessels from the RCA to the LCA. Reprinted with open 
access https://creativecommons.org/publicdomain/
zero/1.0/, no changes were made. Jinmei Z, Yunfei L, Yue 
W, Yongjun Q.  Anomalous origin of the left coronary 
artery from the pulmonary artery (ALCAPA) diagnosed in 
children and adolescents. Journal Cardiothorac Surg. 
2020;15:1–6

Magnetic resonance imaging (MRI) is a use-
ful noninvasive diagnostic tool for delineating 
congenital coronary anomalies [12, 13]. While 
case reports have been published utilizing MRI to 
make the diagnosis of ALCAPA, no case series 
with this anomaly have been reported. Delineation 
of proximal coronary anatomy by MRI has shown 
to have similar sensitivity and specificity when 
compared with coronary angiography and may 
be especially helpful in delineating the proximal 
course of anomalous coronary arteries [14]. 
Computed tomography (CT) has been used 
extensively for coronary artery delineation in 
adults and has been used in the diagnosis of 
ALCAPA in adults [15]. Advantages of CT are 
the rapid acquisition time and high resolution. 

However, the radiation exposure and need for a 
slower heart rate with ECG gating make its use in 
infants more challenging.

Cardiac catheterization with angiography 
remains the gold standard for diagnosing 
ALCAPA.  In infants presenting with ALCAPA, 
catheterization will commonly demonstrate ele-
vated filling and pulmonary arterial pressures and 
a low cardiac output. Patients diagnosed at an 
older age may show only mildly elevated pulmo-
nary arterial pressures but normal filling pres-
sures and cardiac output. There may be a step-up 
in oxygen saturation in the pulmonary artery if 
there is significant collateralization leading to a 
left-to-right shunt. Injection into the aortic root 
will demonstrate a single, dilated RCA arising 
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normally from the aorta. The origin of the LMCA 
will not be seen arising from the aortic root. If 
collaterals are present, aortic root angiography 
will show the collaterals providing late, retro-
grade filling of the left coronary artery with a 
blush of contrast subsequently filling the 
MPA. An arteriogram in the MPA with distal bal-
loon occlusion will demonstrate the anomalous 
left coronary artery.

 Anomalous Aortic Origin 
of the Coronary Artery

 Anatomy

Anomalous aortic origin of a coronary artery 
(AAOCA) occurs when one or more coronary 
arteries do not arise from the usual location 
within the aortic sinus. AAOCA is the second 
leading cause of SCD in healthy children and 
young adults from a cardiac cause and commonly 
occurs around the time of physical activity. There 
are different anatomical variants that exist. The 
description of the anomalous coronary is related 
to which coronary is anomalous (right, left main, 
LAD, circumflex), where it originates (which 
sinus, location in or above the sinus), ostial mor-
phology (round, slit-like or stenotic), and course 
(pre-pulmonic, retro-aortic, retrocardiac, intra-
septal/intraconal, interarterial). The interarterial, 
intramural course appears to be the highest risk 
of SCA/SCD, but the challenge remains in deter-
mining which patient, given the same coronary 
anatomy, is at higher risk of LV myocardial isch-
emia and SCA/SCD.

When there are two separate ostia, either the 
RCA or the LMCA may arise from the wrong 
sinus of Valsalva and subsequently course 
between the great vessels (Fig.  9.3). When the 
two coronary arteries arise from the same aortic 
sinus, the anomalous coronary artery ostium is 
frequently small and slit-like with an acute-angle 
take-off [16]. When there is a single coronary 
artery, there can also be an interarterial course. 
This can occur when there is a single coronary 
arising from the right aortic sinus and the LMCA 
or LAD runs between the aorta and pulmonary 

artery, or if the single coronary arises from the 
left aortic sinus and the RCA courses between the 
great vessels [17–20]. In those with anomalous 
LMCA (AAOLCA), myocardial ischemia has 
been found to be associated with an intramural 
course, a high orifice and a slit-like orifice, and in 
those with anomalous RCA (AAORCA), risk of 
ischemia has been associated with a longer intra-
mural course [21].

 Pathophysiology

When the anomalous coronary courses in the 
wall of the aorta (i.e., intramural) there is an 
increased risk of SCA/SCD [21–30]. The greatest 
danger is during or just after physical exertion, 
commonly after an intense effort. Both interarte-
rial, intramural AAOLCA and AAORCA are 
associated with SCD, but the former carries a 
much higher risk [21]. Based on autopsy series of 
patients with AAOLCA, it is hypothesized that 
SCD occurs from decreased anomalous coronary 
artery blood flow. This diminished blood flow is 
likely due to certain anatomical malformations of 
the anomalous vessel, including a narrowed slit- 
like orifice that can be elliptical and, in some 
cases, stenotic. When there is an intramural 
course, there can be systolic lateral compression 
of the anomalous vessel from aortic root dilation 
as it courses in the wall of the aorta. Exercise 
increases cardiac output, which may lead to ostial 
obstruction from vessel expansion. As well, vig-
orous physical exercise leads to tachycardia and 
shortened diastolic filling time, which could lead 
to ischemia and/or tachyarrhythmias [31–33].

 Clinical Presentation

The true prevalence of AAOCA is unknown, but 
estimates range from 0.1% to 0.3% of the general 
population [34, 35]. The challenge with diagnos-
ing these patients is that there are no characteris-
tic patient features or presentation that would be 
a clue to the diagnosis. Physical examination is 
nearly always normal. In some children, an inno-
cent murmur may be auscultated and may be the 
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Fig. 9.3 (a)  Standard PSSAX (1) imaging plane and 
modified PSSAX  (2)  with the transducer rotated clock-
wise and angled to the left shoulder, to a straight right-left 
axial view.  (b)  Normal origin of coronary arteries. (c) 
PSSAX demonstrating AAORCA.  (d) PSSAX modified 
demonstrating AAOLCA. (i) Normal origin of LCA from 
LSOV with its branched demonstrated on modified 
PSSAX. (ii) AAORCA in 2D and color PSSAX demon-
strating the intramural course of the RCA with red color 
Doppler signal in its lumen as it originates from LSOV 
and courses within the aortic wall in its proximal 
course. (iii) AAORCA in 2D and color PSSAX demon-
strating a juxtacommissural origin of the RCA from 
LSOV with a very short versus nonexistent intramural 
course and absence of color flow hugging the aortic 
wall.  (iv)  AAOLCA, intramural proximal course of the 
LCA after it arises from the RSOV in a modified PSSAX 
TTE, 2D image.  (v)  AAOLCA, intramural proximal 

course of the LCA after it arises from the RSOV in a mod-
ified PSSAX TTE, color Doppler image, with blue Doppler 
signal in the proximal coronary lumen.  (vi)  Modified 
PSSAX demonstrating the intraconal course of the LCA 
as it traverses across the conal septum and across the 
RVOT.  AAOLCA = anomalous aortic origin of the left 
coronary artery; AAORCA anomalous aortic origin of the 
right coronary artery, Ao aorta, LAD left anterior descend-
ing, LCA left coronary artery, LCC left coronary cusp, 
LSOV left sinus of Valsalva, PSSAX parasternal short axis, 
RCA right coronary artery, RCC right coronary cusp, 
RSOV right sinus of Valsalva, RVOT right ventricular out-
flow tract, TTE transthoracic echocardiography. Reprinted 
with permission from: Lorber R, Srivastava S, Wilder T, 
et al. Anomalous aortic origin of coronary arteries in the 
young: echocardiographic evaluation with surgical corre-
lation. J Am Coll Cardiol Img. 2015;8:1239–49

reason for the initial echocardiogram and subse-
quent visit with a cardiologist. Many patients 
with this anomaly are asymptomatic; for some, 
the first symptom is SCA or SCD [36–38]. When 
symptoms are present, they commonly are during 

or just after exertion and include chest pain, pal-
pitations, dizziness, and/or syncope [39–42]. 
AAOCA should remain in the differential for any 
young patient with exercise-induced complaints 
or in those who experience SCA or SCD [43]. 
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Screening first-degree relatives younger than 
35 years old with echocardiography is reasonable 
given that there have been several reports of more 
than one family member with AAOCA [44].

 Diagnostic Imaging

Any young patient with chest pain, palpitations, 
dizziness, and notably syncope during or just after 
exertion should be referred to a cardiologist and 
have a thorough evaluation. A resting ECG should 
be obtained to evaluate for ventricular hypertro-
phy, arrhythmias, and evidence of previous myo-
cardial infarction. The majority of patients with 
AAOCA will have a normal ECG. In patients who 
present with exertional syncope or SCA/SCD, 
there may be horizontal or down- sloping ST seg-
ment depression in ≥2 contiguous leads, sugges-
tive of LV myocardial ischemia. Cardiac troponin 
levels may also be elevated. Alternately, there may 
be evidence of ventricular tachycardia or even 
ventricular fibrillation found when an automated 
external defibrillator is placed on the chest [45].

A transthoracic echocardiogram should be 
performed as the initial diagnostic modality for 
any patient suspected of having a coronary artery 
anomaly. Echocardiography can be performed in 
patients without sedation or radiation, is readily 
available, and is cost-effective. The echocardio-
gram should ensure normal intracardiac anatomy 
and evaluate heart function, especially focusing 
on areas of abnormal wall motion signifying a 
possible history of ischemia. Close attention 
should be paid to the proximal coronary anatomy, 
specifically the coronary artery origins and proxi-
mal course (Fig.  9.4). Improvements in two- 
dimensional echocardiography have made the 
identification of the origins of both coronary 
arteries possible in most patients. It is important 
to also utilize color Doppler flow as two- 
dimensional imaging alone may be deceptive, 
notably when there is an intramural course. In 
these cases, the anomalous vessel may appear to 
arise normally where it exits the aorta. Color 
Doppler imaging is helpful in demonstrating the 
abnormal direction of blood flow within the aor-
tic wall, commonly between the two great 
vessels.

Other noninvasive techniques, such as cardiac 
magnetic resonance imaging (MRI) or coronary 
computed tomographic angiography (CTA), 
should be used when the coronary artery origins 
cannot be adequately delineated, to confirm the 
diagnosis, and to use postoperatively to visualize 
the neo-coronary ostium and course [46]. In 
many centers, coronary CTA is utilized for con-
firmation of a coronary artery anomaly. CTA can 
provide information about the ostial shape, proxi-
mal coronary angulation, and coronary artery 
course. Given advances in CT technology, cur-
rent generation scanners can typically obtain the 
necessary data with high resolution within one 
breath hold, and sometimes within one to three 
cardiac cycles [47–49]. However, limitations to 
CTA include the use of ionizing radiation, motion 
artifact, and the need for heart rate control, which 
is more challenging in younger patients. Cardiac 
MRI is utilized in some centers to determine cor-
onary artery anatomy. Benefits of MRI include 
no ionizing radiation and the ability to evaluate 
cardiac function and evidence of fibrosis/scar; 
however, sedation is needed in younger patients 
due to the amount of time needed to obtain ade-
quate images. Both CTA and MRI can utilize 
three-dimensional reconstruction (i.e., virtual 
angioscopy) to evaluate intraluminal coronary 
ostial morphology as well as the location of the 
aortic commissure relative to the anomalous cor-
onary ostium [50]. The decision on which modal-
ity, CT or MRI, to use is dependent on the 
provider and institution and on the availability of 
the modality. Cardiac catheterization with angi-
ography is rarely utilized for diagnosis of 
AAOCA in the pediatric population. However, it 
may be how a coronary anomaly is diagnosed in 
an adult patient who presents with chest pain and 
the work-up involves coronary angiography; as 
well, it may also be utilized in the adult to evalu-
ate for atherosclerotic coronary artery disease 
before undergoing surgery.

 Provocative Testing

Once the diagnosis of AAOCA has been estab-
lished, a cardiopulmonary exercise test (CPET) is 
almost always used to evaluate for ischemia and 
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Fig. 9.4 Origin of the LMCA from the right sinus of 
Valsalva is shown in (b) and (c). Arrow in (a) points to 
branching of the LMCA into the LAD and LCA. Abnormal 
direction of blood flow is shown by color Doppler (blue) 
in (d). LAD left anterior descending artery, LCA left cir-

cumflex artery, LMCA left main coronary artery. Reprinted 
with permission from: Davis JA, Cecchin F, Jones TK, 
Portman MA. Major coronary artery anomalies in a pedi-
atric population: incidence and clinical importance. J Am 
Coll Cardiol. 2001;37:593–7 [31]

inducible arrhythmias. Those who present with 
SCA/SCD should not undergo further provocative 
testing. CPET alone is not a sensitive test in chil-
dren for myocardial ischemia; it is recommended 
that an additional imaging modality be used to 
optimize the sensitivity of stress testing [51]. 
Commonly, stress echocardiography or a nuclear 
perfusion study is utilized. Stress imaging studies, 
such as dobutamine or bicycle MRI or stress PET 
scan, are additional studies that may be utilized in 

assessing for myocardial ischemia. CPET is also 
utilized in the return to sports post-operatively. 
However, basing treatment decisions on a single 
CPET may not be reliable, because ischemia is 
intermittent in patients with AAOCA and the posi-
tive predictive value of a positive test in this popu-
lation is quite low [52]. For example, in a pediatric 
study of patients with AAOCA who underwent 
surgical repair, 9 of 16 who had a preoperative 
exercise test presented with cardiovascular symp-

9 Role of Patient History and Non-invasive Tests in the Workflow of Patients

https://www-sciencedirect-com.proxy.library.upenn.edu/topics/nursing-and-health-professions/aorta-root-prosthesis
https://www-sciencedirect-com.proxy.library.upenn.edu/topics/medicine-and-dentistry/color-doppler-flowmetry
https://www-sciencedirect-com.proxy.library.upenn.edu/topics/medicine-and-dentistry/left-coronary-artery


106

toms, but only one had an abnormal exercise test 
[52]. Furthermore, normal exercise tests have been 
reported in patients who subsequently experienced 
SCD.

 Coronary Artery Fistula

A coronary artery fistula occurs when there is an 
abnormal communication between a coronary 
artery and a cardiac chamber or one or more of 
the great vessels [53, 54]. Coronary artery fistulas 
make up 0.2–0.4% of congenital heart defects 
and are usually congenital. They make up nearly 
half of all congenital coronary anomalies. Fistulas 
are most commonly found in isolation but 
approximately 20% of the time, they are associ-
ated with other congenital heart disease, most 
commonly tetralogy of Fallot, patent ductus arte-
riosus, or atrial or ventricular septal defects. 
Much rarer are acquired fistulas that occur as 
complications from cardiac surgery, cardiac cath-
eterization, or Kawasaki disease [55].

 Anatomy

The right or left coronary artery may give rise to 
a coronary artery fistula; on occasion, fistulas 
may arise from more than one coronary artery 
[56]. Most fistulas arise from a coronary artery 
with normal distribution. Anatomically, the coro-
nary is usually elongated and dilated in the seg-
ment of the coronary proximal to the fistula and 
the degree of dilation is often proportional to the 
size of the shunt. Distal to the fistula, the coro-
nary is usually of normal size and caliber. The 
most common termination sites of coronary fistu-
las are the right ventricle and right atrium (includ-
ing the coronary sinus and superior vena cava) 
and the pulmonary artery [57]. The least common 
sites of drainage are the left atrium and LV.

 Pathophysiology

Coronary fistulas result in a left-to-right or left- 
to- left shunt. The fistula can cause different 

pathophysiological consequences due to the 
resistance to blood flow and differential pressures 
from where the fistula originates to where the fis-
tula drains. The resistance is affected by the size, 
length, and tortuosity of the coronary fistula. 
When the fistula occurs between the coronary 
and the right side of the heart, the pressure is 
lower and there is continuous flow during the 
duration of the cardiac cycle, leading to a left- 
right shunt [58]. With a large coronary fistula, 
this could result in coronary steal, where diastolic 
run-off flows away from the coronary circulation 
and can lead to myocardial ischemia. Alternately, 
a left-left shunt is established when the coronary 
fistula drains into a left-sided structure, such as 
the left atrium, LV, or pulmonary vein, and may 
act like aortic valve regurgitation. Depending on 
the size of the shunt, it may ultimately lead to 
volume overload.

When there is a chronically high flow state in 
the coronary artery fistula, this can lead to dila-
tion and aneurysm formation. Valvar regurgita-
tion secondary to papillary muscle dysfunction 
may be present. Other complications from coro-
nary artery fistulas may include atherosclerosis, 
mural thrombus, calcification, and rupture. 
However, when a coronary fistula drains to the 
right ventricle, there may be a chance for sponta-
neous closure in the younger child [59].

 Clinical Presentation

Children with coronary artery fistulas are com-
monly asymptomatic. The diagnosis is often 
made due to an echocardiogram performed for a 
different reason, such as an innocent heart mur-
mur evaluation. When symptoms are present, the 
most common complaints are exertional dyspnea 
and fatigue. Angina is rare in children, even when 
coronary steal may be present. While ventricular 
dysfunction and congestive heart failure are 
occasionally seen in childhood in the presence of 
a large fistula, these are found more commonly in 
the adult. In the adult patient, atrial fibrillation 
may be found from right atrial enlargement when 
a coronary artery fistula drains to the right atrium. 
While rare, adults may also present with exer-
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tional symptoms due to ischemia in the myocar-
dial territory distal to the origin of the fistula 
caused by increased myocardial oxygen demand 
during exercise.

Physical examination of a patient with a coro-
nary artery fistula may reveal a continuous mur-
mur. Most commonly, the murmur is a 
crescendo-decrescendo type, but should be 
louder during diastole. The location of the loud-
est intensity of the murmur can give a clue to the 
drainage site of the fistula. When a fistula drains 
into the right atrium, the murmur should be loud-
est along the sternal border; drainage into the pul-
monary artery the murmur should be loudest at 
the second intercostal space just to the left of the 
sternum; and drainage into the LV, the murmur 
should be loudest near the apex. A PDA should 
be on the differential, but fistulas are generally 
heard lower down on the chest than the patent 
ductus arteriosus. In older patients with coronary 
artery fistulas, most commonly the fistula was 
present early in life and gradually increased in 
size over several years. Although there may be 
progressive enlargement, it is rare for rupture to 
occur. When rupture does occur, it is usually 
from aneurysm formation with the weakening of 
the coronary wall, either from a congenital defect 
or due to atherosclerosis. Bacterial endocarditis 
has been reported believed to be due to turbu-
lence in the fistula.

 Diagnostic Imaging

In most cases of coronary artery fistula, the ECG 
is normal. However, in older patients or those 
with large fistulas, there may be evidence of vol-
ume overload, atrial fibrillation, or myocardial 
ischemia, if there is coronary steal present. As 
previously noted, atrial fibrillation is most com-
monly found in the adult with a fistula connection 
to the right atrium. Chest radiographs are almost 
always normal but, in some cases, may show car-
diomegaly or evidence of congestive heart fail-
ure. If giant aneurysms are present, they may be 
seen on the chest X-ray.

Two-dimensional echocardiography should be 
the initial diagnostic test performed. It can dem-

onstrate the origin of the fistula, the size of the 
coronary artery, the chamber or vessel into which 
it drains, and any cardiac chamber enlargement 
or hypertrophy. It can also assess biventricular 
function and any evidence of wall motion abnor-
malities due to myocardial ischemia. Color 
Doppler flow will help demonstrate the fistula 
and will also be useful to determine the amount 
of shunting and if there is turbulence present. 
Echocardiography is also useful after surgical or 
transcatheter intervention to evaluate the coro-
nary and the LV function. If surgical closure is 
recommended, transesophageal echocardiogra-
phy (TEE) can give a clearer view of the fistula 
anatomy, including the origin, course and termi-
nation as well as the amount of blood flow 
through the fistula.

Echocardiography alone should be enough for 
evaluation in patients with tiny or small fistulas. 
However, in those that are medium or large or 
when the extent of the fistula cannot be ade-
quately evaluated, then multidetector CT or MRI 
should be used. CT allows for very good delinea-
tion of the coronary artery fistula. Contrast opaci-
fication can help demonstrate where the fistula 
enters the drainage chamber or vessel. The car-
diac MRI is an additional non-invasive imaging 
technique to diagnose the coronary artery fistula, 
examine the fistula origin and drainage site, 
delineate the coronary anatomy both proximal 
and distal to the fistula, and help determine the 
extent of shunting. Limitations for both CT and 
MRI are like those described above for 
AAOCA. Coronary catheterization with selective 
coronary angiography remains the gold standard 
in defining the coronary anatomy and the hemo-
dynamic significance of the fistula. In fistulas that 
require closure, an experienced interventional 
cardiologist can successfully coil embolize the 
fistula without incurring the morbidity associated 
with cardiopulmonary bypass and sternotomy 
[60]. In the more recent era, transcatheter closure 
is a first-line therapy in certain patients instead of 
surgical repair.

In patients with moderate or large coronary 
artery fistulas, exercise testing with either myo-
cardial perfusion scan or stress echocardiogram 
may be helpful in assessing for symptoms and 

9 Role of Patient History and Non-invasive Tests in the Workflow of Patients



108

signs of myocardial ischemia in the territory of 
the coronary fistula. If there is evidence of induc-
ible ischemia or concerning symptoms, there 
should be a discussion with the patient about 
transcatheter or surgical closure versus medical 
management. As well, anyone who is asymptom-
atic and has a moderate or large fistula may be 
considered for elective repair. Children with 
small fistulas usually do not require closure but 
they should be followed for potential enlarge-
ment as the child grows [61].

 Congenital Ostial Atresia of the Left 
Main Coronary Artery

Congenital atresia of the LMCA is very rare, 
with no more than solitary cases reported thus 
far [11, 62]. In this disease, there is no left main 
coronary from the aortic root (Fig.  9.5). The 
LAD and left circumflex coronary arteries are in 
their anatomically “typical” location but they 
end blindly; blood flow to the left side occurs 
retrograde from the RCA, usually through col-
lateral vessels. Because these collaterals are gen-
erally inadequate to perfuse the left side of the 
heart, patients are typically symptomatic on pre-
sentation. This lesion may be confused with a 
single RCA; however, with a single RCA, that 
gives rise to all three major coronary arteries, the 
flow is antegrade (not retrograde) and patients 
are generally asymptomatic. While this lesion 
usually occurs in isolation, other associated con-
genital anomalies may include supravalvar aortic 
stenosis, VSD with pulmonic stenosis, and PDA 
[11, 62].

 Pathophysiology

The pathophysiology of congenital LMCA ostial 
atresia is due to perfusion of the left coronary sys-
tem by collateral vessels. Because the collateral 
vessels are typically smaller than the left- sided 
coronary arteries, blood flow through these ves-
sels is typically not adequate to meet myocardial 
oxygen demand. This results in left ventricular 
myocardial ischemia, and the potential for SCD.

 Clinical Presentation

There is a wide range of clinical presentations 
from infancy into adulthood, but patients are 
almost always symptomatic at the time of pre-
sentation. The difference in age at presentation 
is likely related to the degree and adequacy of 
the collateral circulation. The youngest patients 
generally come to medical attention due to signs 
and symptoms of congestive heart failure, like 
those with ALCAPA or dilated cardiomyopathy 
[11, 64]. Parents may report failure to thrive, 
feeding difficulties, sweating with feeds, fatigue, 
and dyspnea. The younger patients are also 
more likely to have associated congenital heart 
disease. It is possible that a concomitant con-
genital heart lesion may cause increased myo-
cardial oxygen demand, and therefore, these 
patients come to clinical attention at a younger 
age. Older children, adolescents, and adults 
commonly present with symptoms of chest pain, 
dyspnea, and syncope with exertion as well as 
ventricular arrhythmias. SCD may be the first 
presentation, even at a young age. Physical 
examination may reveal a holosystolic murmur 
of mitral regurgitation from infarcted papillary 
muscles.

 Diagnostic Testing

Accurate diagnostic imaging is essential because 
symptoms are nonspecific and can be potentially 
attributed to other causes. In infants and children 
who present with congestive heart failure, the 
chest X-ray may show cardiomegaly with pulmo-
nary edema; in older patients, the chest X-ray 
may be normal. A 12-lead ECG may show isch-
emia with anterolateral Q waves and lateral T 
wave inversion; right bundle branch block or ven-
tricular ectopy, including ventricular tachycardia, 
may also be present.

The initial imaging procedure should be a 
transthoracic echocardiogram. In infants and 
young children, this is likely to show a dilated LV 
with poor function and mitral regurgitation, two 
findings that are also found in ALCAPA and 
dilated cardiomyopathy. Like with ALCAPA, 
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Fig. 9.5 (a) Prominent RCA with normal ostial origin and 
antegrade flow with a prominent branch arising anteriorly. 
(b) Antegrade flow seen in the usual location of the LAD; 
however, ostial origin of the LMCA from the aorta is not 
seen. (c) LCA stump arising from the mid-part of the left 
posterior facing sinus of the pulmonary artery (arrow). The 
gray contrast of the LCA stump is clearly different from the 
bright contrast of the RCA-fed portion of the left coronary 

system. D, RCA arising normally from the right aortic sinus 
is bright in contrast and mildly dilated (arrow). LAD left ante-
rior descending artery, LMCA left main coronary artery, RCA 
right coronary artery. Reprinted with open access https://cre-
ativecommons.org/publicdomain/zero/1.0/, no changes were 
made: Alsalehi M, Jeewa A, Wan A, et al. A case series of 
left main coronary artery ostial atresia and a review of the 
literature. Congenit Heart Dis 2019;14:901–23 [63]

delineating the coronary anatomy is essential. 
Doppler color flow may be used to show retro-
grade flow from the RCA to the left coronary sys-
tem without filling in the pulmonary trunk, as 
would be seen with ALCAPA. Notably, an orifice 
for the LMCA will not be clearly demonstrated. 
Another way to help differentiate LMCA ostial 
atresia from ALCAPA is to fully evaluate and 
interrogate with Doppler color flow the left cir-

cumflex coronary artery. In ALCAPA, retrograde 
flow will be demonstrated in the left circumflex 
coronary artery whereas in LMCA ostial atresia, 
antegrade flow will be demonstrated in the left 
circumflex coronary artery [11, 65]. Although 
echocardiographic techniques have improved 
over the past several years, delineating coronary 
anatomy and blood flow can be difficult in some 
cases. Therefore, cardiac catheterization with 
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coronary angiography remains the gold standard 
for diagnosis. The direction of flow from the 
RCA to the left coronary system and whether the 
PA is filled retrograde should be delineated. If 
any question remains regarding the diagnosis, 
selective RCA angiography should be 
performed.
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10Advanced Imaging in Congenital 
Abnormalities of Coronary 
Arteries in Children

Jan Marek, Kristian Mortensen, 
and Claudio Capelli

 Introduction

Improved cardiac imaging over the last two 
decades resulted in qualitative changes in diag-
nostic morphological and functional protocols in 
children suspected of having congenital or 
acquired heart conditions. Incorporating coro-
nary artery views (origins and proximal branches) 
into comprehensive echocardiographic segmen-
tal sequential scans [1] in all children referred for 
cardiology review in most cardiac centres world-
wide has resulted in increased detection rate of 
congenital coronary abnormalities in asymptom-
atic children, including abnormalities with uncer-
tain haemodynamic implication such as 
anomalous aortic origin from opposite sinus 
(AAOCA). High-volume centres such as Great 
Ormond Street Hospital for Children, identify 
accidentally up to 15–30 patients with AAOCA 
every year, resulting in significantly increased 
demands for further detailed advanced multi-
modal imaging [2] at rest and on exertion to 
enable correct risk stratification and further man-
agement and treatment.

In this chapter, we aim to offer a brief review 
of current multimodal imaging of coronary arter-
ies in paediatric population such as 3D model-
ling, virtual reality and stress tests, offering 
diagnostic strategies and pathways, and share our 
experience with diagnostic imaging in children 
from prenatal period of time, through early 
infancy and childhood, until young adulthood.

 Echocardiography

 2D Transthoracic Echocardiography

In children, transthoracic echocardiography 
(TTE) with high-frequency probes (6–12Mhz) 
permits rapid visualisation of coronary ostia and 
proximal branches, typically examined from 
parasternal short axis views [1, 3, 4]. Apart from 
parasternal short axis views, the left main coro-
nary artery (LMCA) origin can be visualised 
from apical or subcostal five-chamber (anteriorly 
tilted 4-CH) view to allow accurately image cor-
onary origin from the sinus, sino-tubular junc-
tion, or proximal ascending aorta (AO). The right 
coronary artery (RCA) origin can be seen from a 
parasternal long-axis view with slight rightward 
tilt of the transducer allowing identification of the 
coronary origin similar to LMCA. The left ante-
rior descendent (LAD) coursing alongside the 
anterior interventricular groove can visualised in 
a high parasternal short axis with the transducer 
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tilted more leftward laterally or in the long axis 
view with leftward anterior tilt as the imaging 
plane sweeps between aortic root and pulmonary 
trunk (PA).

Visualising LMCA from PA in anomalous ori-
gin of coronary artery from pulmonary trunk 
(ALCAPA) may be challenging particularly in 
cases with LMCA in close proximity to aortic 
wall or with the take-off from lateral aspect of PA 
adhering to left pleural space. All views includ-
ing modified parasternal and subcostal modified 
views should be attempted to visualised origins 
of RCA and LMCA in non-perpendicular way to 
the ultrasound beam aiming to visualise flow pat-
tern at the level of entering ostia from aortic 
sinuses on colour flow mapping (CFM). 
Optimised CFM modality with low Nyquist limit 
(20–40 cm/s), 2D, and colour gain optimisation 
should be applied to correctly image flow within 
coronary arteries. Default coronary CFM pre-set 
is routinely used to enhance CFM coronary flow 
imaging at the cost of suppressed quality of 2D 
imaging. Although parasternal short axis views 
are recommended to visualise the proximal 
branches on 2D imaging, these views however 
may not allow to image flow within on CFM as 
ultrasound beam is transmitted often perpendicu-
larly to coronary course (RCA aortic origin at 9 
o’clock, LMCA at 3 o’clock).

Interestingly, and according to our experience, 
well-visualised coronary colour flow may sus-
pect ALCAPA or AAOCA more reliably than 2D 
image as the coronary arteries with acute angle in 
AAOCA are running more parallel with ultra-
sound beam such as in RCA originating from left 
aortic sinus (AAORCA, Fig. 10.1). The intramu-
ral segment in AAOCA is longer and usually run-
ning certain distance through the aortic wall 
before exiting the aortic wall from the opposite 
sinus. Intramural segment with the anomalous 
coronary ostium arising adjacent to the commis-
sure between the right and left coronary cusps. 
CFM should always be used to document the 
flow from aortic sinus into coronary ostium in all 
variants of congenital coronary abnormalities. 
Reversal diastolic flow on CFM within the LAD 
suggestive of coronary steal from RCA territory 
is highly suspicious of ALCAPA even if coronary 
artery is convincingly connected to the AO on 2D 

image. Careful assessment of left ventricle (LV) 
and mitral valve function remains imperative for 
all patients suspicious of coronary-induced isch-
aemia. Myocardial fibrosis of papillary muscles 
with regional wall motion abnormalities on con-
ventional echocardiography and on tissue defor-
mation imaging are sensitive diagnostic features 
in any coronary abnormalities causing myocar-
dial hypoperfusion at rest or on exercise [5]. 
However, in contrast to adults, babies and small 
children tend to develop coronary collateral ves-
sels from RCA resulting in well-maintained LV 
function on conventional echocardiograms. In 
these cases, the proximal RCA is usually dilated 
with multiple small collateral vessels connected 
to the LMCA territory, and is usually well visual-
ised in multiple parasternal and subcostal views.

Although the echocardiographic diagnostic 
correlations between institutional and expert 
echocardiography compared with surgical find-
ings were reported rather poor [6], improvement 
in diagnostic accuracy of congenital coronary 
abnormalities can be documented by signifi-
cantly increasing numbers of echocardiographi-
cally diagnosed AAOCA incidentally identified 
in asymptomatic children.

 Prenatal 2D Transabdominal 
Echocardiography

Although prenatal imaging of coronary arteries is 
not amongst the requirements for antenatal car-
diac screening in second trimester, current ultra-
sound technology enables to image coronary 
arteries in a variety of conditions mainly causing 
coronary artery dilatation such as isolated coro-
nary fistulae [7] or as a part of the spectrum of 
more severe conditions such as in pulmonary 
atresia with intact ventricular septum [8]. 
Moreover, foetal coronary Doppler flow patterns 
can also be assessed, and increased velocities 
were identified in foetuses suffering from anae-
mia [9]. With current ultrasound technology, it is 
however not surprising that isolated coronary 
abnormality such as anomalous origin of right 
coronary artery from left aortic sinus (AAORCA) 
can be reliably identified as early as in 22nd week 
of gestation [10]. In late trimester, proximal 
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Fig. 10.1 12 years old 
competitive swimmer 
with AAORCA. 2D 
transthoracic 
echocardiography with 
colour flow mapping in 
parasternal short axis 
view and (a) shows 
take-off of right 
coronary artery (arrow) 
from opposite sinus with 
interarterial course 
between AO and 
PA. Puled Doppler 
tracing (b) demonstrated 
normal diastolic flow 
(arrows)

Fig. 10.2 Right coronary artery (RCA, arrows) imaged 
in 28-week-old foetus. RV right ventricle, PA pulmonary 
artery, AO aorta, LA left atrium

 coronary branches can be occasionally identified 
(Fig. 10.2), and assessing coronary arrangement 
in transposition of the great arteries could be con-
sidered although data on accuracy are not 
available.

 3D Transthoracic 
and Transoesophageal 
Echocardiography (3DE)

The 3DE visualisation of coronary arteries and 
the detection of coronary artery abnormalities are 
generally possible in children; however, high- 
resolution 2D echocardiography remains  superior 
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to 3DE. Higher sensitivity and specificity values 
were obtained by 2D than by 3D echocardiogra-
phy when tested in adults [11]. The desired end-
face views to assess ostial shape are possible to 
obtain in patients with very good acoustic win-
dows or by transoesophageal approach; however, 
image quality remains far inferior to those 
obtained by high-resolution computed- 
tomographic (CT) angiography.

 Transoesophageal Echocardiography

Transoesophageal echocardiography (TEE) is 
not routinely used as primary diagnostic modal-
ity for children with coronary abnormalities. TEE 
has been, however, routinely used in children to 
identify coronary problems mainly as additional 
imaging modality during general anaesthetics 

required for cross-section imaging or as a part of 
perioperative pre- and post-bypass assessment.

Multiplane TEE probe views from mid- 
oesophageal window in short axis angulated 
around 30–40° can image coronary artery just 
above the aortic valve (Fig. 10.3.). In this view 
CFM can usually indicate entry into ostium. The 
RCA is best seen at 90–120°. CFM of both coro-
nary arteries is important to evaluate the direc-
tion, velocity, and timing of flow. In selective 
patients, TEE may improve visualisation of prox-
imal coronary arteries and their relation to sur-
rounding structures such as aortic and pulmonary 
commissures and may offer better visualisation 
of ostia and it’s course through aortic wall in 
patients suspected of AAOCA. In addition, phar-
macological (dobutamine) Stress TEE can be 
considered in children to assess dynamic change 
in coronary ostial shape and flow dynamics 

a b

c d

Fig. 10.3 Transoesophageal dobutamine stress echocar-
diography in a 7-year-old boy with incidental finding of 
single coronary artery from non-coronary sinus with intra-
mural course of LMCA and interarterial and intramural 
course of the RCA. 2D echocardiography with colour 

flow mapping (a) demonstrated juxtacommisural take-off 
of LMCA (b) with Vmax on PDE around 0.7  m/s (b). 
Low-dose dobutamine stress echocardiogram confirmed 
narrow LMCA ostium with turbulent flow on colour flow 
mapping (c) with Vmax up to 1.2 m/s (d)
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together with global and regional ventricular 
function to better understand physiology in 
patients with AAOCA [12].

 Epicardial Echocardiography

Similar to transoesophageal echocardiography, 
epicardial echocardiography is indispensable 
intraoperative imaging modality mainly reserved 
for babies and small children referred for heart 
operation involving interventions on coronary 
arteries such as for arterial switch for transposi-
tion of the great arteries [13, 14]. Focused two- 
dimensional, colour, and spectral Doppler 
imaging of the coronary arteries using 9–12 MHz 
probe is performed during operation requiring 
coronary re-implantation or manipulation, par-
ticularly in those with unexpected ventricular 
dysfunction or ST changes on ECG monitor sug-
gestive of myocardial ischaemia (Fig.  10.4). 
Imaging of the coronary arteries should include 
ostial areas and proximal branches to assess any 
calibre change, kinking, angulation, narrowing 
and relationship with surrounding structures 
potentially causing extrinsic compression.

Epicardial echocardiography is rather under-
utilised due to variable skills of surgeons per-
forming epicardial echocardiograms, limited 
experience and time demands for cardiologists, 
as well as absence of national and international 
guidelines [15].

 Intravascular Ultrasound

Intravascular ultrasound (IVUS) imaging of cor-
onary arteries has become a routine procedure in 
most adult cardiac catheterisation laboratories. 
Clinical application of IVUS in children is rather 
limited [16–19] and mainly refers to complica-
tions following heart transplantation [20, 21]. In 
our institution, IVUS is reserved for assessing 
adverse effects in patients undergoing heart trans-
plantation. In congenital coronary abnormalities 
in adults, IVUS has been used as integrated imag-
ing modality in comprehensive assessment in 
AAOCA involving selective coronary angio-

grams, IVUS, and fractional flow reserve mea-
surements with provocative testing using 
adenosine and/or dobutamine infusions. 
Fractional flow reserve and IVUS is offered as a 
standard work-up for adult patients with AAOCA 
and proposed as a flowchart to aid in decision- 
making although the data should be interpreted 
with caution, as the validity of fractional flow 
reserve findings in this population has not been 
established [22]. Only anecdotal reports are 
referring to clinical application of IVUS in chil-
dren with congenital or acquired coronary abnor-
malities such as AAOCA and Kawasaki disease 
[23].

 Stress Echocardiography

Stress echocardiography is well recognised and 
probably currently underused functional imaging 
modality for routine screening and monitoring of 
children with coronary abnormalities (native or 
post-procedural) providing real-time cardiac 
imaging [24]. Ergometric stress echocardiogra-
phy is the preferred technique over the pharma-
cological (Dobutamine) test for its dynamic 
nature; however, the methodology requires sig-
nificant modifications as compared to adults due 
to the rapid decline in heart rate. Semi-supine 
bicycle ergometric stress echocardiography has 
been accepted as standard method with little risk 
for children and can be safely and accurately per-
formed in children from 7–8 years of age (body 
height > 135 cm) using commercially available 
devices. It is a test that is relatively simple to con-
duct. In our institution, dynamic SE has been 
included in diagnostic follow-up protocol for all 
patients with asymptomatic AAOCA as well as 
for all patients after surgical treatment [25]. 
Scarce data exist on risk stratification of AAOCA 
using SE, one study confirmed regional wall 
motion abnormalities in some patients on subjec-
tive assessment as well as on tissue deformation 
imaging in older children using treadmill exer-
cise testing rather than real-time semi-supine 
stress echocardiography [26]. It is however 
important to mention that any stress tests are, at 
best, incompletely reassuring. They are most 
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Fig. 10.4 Epicardial echocardiogram performed in 
18-day-old boy after arterial switch for transposition and 
ventricular septal defect. Left main stem, anterior 
descendent (LAD), and left circumflex imaged from 

 epicardial short axis view (a), laminar flow demonstrated 
by colour flow mapping (b) and on pulsed Doppler inter-
rogation (c). PA pulmonary artery after Lecompt 
manoeuvre, AO aorta
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Fig. 10.5 3-months old infant with ALCAPA.  LMCA 
with both branches originated from posterior sinus of pul-
monary trunk with typical retrograde diastolic flow on 
colour flow mapping (a). Conventional M-mode sug-
gested good contractility of anterior myocardial septal and 
posterior wall segments (b). Bright echogenicity of papil-

lary muscles was consistent with coronary-induced isch-
aemia (c). 2D Strain imaging confirmed myocardial 
dyskinesia of apical segment and reduced contractility of 
lateral segments (d). AO aorta, PA pulmonary trunk, LAD 
left anterior descendance, LCx left circumflex, LA left 
atrium, LV left ventricle

helpful if they are positive as most of the pub-
lished data and our experience confirmed a low 
negative predictive value.

Functional assessment of all children with 
congenital or acquired coronary abnormalities 
should include conventional as well as advanced 
echocardiographic techniques. Tissue deforma-
tion imaging (2D or 3D speckle tracking) may 
identify areas of myocardial ischaemic injury 
better than conventional 2D or M-mode imaging 
(Fig.  10.5.). Our study [5] suggested that chil-
dren presenting with ALCAPA with preserved 
global LV systolic function on conventional 
echocardiography did have impaired longitudi-
nal and radial strain, when compared with con-
trols. Surgical treatment led to improvement in 
deformation indices, although post repair 

 evidence of abnormal deformation in LV seg-
ments supplied by the anomalous left coronary 
artery remains.

 Cross-sectional Imaging

Both computer tomography coronary angiogra-
phy (CTCA) and cardiac magnetic resonance 
(CMR) are vital components in the non-invasive 
multimodality imaging approach to congenital 
coronary arterial abnormalities in children, owing 
to their ability to provide non-invasive, isotropic 
3D imaging of the entire coronary arterial system 
[2, 27]. CTCA and CMR avoid limitations by 
acoustic windows and imaging planes, and also 
eliminate risks associated with invasive tech-
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niques that also require general anaesthesia in the 
majority of children. Technological advances 
have improved spatial and temporal resolution 
and heightened speed of acquisition and, in the 
case of CTCA, decreased radiation doses thus 
facilitating widespread use in children [28, 29]. 
However, imaging of the coronary arteries in 
children remains challenging due to the small 
size of the coronary arteries, high heart rates, and 
a propensity for motion artefacts from respiration 
and general body movement.

 Cardiovascular Magnetic Resonance 
Imaging

CMR documents coronary arterial take-off and 
course mainly by mode of a non-contrast- 
enhanced, isotropic, ECG-triggered 3D ‘whole 
heart’ angiography acquired during free breath-
ing that covers the entire heart to the ascending 
AO in one isotropic volume [30]. This sequence 
avoids the use of contrast medium and ionising 
radiation, and therefore is potentially advanta-
geous in children [2]. However, CMR is often 
challenging in children due to the small patient 
size with resultantly small vascular structures, 
high heart rates, and relatively lengthy acquisi-
tion times [31–33]. In addition, ‘whole heart’ 
imaging is often inadequate for coronary arte-
rial imaging beyond the proximal artery. An 
alternative to the ‘whole heart’ is volume-tar-
geted imaging by CMR, but this sequence faces 
similar challenges in children and does not gen-
erally provide comprehensive coronary assess-
ment either. 1 Various 2D CMR sequences have 
very limited roles in children, because this 
approach necessitates breath-holding, and pre-
cise positioning can be challenging in small ves-
sels. Taking into consideration these limitations 
along with the need for general anaesthesia in 
the younger child, CMR may be the preferred 
modality for radiation-free screening for an ana-
tomical coronary arterial abnormality, espe-
cially in larger children with larger coronary 
arteries and lower heart rates who cooperate 
wholly during image acquisition. In these con-

texts, when CMR with contrast medium is per-
formed then the ‘whole heart’ will have better 
contrast if performed after administration of 
contrast medium.

 Computed Tomographic Imaging

CTCA provides high spatial resolution, and com-
prehensive imaging of the entire coronary arterial 
system in children, akin to adults, even though 
specific considerations are required due to the 
smaller arteries, elevated heart rates, and often 
limited cooperation during image acquisition 
[34]. Despite the potential of both CTCA and 
CMR to provide isotropic 3D coronary arterial 
imaging, CTCA has become the preferred choice 
for conclusive, non-invasive coronary arterial 
anatomical imaging in children by means of rapid 
3D data acquisition with submillimetre spatial 
resolution [31]. Detailed coronary arterial assess-
ment requires ECG-gating for elimination of car-
diac motion artefact (Fig.  10.6), although the 
origins and course of the proximal coronary 
arteries may be apparent even on non-ECG- 
gated, high-pitch scans used in the ultra-rapid 
and low-dose assessment of complex congenital 
heart disease [35, 36]. Anomalous coronary arter-
ies are common in ‘non-coronary’ congenital 
heart disease, and unequivocal mapping is impor-
tant since these associated abnormalities may be 
clinically unimportant in isolation but they will 
often determine the possible surgical repair tech-
nique [37]. Resultingly, CTCA has a role both in 
the isolated, outcome determining coronary arte-
rial abnormalities and before repair of congenital 
heart disease [38, 39]. The mode of ECG-gating 
is guided by heart rate, similar to adults, and 
heart rate reduction is sought using comparable 
drugs to facilitate scanning with the lowest pos-
sible radiation dose [40, 41]. Image quality may, 
despite lowering heart rates, still be adversely 
impacted by a propensity to sinus arrhythmia in 
children (Fig.  10.7); early breath-holding helps 
alleviate this by allowing the heart rate to settle 
before image acquisition. In addition, careful 
information is important in older children when 
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Fig. 10.6 16-year-old girl with ALCAPA and presenting 
with out-of-hospital cardiac arrest imaged using a retro-
spectively ECG-gated CT coronary angiogram. The select 
2D images from multiplanar reformats show anomalous 
take-off of the left coronary artery from the pulmonary 
artery and (a) left-sided system adapting a usual epicar-

dial position in the distal course (b, c), and a 3D volume- 
rendered reformat also shows the course of the dilated 
coronary arteries in relation to the cardiac structures (c). 
AO aorta, PA pulmonary trunk, LMCA left main coronary 
artery, LAD left anterior descending coronary artery, RCA 
right coronary artery

a db

c

Fig. 10.7 11-year-old asymptomatic boy with AAORCA 
and a family history of sudden cardiac death in a brother 
due to AAORCA is imaged using a retrospectively ECG- 
gated CT coronary angiogram was performed during an 
average heart rate of 63 beats per minute on beta-blocker 
treatment with marked RR interval variability (53–76 
beats per minute) due to sinus arrhythmia. A juxta- 
commissural, slit-like origin of the RCA from the left 
coronary sinus adjacent to and separate from the left main 

stem is shown on 2D (a) and 3D volume-rendered images 
(d) with end-on 2D images showing the proximal interar-
terial and intramural course with narrowing and oval 
shape (b) and the more distal interarterial but not intramu-
ral RCA with a round shape and of good calibre (c). AO 
aorta, PA pulmonary trunk, RA Right atrium, RVOT right 
ventricular outflow tract; LMCA left main coronary artery, 
LAD left anterior descending coronary artery; LCx left cir-
cumflex coronary artery, RCA right coronary artery

scanning without sedation or general anaesthesia 
in order to minimise anxiety that may cause 
marked reflex heart rate increments, poor breath- 
holding, or even body movement during contrast 
administration.

Even following pharmaceutical heart rate 
modification, heart rates often remain high in 
children and the lowest dose, ECG-triggered 
‘single heart beat’ acquisitions tend to be inade-
quate for comprehensive assessment of the coro-
nary arterial system in this situation [42]. This 
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Fig. 10.8 13-year-old boy with AAOLCA and presenting 
with exercise-induced syncope imaged using a retrospec-
tively ECG-gated CT coronary angiogram performed with 
a heart rate of 81 beats per minute flowing beta-blocker 
treatment. The select 2D images from multiplanar refor-
mats show an interatrial left main stem originating from a 
slit-like orifice in the right coronary cusp with a narrowed 
and oval shape proximally, consistent with an intramural 

course in the wall of the right coronary sinus (a, c). The 
left main stem later becomes extramural and of good cali-
bre as evident with the round shape adjacent to the left 
coronary sinus (b). AO aorta, PA pulmonary trunk, LMCA 
left main coronary artery, LAD left anterior descending 
coronary artery, LCx left circumflex coronary artery, RCA 
right coronary artery

ultra-rapid and low radiation dose scan may, 
however, be adequate for visualisation of the very 
proximal coronary arteries in the uncooperative 
child when general anaesthesia or sedation is 
contraindicated and rapid acquisition is crucial 
[43]. The more radiation-heavy, ECG-triggered 
prospective ‘sequential step-and-shoot’ scanning 
is possible in a larger proportion of children. The 
prospective mode is often utilised in children at 
higher heart rates than would often be the case in 
adults. For these ECG-trigged scans (including 
‘single heart beat’ scans), a diastolic phase 
(around 70% of RR interval) increases the likeli-
hood of imaging free of cardiac motion at rela-
tively lower heart rates, whereas a systolic phase 
(around 40% of RR interval) may provide a 
motion free visualisation at relatively higher 
heart rates [44, 45]—although the systolic phase 
mainly is reliable for origin and course because 
limited luminal information is often obtained for 
the distal coronary arterial system. Padding 
around the selected acquisition phase (not possi-
ble for ‘single heart beat’ scanning), with for 
instance 5–10% of the RR interval before and 
after the desired phase, increases the likelihood 
of a diagnostic study in irregular RR intervals by 

increasing the number of cardiac phases avail-
able, but this will be at the cost of higher radia-
tion dose. The most radiation-heavy, 
retrospectively ECG-gated multiphase acquisi-
tion may be preferred in children with very high 
heart rates or irregular RR intervals (Fig. 10.8). 
Here, data acquisition should be as narrow as 
possible in the RR interval and a minimal dose 
exposure approach should be applied outside this 
interval. A multiphase acquisition may also be 
preferred where high-resolution, anatomical 
assessment of a dynamic nature is required such 
as for ostial changes or myocardial bridges across 
the cardiac cycle [46].

Radiation doses have decreased for CTCA 
owing to significant technological advances and 
CTCA has emerged as a pivotal modality in the 
non-invasive multimodality approach for sus-
pected, outcome-determining coronary arterial 
abnormalities also in children [29]. Inventions 
such as iterative reconstruction have dramatically 
altered the dose landscape, and automatic dose- 
reduction strategies maintain the lowest radiation 
dose tailored to the individual child, be it through 
automated exposure control or weight-based tube 
current and voltage settings [46]. Still, careful 
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tailoring on a case-by-case basis of the chosen 
protocol against the clinical question remains 
pivotal in order to achieve the lowest possible 
radiation exposure [29, 47]. An understanding of 
the in-built, automated scanner settings is also 
essential in order to keep radiation exposure as 
low as possible; adaptive settings may for 
instance in the context of variations in the RR 
interval automatically expand the exposure 
beyond the predefined parts of the RR interval in 
ECG-triggered and ECG-gated sequences, 
increasing the likelihood of diagnostic data in the 
face of arrhythmia. The necessity of these fea-
tures should be carefully assessed at the time of 
each scan, overriding any unwanted and exces-
sive adaptation and padding. In addition, opera-
tors should ensure that the z-axis (craniocaudal 
direction) coverage is sufficient to fully capture 
any anomalous anatomy but avoid unnecessary 
z-axis scanning.

Lowering the heart rate enables lower dose 
scanning modes that are characterised by rapid 
acquisition and shorter breath holds. Longer 
acquisitions are nonetheless often required in 
children with elevated heart rates or arrhythmia, 
necessitating longer breath holds due with ‘step 
and shoot’ approach or with the lower pitch and 
table movement speed in continuous retrospec-
tive ECG-gating. Older children may be able to 
comply with breath-holding instructions, often 
from 8–10  years of age depending on maturity 
and helped by distractions from videos or par-
ents. Younger children need sedation or general 
anaesthesia in order to reduce the risk of a non- 
diagnostic radiation exposure due to breathing or 
general body motion. In the smallest children, 
gentle swaddling can be a low-risk alternative to 
general anaesthesia and a feed, a pacifier or an 
oral glucose solution work well as further calm-
ing measures [40]. This is important as multiple 
anaesthetics in children have been proposed 
linked to learning disabilities [48]. Planning 
should therefore factor in the child’s maturity, 
risks of drugs administered, and the likelihood of 
a diagnostic study with the various approaches.

Contrast administration is generally per-
formed using a biphasic protocol and a chaser 
consisting of 20% contrast and 80% saline solu-

tion can help reduce artefacts. When coronary 
arterial anomalies are associated with other con-
genital cardiovascular anomalies it can be better 
to deploy a triphasic injection protocol, ensuring 
visualisation of all anatomical features in the 
same scan [47]. Children weighing <40  kg are 
given 1–3 mL/kg (typically 2 mL/kg) of a non- 
ionic low-osmolar iodinated contrast agent, with 
adult contrast doses utilised in children weighing 
>40 kg [40]. Injection rates are adjusted accord-
ing to the child’s body weight, often extrapolat-
ing from adults and using a large range—typically 
from 0.5 to 6  mL/s. A low total contrast dose 
should be considered for newborns due to an, at 
least theoretically, increased risk of contrast- 
induced nephropathy [49]. A careful balance 
must be sought, when a low total contrast dose is 
available, between the total contract dose, injec-
tion rate, and timing of data acquisition to avoid 
non-diagnostic imaging.

Timing of the CTCA acquisition relative to the 
contrast injection is similar to adults with data 
acquired during peak opacification of the coro-
nary arteries. Different approaches to setting this 
time can be taken according to operator prefer-
ence, including: (1) standard delay from the start 
or end of an injection, (2) delay according to a test 
bolus, (3) automated bolus triggering, or (4) 
visual triggering [50]. Each approach has its 
strengths and disadvantages. It can be important, 
especially in smaller children, to avoid a test bolus 
that uses part of the contrast dose and, of course, 
to take an approach that minimises total radiation 
exposure by limiting the need for planning scans 
[40]. Automated triggering can be challenging in 
small children with small vessels and potential for 
movement, and standard delays can be difficult to 
predict in complex congenital heart disease espe-
cially when ventricular function is poor or shunts 
are present [46]. When timing the study based on 
maximum contrast enhancement in the aortic 
root, there is limited evidence for optimal delays 
for best coronary arterial enhancement, but 2–8 s 
can be deployed depending on patient size, length 
of the contrast bolus, injection rate, scan range, 
and any need for non-coronary visualisation [47]. 
Large central shunts often result in widespread 
early opacification and a saline chaser (with risk 
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of poor visualisation) may thus also reach the 
coronary arteries at an early time point. Visual 
triggering is, therefore, often chosen using the 
lowest possible dose of monitoring scans along 
with the latest possible start and frequency of 
these scans. The triggering time point must con-
sider the duration of the scan plus any delay until 
the scan starts [40, 46]. Contrast medium is 
mainly administered via an upper limb cannula, 
but in small children streak artefact from contrast 
in the superior caval vein (SVC) may degrade the 
image quality of the coronary arteries and aortic 
root. This is minimizable by acquisition during a 
low contrast level chaser in the central veins, by 
use of a foot cannula for contrast medium injec-
tion, or with higher tube voltage (at the cost of 
radiation exposure) [40].

 Functional Imaging by Cross- 
sectional Imaging

Whereas CTCA takes centre stage due to its abil-
ity to rapidly provide comprehensive 3D coro-
nary arterial imaging in suspected coronary 
arterial abnormalities in children, CMR is the 
gold standard for non-invasive assessment of 
associated features, including ventricular func-
tion and volumes, myocardial wall motion, myo-
cardial perfusion at rest and stress [51], and 
myocardial fibrosis and scar in children with 
anomalous coronary arteries [2, 52–54]. The 
approach to CMR mirrors that in adults with a 
good safety profile also during pharmacological 
stress in congenital coronary arterial abnormali-
ties [55, 56]. The currently used gadolinium- 
based contrast agents are considered safe when 
applied to children with normal renal function, 
but the impact of deposition with repeated admin-
istrations is unresolved so the use should always 
be critically appraised [57]. Compared with CT, 
children more often require general anaesthesia 
for diagnostic image quality due to intolerance to 
lying in the scanner bore combined with the lon-
ger duration of image acquisition. However, 
accelerated CMR sequences are increasing the 
age range where CMR can be performed without 
sedation or general anaesthesia by increasing the 

speed of scanning and minimising the need for 
breath-holding [58–60]. A more pragmatic 
approach is often taken to the deployment of 
CMR than CT, attempting an awake CMR study 
in younger children because a failed CMR study 
mainly involves a waste of resources compared to 
a non-diagnostic radiation exposure when a non- 
diagnostic CTCA is performed.

 Modelling and Simulations 
in AAOCA

Biomechanical engineering using patient- specific 
modelling and precision medicine approaches 
has offered novel insights into studying cardio-
vascular problems. Recently, such tools have 
been applied also to AAOCA by focusing on the 
physio-pathology, trying to unveil mechanisms 
leading to sudden cardiac death, and tailoring 
surgical interventions. In particular, computa-
tional fluid dynamics (CFD) and structural simu-
lations based on finite element (FE) methods 
have been applied to investigate the complex bio-
mechanics of AAOCA.

With the improvement of imaging and numer-
ical techniques, the creation of highly realistic 
AAOCA models can be very useful to represent 
both anatomical and physiological patients’ char-
acteristics. Patient-specific models are created by 
segmenting raw imaging data. Overall, recon-
structing coronary arteries can be complex 
because of the size, the motion of the heart, and, 
in case of AAOCA, the identification of intramu-
ral segments (Fig. 10.9). Both computed tomog-
raphy angiography and cardiac magnetic 
resonance imaging (CMRI) should offer high- 
resolution data to generate such models. 3D mod-
els of AAOCA per se allow precise 
morphometrical analysis. It has been reported, 
for example, that intramural segments consis-
tently present features of noncircular coronary 
compression. These characteristics are immedi-
ately visible in patient-specific models making 
the use of 3D models in AAOCA both feasible 
and informative (Fig. 10.10).

Computational models and simulations of 
AAOCA cases require precise boundary condi-
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Fig. 10.9 7-year-old boy with incidental finding of single 
coronary artery from non-coronary sinus with intramural 
course of LMCA and interarterial and intramural course 
of the RCA. 3D rendered CT angio (a) with single coro-
nary ostium (arrow). External 3D model (b) and intralu-

menal view (c) documenting slit coronary ostium (arrow). 
AO aorta, LA left atrium, LAD left anterior descendent, 
LCx left circumflex, RCA right coronary artery

a b

Fig. 10.10 11-year-old boy with a family history of sud-
den cardiac death in older brother with AAORCA and 
interarterial and intramural course (two younger brothers 
have same RCA morphology). 3D model from retrospec-
tive ECG-gated CT angiogram. External blood pool view 

(a) and intraluminal view (b) documenting proximal nar-
rowing of left main coronary artery (LMCA, arrows). 
LAD left anterior descendent, LCx left circumflex, RCA 
right coronary artery

tions, which take into account the behaviour of 
the system downstream and upstream of the 3D 
model. Selection of accurate BCs is critical in 
patient-specific cardiovascular modelling as they 
can significantly affect local haemodynamics. 
Modelling the working conditions of AAOCA 

can be particularly complex as a comprehensive 
model may also include valve dynamics and arte-
rial deformations to ensure the highest level of 
realism of the simulations. In addition, resistance 
of the small arteries and arterioles of the coronary 
micro-vasculature affects changes in blood pres-
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sure in larger arteries. Modellers have been used 
in various strategies to reduce the complexity of 
this system. The most advanced approach [61] is 
setting up a lumped parameter network (LPN) to 
consider the effects and the changes of the down-
stream vasculature by representing it as a collec-
tion of electrical elements.

Modelling patient-specific AAOCA is very 
complex and, only over the past few years, this 
has been reported only in studies which show a 
successful integration of highly specialised clini-
cal and bioengineering knowledges.

The haemodynamics of the anomalous origin 
of the right coronary artery from the left coronary 
artery sinus has been recently studied by Cong 
et al. 2021 [62]. In these patients, the RCA is usu-
ally characterised by an acute take-off angle. The 
authors modelled two relatively groups of 
patients respectively with a normal RCA and 
with AAORCA from the left coronary sinus and 
correlated fluid-dynamics parameters with mor-
phological assessment. The acute take-off angle 
of AAORCA was measured as 20–40°, with the 
starting angle of a normal RCA between 45° and 
90°. The study measured a lower pressure and 
higher wall shear stresses (WSS) in patients with 
an anomalous origin of the RCA from the left 
coronary artery sinus. In particular, patients with 
an acute take-off angle were shown to have sig-
nificantly lower pressure in systole which may be 
the cause of clinical symptoms such as dizziness 
and chest tightness.

The biomechanical outcomes of unroofing 
procedure were analyzed by Razavi et  al. 2020 
[63]. CFD modelling from CMR data acquired 
from a group of eight patients with intramural 
AAOCA was performed to analyze and compare 
coronary haemodynamics before and after inter-
vention. Results showed how surgical interven-
tion reduces and normalises time-averaged wall 
shear stress (TAWSS). These findings suggest 
that acute angle of origin of the coronary may 
create abnormal coronary flow patterns and hae-
modynamics that could leave patients more sus-
ceptible to the early onset and progression of 

atherosclerosis. Despite the small sample size, 
this study shows how the characterisation of 
 haemodynamics in patient-specific models can 
be useful to explain myocardial morbidity associ-
ated with intramural AAOCA.

The importance of intramural segment in 
AAOCA was investigated also by Formato et al. 
2018 [64] and Hatoum et al. 2020 [65]. The first 
study focused on the mechanisms underlying the 
coronary occlusions and quantified how the 
expansion of the anomalous coronaries is 
impaired especially at the ostium. The acute take- 
off angles can in fact cause elongated coronary 
ostia, with an eccentricity increasing with aortic 
expansion. The latter study showed how to use 
patient-specific 3D-printed models of AAOCA to 
identify a drop in fractional flow reserve in the 
intramural segment and decreasing coronary flow 
with increasing aortic pressure in an ischemic 
model of AAORCA.

Although in its infancy, modelling AAOCA 
can represent an important step in our under-
standing of haemodynamics in AAOCA [66]. 
These studies show the development and the 
potentials of using patient-specific modelling 
and simulations to investigate the physio-
pathology and the effects of treatments in 
patients with AAOCA (Fig.  10.11). 
Technological developments in computer mod-
elling allow to explore also such a complex and 
rare condition. Hence, in the near future, more 
studies are expected which include a larger 
number of cases and scenarios simulated. This 
will contribute to strengthening the statistical 
inference and the mapping of haemodynamic 
indices with patient conditions and outcomes. 
AAOCA modelling will be able to answer how 
different anatomical properties impact coronary 
pressure and flow variations in patients with 
AAOCA.  This in turn may allow clinicians to 
better risk-stratify AAOCA patients and decide 
which operation may be more appropriate for a 
particular patient. After all, simulation is a pro-
cess of knowledge creation and a better under-
standing of the pathophysiology of AAOCA 
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Fig. 10.11 Summary of the steps conducted for patient- 
specific computational analysis of AACOA in the current 
investigation included model reconstruction from cardiac 
magnetic resonance imaging (CMR) data, mesh genera-
tion with local refinements on the ostial region and left 
main coronary artery (LMCA) bifurcation, assigning mul-
tiscale boundary conditions, and postprocessing of result-
ing haemodynamics to visualise and quantify changes in 

coronary artery velocity and indices of wall shear stress 
(WSS). Results showed that: [1] time-averaged wall shear 
stress (TAWSS) was higher preoperatively due to more 
skewed velocity profiles along the length of the angulated 
anomalous arteries, [2] unroofing may normalise WSS, 
[3] changes in AO led to significant alterations in the local 
flow patterns and haemodynamics. “Adapted from [63] 
with permission”

will allow us to move from anecdote- based to 
data-based clinical decision-making.
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11Role of Invasive and Provocative 
Tests

Mauro Agnifili, Luca Arzuffi, Omar Alessandro Oliva, 
Miriam Deamici, and Francesco Bedogni

 Introduction

Ostium of an anomalous origin of coronary arter-
ies is usually in atypical position and also the 
pathway of the coronary itself may represent a 
great challenge for the invasive cardiologist. In 
this setting, a prior Computed tomographic study 
is highly warranted in order to both identify the 
major characteristics of the coronary arteries and 
guide the invasive study and treatments.

 Coronary Artery Anomalies

 Absent Left Trunk

This anomaly occurs in 0.41% of the general 
population and is characterized by the separate 
origin of the left anterior descending artery 
(LAD) and left circumflex coronary artery (LCx). 
Usually, a Left Judkins coronary artery catheter 
with a 4.0 curve is used to enter the LCx while for 
the LAD the same catheter is chosen but with a 
3.5 curve (Fig. 11.1).
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Fig. 11.1 Separate Ostia of Left Anterior Descending 
Coronary Artery and Left Circumflex Coronary Artery. 
Computed tomographic angiographic imaging of absent 
left trunk variant with separate ostia of left anterior 

descending coronary artery (LAD) and left circumflex 
coronary artery (LCx): angiographic image with Judkins 
left 4.0 engagement for LCx and Judkins left 3.5 for 
LAD

Fig. 11.2 Representative Diagram of Anomalous Origin 
of Right Coronary Artery From Left Sinus of Valsalva 
Ben-Dor, I. et al. J Am Coll Cardiol Intv. 2021;14(9):995–
1008. (A) Origin adjusted to the ostium of the left main 
coronary artery; (B) inferior to left main coronary artery 
ostium; (C) toward the commissure of the right and left 
cusps; (D) origin from the aorta above the sino-tubular 
plane; (E) origin from right cusp superior and toward the 
left cusp; (F) usual origin. Catheter suggested for cannula-
tion: (A) Leya catheter, Amplatz 45/90°; R-ACAOS, 
Launcher; (B) Amplatz left 1,2, 3; (C) Amplatz left 1,2,3; 
Amplatz right 1,2,3; (D) Judkins right; Multi-purpose; 
Kockey stick; (E) Sherpa NX Balances; Amplatz left 0.75, 
1, 2, 3; Amplatz right 1,2,3; 3DRC; (F) Judkins right

 Anomalous Origin of the Right 
Coronary Artery

The right coronary artery can have different 
anomalous origins as clearly depicted in Fig. 11.2.

An anomalous right coronary artery (RCA) 
can arise from different locations. The Central 
Illustration summarizes these different locations: 
(A) RCA ostium contiguous to left main (LM) 
coronary artery ostium; (B) RCA ostium inferior 
to LM ostium; (C) RCA ostium near the commis-
sure of the right and left cusps; (D) ostium above 
the sino-tubular junction; (E) ostium from right 
cusp superior and adjacent the left cusp; and (F) 
usual origin.

 Location A

This location is the most common and it is char-
acterized by an RCA ostium contiguous to the 
LM coronary artery ostium. Usually, there is a 
“slit-like” ostium and there is an intramural 
course of the proximal segment which is sig-
nificantly angulated. Selective angiography can 
be challenging and there is a risk of dissection 
during catheter manipulations. The preferred 
catheter for such anatomy is usually a 7 Fr Leya 
catheter left coronary Amplatz 45 or 90° 
(Cordis Cardinal Health, Dublin, Ohio). 
Figure 11.3 shows CT scan imaging with sig-
nificant lateral compression of the proximal 

segment of the RCA.  Angiography from the 
same patient is shown in the middle. Finally, on 
the right is the picture of the catheter used in 
these anomalies.

Alternatively, a 6 Fr Launcher coronary guide 
catheter (Medtronic, Minneapolis, Minnesota) 
can be used (Fig. 11.4).
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d

Fig. 11.3 Anomalous Right Coronary Artery from the 
Left Cusp Engaged With Leya Catheter; Ref [1]. (a) 
Computed tomographic angiographic imaging of the 
intramural course of the right coronary artery (RCA) from 
the left sinus. (b) Anomalous RCA adjusted to the left 

main coronary artery engaged with Leya catheter: 
Amplatz left 90. (c) Leya catheter: Amplatz left 45 and 90. 
(d) Intravascular ultrasound pullback shows severe lateral 
compression of the proximal anomalous RCA, which 
increases during systole

11 Role of Invasive and Provocative Tests



134

a

c

b

Fig. 11.4 Anomalous Right Coronary Artery From the 
Left Cusp Engaged With R-ACAOS Catheter Ref [1]. (a) 
Computed tomographic angiographic imaging of the 
intramural course of the right coronary artery (RCA) from 

the left sinus. (b) Anomalous RCA adjusted to the left 
main coronary artery engaged with R-ACAOS catheter. 
(c) R-ACAOS catheter
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 Locations B and C

Location B is characterized by the ostium of the 
RCA just inferior to the LM ostium. In location C 
the ostium of the RCA is near the commissure of 
the right and left cusps; In these situations, usu-
ally a coronary artery catheter Amplatz Left or 
right with curves 1,2, or 3 is used according to 
aortic root size.

 Location D

Location D is characterized by the RCA ostium 
right above the sino-tubular junction. This anat-
omy is similar to that of a saphenous venous 
graft, therefore the preferred catheters used are 
the multipurpose Amplatz right or left, Hockey 
stick, or a Judkins right catheter curve 4 
(Fig. 11.5).

 Location E

This anatomy is characterized by the RCA ostium 
arising from right cusp superior and close to the 
left cusp. This is another challenging anatomy to 
be engaged in. Usually, an Amplatz left or right 
catheter can be used successfully or a 3DRC 
(Fig. 11.6). Sometimes when support is needed, 
the Sherpa NX Balanced (Medtronic) is used 
(Fig. 11.7).

Finally, sometimes selective engagement can-
not be obtained. In these situations, a useful trick 
can be used. A guiding catheter is approached to 
the ostium, then a hydrophilic coronary guide-
wire can be advanced inside the coronary artery. 
The following step is to advance a microcatheter 
over the hydrophilic guidewire. Eventually, in 
order to gain more support, the hydrophilic 
guidewire can be exchanged for a supportive 
non-hydrophilic coronary guidewire.

11 Role of Invasive and Provocative Tests
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a b

c d

e f

Fig. 11.5 Anomalous Right Coronary Artery in Various 
Locations Engaged With Different Catheters; Anomalous 
right coronary artery not adjusted to the left main coro-

nary artery, engaged with (a) Hockey stick. (b) 
Multipurpose catheter. (c) Judkins right 4 (d) AL1 (e) 
AL2. (f) Pigtail catheter
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a b

Fig. 11.6 Anomalous Right Coronary Artery From Right 
Cusp Engaged With Amplatz Right and 3DRC Guide Ref 
[1]. Anomalous right coronary artery from right cusp 

superior or toward the left cusp engaged with (a) Amplatz 
right and (b) 3DRC guide

a b c

Fig. 11.7 Anomalous RCA from right cusp engaged with 
Sherpa NX Balanced guide Ref [1]. (a) Sherpa NX 
Balanced guide. (b) Anomalous RCA from right cusp 
superior and toward the left cusp engaged with Sherpa NX 

Balanced guide. (c) Computed tomographic images of 
anomalous right coronary artery from right cusp superior 
and toward the left cusp
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 Anomalous LCx from the Right Cusp

Anomalous LCx from the right coronary sinus 
associated with a retro-aortic course has a preva-
lence of 0.3% and is usually considered as a 
benign anomaly. However, in case of aortic valve 
replacement surgery, it may make the surgical 
procedure more difficult since it can be compli-
cated with closure of the LCx. This anomaly may 
also have an impact on TAVI procedures, since 
there is a risk of compression due to the TAVI 
valve. In this scenario, a balloon angioplasty of 
the aortic valve may precede TAVI in order to 
screen for that risk. In the latter case, a self- 
expanding valve is the first choice over a balloon 

expandable valve. An alternative strategy is to 
have a guidewire placed into the coronary artery 
and have a bail-out stent available.

The preferred projection to show this anomaly 
is the right anterior oblique (RAO) 30° view. The 
ideal catheter to show the anomaly is the Amplatz 
left or right catheter, Judkins 4 right, and hockey 
stick. A major detail to be kept in mind is that if 
the catheter is too deep into the RCA then the 
anomaly cannot be demonstrated. Therefore, it is 
useful to place a guidewire in the distal RCA and 
then play with a second guidewire in order to get 
access to the difficult position of the LCx 
(Figs. 11.8, 11.9, and 11.10).
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c
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Fig. 11.8 Transcatheter aortic valve in a patient with 
anomalous left circumflex coronary artery from right cor-
onary artery Ref [1]. (a) Anomalous circumflex from right 
cusp retro aortic course engaged with Judkins right cath-

eter. (b) Aortogram pre-transcatheter aortic valve replace-
ment. (c) Aortogram post-transcatheter aortic valve 
replacement (Sapien S3) demonstrating risk for compres-
sion of the anomalous artery by a prosthetic valve
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a

c

b

Fig. 11.9 Anomalous left circumflex coronary artery (LCx) from right cusp engaged with (a) Amplatz right catheter. 
(b) Multipurpose catheter. (c) Computed tomographic imaging of anomalous LCx for right cusp with retro-aortic course
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a b

Fig. 11.10 Catheterization technique of how to engage 
anomalous circumplex artery from right coronary artery 
Ref [1]. (a) Image of the right coronary artery (RCA) with 
Judkins right seated deep, missing the ostium of anoma-
lous left circumflex coronary artery (LCx). (b) Using 

hockey stick guide and coronary wire in distal RCA to 
stabilize the guide and pulling back the guide close to the 
ostium, and a second guidewire used to direct the wire to 
an anomalous LCx with a selective image
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a b

Fig. 11.11 Left main coronary artery origin at the poste-
rior of the left cusp Ref [1]. (a) Computed tomographic 
image. (b) Angiographic view engaged with Judkins right 

catheter. L left coronary cusp, NC noncoronary cusp, R 
right coronary cusp

 Posterior Origin of the Left Main 
from the Left Cusp or 
Noncoronary Cusp

This anatomy is rare but can be difficult to selec-
tivate. The ideal is to use guiding catheters as 
EBU or CLS (Figs. 11.11 and 11.12).

M. Agnifili et al.



143

a

b

Fig. 11.12 Left main coronary artery origin from non-
coronary cusp. Ref [1]. (a) Computed tomographic image. 
(b) Angiographic view engaged with Judkins right cathe-

ter. L left coronary cusp, NC noncoronary cusp, R right 
coronary cusp

 Anomalous Left Main Coronary 
Artery from the Right Cusp

This anomaly occurs in up to 0.7% of the popula-
tion and can have inter-arterial, septal (subpul-
monic), retro-aortic, or anterior-pulmonic course.

A selective angiography is performed by 
using a hockey stick or a right Judkins coronary 

catheter curve 4. The ideal angiographic projec-
tion is the RAO with caudal angulation view. 
Sometimes placing a Swan-Ganz catheter in the 
main pulmonary artery may help locate the 
position and course of the coronary artery in 
relationship to the pulmonary artery and the 
aorta (Figs.  11.13, 11.14, 11.15, 11.16, and 
11.17).
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a

c

b

Fig. 11.13 Angiographic views to identify left main 
course from the right cusp Ref [1]. Right anterior oblique 
caudal views of (a) left main coronary artery going up ante-

rior to pulmonary artery, (b) left main coronary artery down 
posterior to pulmonary artery, and (c) left main coronary 
artery straight in between the aorta and pulmonary artery

a b

Fig. 11.14 Computed tomographic images Ref [1]. (a) 
Caudal view left main coronary artery straight between 
the aorta and pulmonary artery and (b) left anterior 

descending coronary artery going up anterior to pulmo-
nary artery, left circumflex coronary artery down posterior 
to aorta. RAO 1/4 right anterior oblique
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b

Fig. 11.15 Identify left main course with pulmonary 
artery catheter in place Ref [1]. (a) Caudal view showing 
left main coronary artery and Swan-Ganz but unable to 
tell if in between pulmonary artery and aorta. (b) Lateral 
view 90 with Swan-Ganz in the pulmonary artery showing 

left main coronary artery in between aorta and pulmonary 
artery. (c) CT image showing left main coronary artery in 
between aorta and pulmonary artery diving down with 
intraseptal course. (d) Computed tomographic lateral 
view 90, same projection as angiography in (b)
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Fig. 11.16 Computed tomography and angiography of 
left main coronary artery between the pulmonary artery 
and aorta diving down through the crista supraventricular 

is (within the ventricular septum beneath the right ven-
tricular infundibulum) Ref [1]
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a

c

d

b

Fig. 11.17 Anomalous left main coronary artery from 
the right cusp Ref [1]. (a) Angiography shows left anterior 
descending coronary artery (LAD) anterior to pulmonary 
artery. (b) Computed tomography (CT) shows LAD ante-

rior to pulmonary artery. (c) Angiography shows left cir-
cumflex coronary artery (LCx) retro-aortic. (d) CT shows 
LCx retro-aortic

 Anomalous Coronary Arteries 
Originating from the Opposite 
Sinus of Valsalva (ACAOS)

ACAOS are quite rare occurring in 0.26% of the 
general population (03% for left coronary 
ACAOS: L-ACAOS, 0.23% for right coronary 
ACAOS: R-ACAOS) [2, 3]. There are several 
risk factors associated to ischemic events in these 
anomalies: they include a) slit-like ostium; b) 
acute take-off angle; c) an intramural course; d) 
inter-arterial course (Fig. 11.18),

 (a) Slit-like ostium at the anomalous ostium is 
defined as a ≥ 50% reduction of the minimal 
lumen diameter compared to the normal dis-
tal reference diameter [5] [<50%  =  oval 
ostium [5]].

 (b) Acute take-off angle (below 45°), defined as 
an axial course of the proximal segment tan-
gential to the great vessel circumference [6, 
7], In this anatomical situation, exercise 
leads to expansion of the aortic root, which 
may decrease the acute take-off angle and 
consequently increased narrowing at the 
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a

f g

b

c e

d

Fig. 11.18 Depiction of anatomical high-risk features in 
a patient with right ACAOS by coronary computed tomog-
raphy angiography and invasive coronary angiography 
Ref [4]. Illustration of the inter-arterial course by CCTA 
(a–c). Depiction of anatomical high-risk features: acute- 
take off-angle, proximal narrowing, and oval vessel shape; 

purple box proximal segment, also called Angelini/
Cheong sign, green box distal segment (d, e). Invasive 
assessment with a positive FFR and demonstration of lat-
eral compression by intravascular ultrasound; red line 
depicts lumen contour (f, g)

ostium as a contributing ischemia-inducing 
mechanism [8, 9].

 (c) Intramural course (i.e., course within the tunica 
media of the aortic wall). In particular, the 
length of the intramural segment is a significant 
risk factor for ischemia [5, 10–12]. Furthermore, 
the intramural segment may be associated with 
elliptic proximal vessel shape [defined as 
height/width ratio of >1.3 [13]]. Such anatomi-
cal backgrounds may be associated to the 
occurrence of a significant lateral compression 

which is dependent on the cardiac cycle being 
more pronounced during systole than diastole 
[14]. Lateral compression has been shown to 
increase during physical activity with aug-
mented great vessel wall stress [14–20].

 (d) The inter-arterial course has been considered 
as a risk factor for ischemic events. However, 
it itself may not be the predominant cause of 
ischemia, but rather represents a surrogate 
for other ischemia-prone anatomies which 
are reported above.
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 Double Ischemia Mechanism

Recently it has been proposed that the occurrence 
of ischemia in ACAOS could be related to the 
combination of fixed (proximal narrowing and 
slit-like ostium) and dynamic components (acute 
take-off angle, intramural course, elliptical vessel 
shape, dynamic changes of the ostium over the 
cardiac cycle). Finally, the clinical relevance 
could also be related to the amount of myocardial 
mass downstream the coronary anomaly. This 
could explain why right and left ACAOS may 
have different prognoses.

 Role of Invasive Ultrasound Imaging 
and Fractional Flow Reserve

Catheterization laboratory evaluations are a man-
datory step when dealing with anomalous origin 
of coronary arteries. Sometimes, even invasive 
coronary angiography is not conclusive in study-
ing the clinical relevance of such anomaly. In 
terms of access, the radial one usually represents 
the preferred site. However, some degree of expe-
rience is needed to cannulate an anomalous coro-
nary artery and perform the invasive test.

Intravascular ultrasound (IVUS) has been pro-
posed by Angelini et al as the gold standard for 
the evaluation of an intramural segment. In fact, 
it allows to obtain clear images of the spatial rela-
tionships between structures and may show the 
dynamic lateral compression during simulated 
exercise [14, 21]. In order to perform IVUS, a 
guiding catheter is needed; therefore, this is the 
preferred option over a diagnostic catheter when 
dealing with ACAOS evaluation.

IVUS can provide various information about 
ostial morphology, proximal inter-arterial or 
intramural courses, degrees of hyperplasia, and 
coronary arteries size changes over the cardiac 
cycle.Ischemic symptoms are closely related to 
the abnormalities showed at IVUS [21]. 
Fractional flow reserve (FFR) is another useful 
tool to evaluate the clinical significance of 
ACAOS.  The first trick is to have the catheter 

outside the ostium of the coronary artery since it 
may give obstruction by itself in small coronary 
arteries or on the other hand keep an intramural 
segment falsely open.

In. order to mimic exercise a Dobutamine test 
is preferred instead of Adenosine which is rou-
tinely used in case of atherosclerotic lesions. 
Merging together the data of IVUS and FFR it is 
possible to get the most comprehensive evalua-
tion of ACAOS [15, 17–20, 22–24].

Recently, stress protocols have been proposed 
by different authors. In particular, Angelini and 
colleagues proposed a stress test called “SAD” 
test that aims to be equivalent to physical exer-
cise. This pharmacological test includes rapid 
infusion of 500 mL saline, dobutamine stepwise 
infusion up to 40 μg/kg/min, and 0.5 mg atropine 
if the heart rate is below 140 bpm at the end of the 
dobutamine infusion [14, 21]. However, there are 
two major limitations. First of all, a heart rate of 
140 bpm can be relatively low in younger patients 
or relatively high in older subjects. This heart rate 
limit is put fixed over a large age range. Secondly, 
dobutamine decreases the preload and then sys-
tolic arterial blood pressure, aortic wall stress, 
and myocardial oxygen consumption. In this set-
ting, saline infusion is needed. However, again a 
fixed amount of saline infusion does not take into 
account the relationship between heart rate and 
all the physiological changes given by dobuta-
mine during the text.

In our unit, we have created a dedicated clinic 
for ACAOS and a more aggressive approach has 
been developed. In fact, a steady infusion of 
saline is given during the whole invasive proce-
dure (usually more than 1500 mL of saline to pre-
vent a preload decrease) and attempts to reach 
100% of the maximal heart rate, i.e., using atro-
pine in addition to the ongoing dobutamine infu-
sion to simulate vigorous physical exercise at the 
upper limit. The dobutamine and volume chal-
lenge is, of course, not doable for every patient 
but should be aimed for in order to simulate max-
imal physical exercise and obtain conclusive 
results even in the absence of ischemia (i.e., true- 
negative results).
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12Pediatric Patients: Role of Invasive 
and Provocative Tests

Silvana Molossi and Tam T. Doan

 Introduction

Risk stratification in anomalous aortic origin of a 
coronary artery (AAOCA) remains the Holy 
Grail that clinicians and the scientific commu-
nity search continuously [1–5]. The view on 
management is extremely variable, ranging from 
standardized approach to evaluation and man-
agement to surgical intervention based solely on 
the presence of AAOCA from the opposite sinus 
[6–12]. The definition of optimal management 
decision is haunted by the highly variable clini-
cal presentation, with greater than 50% of 
patients who presented with sudden cardiac 
arrest had been completely asymptomatic prior 
to the event, the benign nature of some AAOCA 
types, and the lack of long-term outcomes data 
in comparable large patient populations under-
going different management strategies. 
Therefore, identifying diagnostic tools that shed 
light on the potential risk of causing myocardial 

ischemia in the young population with AAOCA 
is likely the most attainable tool in hopes of opti-
mal risk stratification.

Myocardial bridges (MBs) are common occur-
rences in the population and highly variable 
depending on the mode of imaging, and thought 
to be a benign finding in most patients [13, 14]. 
However, a small minority do present with symp-
toms including sudden cardiac arrest [13, 15, 16] 
and, unlike approaches in the adult population, 
committing young children and adolescents, 
many athletes, to long-standing medical therapy 
is not feasible. Moreover, identifying inducible 
myocardial ischemia in the presence of symp-
toms is key to determine management decisions 
that would include surgical intervention.

Testing under provocative stress includes uti-
lizing exercise and/or pharmacologic agents to 
induce physiologic changes mimicking exercise, 
namely adenosine/regadenoson and dobutamine. 
Non-invasive studies include exercise stress test 
(EST)/cardiopulmonary exercise stress test 
(CPET) and imaging studies such as stress echo-
cardiogram, nuclear perfusion imaging (NPI), 
and stress cardiac magnetic resonance imaging 
(sCMR), all of these potentially suitable to either 
exercise or pharmacologic inducible stress [8, 
17–22]. Invasive testing in the pediatric popula-
tion is performed in the cardiac catheterization 
laboratory under moderate sedation or general 
anesthesia. Angiography, measurements of coro-
nary flow at rest and under provocative 
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 pharmacologic stress, and intravascular ultra-
sound provide data to the understanding of hemo-
dynamic effects of anatomic features in AAOCA 
and MB, and may contribute to risk stratification 
[6, 23, 24]. Major limitations of provocative 
stress testing in pediatric patients with AAOCA 
and MB relate to the lack of hard endpoints in 
this population to validate these testing 
modalities.

Thus, as we continue to search for tools to best 
risk stratify these patients and guide management 
decision-making, novel approaches have popu-
lated the literature in advanced imaging and inva-
sive data under provocative stress in AAOCA and 
MB. This chapter will focus mainly on these two 
modalities in the young population (children and 
adolescents), with a brief mention of other diag-
nostic methods.

 Exercise Stress Test (EST)

EST has been widely used in the evaluation of 
patients with coronary anomalies. It intends to 
elicit physiologic changes that occur with exer-
cise and potentially unfold compromise to myo-
cardial coronary flow leading to ischemic 
changes. Although frequently used, it remains a 
poor predictor of inducible ischemia in multiple 
studies reporting outcomes of cohort of patients 
that underwent surgical intervention. Moreover, 
the interpretation of inducible ischemia may vary 
according to different interpretations when EST 
is reported “abnormal”, which may reflect a 
blunted blood pressure response, the occurrence 
of premature ventricular contractions, or altered 
ventricular repolarization such as ST segment 
depression/elevation [8, 10, 11, 25].

Multiple studies have described EST in 
AAOCA with largely inconsistent results. In 
2000, Basso and colleagues described sudden car-
diac death in AAOCA in patients who had under-
gone a normal EST. [26] Brothers and colleagues 
demonstrated, in the same patient with AAOCA, 
normal EST and abnormal ischemic changes on 
subsequent EST 1 week apart [4]. Current guide-
lines state that asymptomatic patients with right 
AAOCA (AAORCA) are low- risk in the presence 

of a normal EST. [27, 28] Intriguing data was 
recently presented by Qasim and colleagues dem-
onstrating extremely poor sensitivity of EST in 
AAOCA which is improved with CPET data, and 
poor correlation with results of dobutamine stress 
CMR (DSCMR) [29]. Additional data by Doan 
et  al. showed evidence of inducible myocardial 
ischemia in only 1% of EST in a group of 164 
patients with AAORCA [30].

Yet, EST remains a valuable tool and appears 
to be very specific in the presence of ST segment 
changes suggestive of myocardial ischemia, 
though it seems to be undermined by its poor sen-
sitivity. Continued data gathering and correlation 
with other provocative tests investigating induc-
ible myocardial ischemia are needed to define its 
role in this young population.

 Stress Echocardiography

The role of stress echocardiography has long 
been established to identify wall motion abnor-
malities as a surrogate of compromised coronary 
blood flow and suggestive of inducible ischemia 
upon pharmacologic stress, with dobutamine/
atropine or adenosine/dipyridimole, or following 
EST (treadmill/cycloergometer) [31–35]. The 
latter poses difficulties in maintaining the desired 
heart rate upon echocardiographic scanning as 
there is need to lay supine moving quickly from 
the exercise equipment. This is particularly chal-
lenging in children due to rapid heart rate 
decrease upon cessation of exercise. On the other 
hand, pharmacologic stimuli allow for its use in 
smaller children and infants, also allowing for 
sustained peak heart rate [36]. The use of stress 
echocardiography has also been employed to 
detect valvular lesions/worsening of function 
upon provocative exercise [37, 38]. Its benefits 
include being readily available in most centers 
without needing additional equipment, it is por-
table, and less expensive than other advanced 
imaging modalities. However, expertise is para-
mount to detect wall motion abnormalities as an 
indicator of myocardial ischemia. This limits its 
use, particularly in centers of low patient volume 
and where multiple readers are employed. 
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Furthermore, as very high heart rates are achieved 
in children, a trained eye is essential for accurate 
interpretation and reporting of regional wall 
motion abnormalities.

Similar to other testing modalities, stress 
echocardiography has been utilized in the pediat-
ric population with a wide variety of indications 
to assess impaired coronary flow, such as in 
acquired coronary disease (Kawasaki disease, 
severe/hereditary dyslipidemia, post-transplant 
coronary arteriopathy) and repaired and unre-
paired congenital heart disease (such as AAOCA, 
transposition of the great arteries following arte-
rial switch operation) [33, 34, 39, 40]. Stress 
echocardiography is also employed in the evalua-
tion of children with MBs [17].

In some centers, it is utilized as the preferred 
method to evaluate perfusion abnormalities in 
children with AAOCA [10, 11, 19, 36, 41, 42]. To 
date, there is no data comparing multiple modali-
ties of non-invasive testing to assess myocardial 
perfusion in children with AAOCA, and different 
centers report their specific experience with a 
preferred testing modality.

 Advanced Imaging Upon 
Provocative Stress

 Nuclear Perfusion Imaging (NPI)

NPI with provocative stress is established in the 
evaluation of ischemic heart disease in adults. 
Multiple reports have been published and 
reported its utility in the evaluation of AAOCA in 
the young population [8, 10, 19, 25, 43–45]. 
There have been concerns that in addition to 
patient exposure to ionizing radiation, NPI may 
result in a relatively high incidence of false- 
positive and false-negative findings, have low 
spatial resolution, and attenuation artifacts 
related to the body wall and diaphragm move-
ment. Therefore, results should be considered in 
association with other clinical findings and, 
importantly, in those patients where intervention 
was indicated, repeat studies to compare with 
results preceding the intervention. Due to these 
concerns, we have transitioned to using sCMR at 

our center and reported its safety, feasibility, and 
utility in a large cohort of children with AAOCA 
[8, 9, 20, 46, 47].

 Stress Cardiac Magnetic Resonance 
Imaging (sCMR)

Studies in adults with ischemic heart disease 
have established the clinical utility, safety pro-
file, and prognostic value of sCMR, which 
improved patient outcome when used to guide 
revascularization [48–57]. In the pediatric popu-
lation, several studies demonstrated its safety 
and feasibility in children with acquired coro-
nary artery abnormalities associated with 
Kawasaki disease or following repair of complex 
congenital heart disease, such as transposition of 
the great arteries where translocation of coro-
nary artery buttons is essential in the arterial 
switch operation [21, 58–61]. In these studies, 
adenosine (or regadenoson, a selective alpha-2A 
adenosine receptor agonist) with/without atro-
pine, is typically employed to elicit hyperemia 
and unfold fixed obstructive lesions.

In the setting of AAOCA, the mechanism by 
which inducible ischemia may occur is postu-
lated to relate to dynamic mechanisms influenc-
ing morphologic factors of the anomalous 
coronary, though arguably ostial abnormalities 
may represent a fixed component to this lesion. 
These include compression of the lumen in the 
intramural segment, course behind a thick inter-
coronary pillar, acute angle takeoff, ostium 
abnormalities (slit-like, stenotic), and interarte-
rial course between the aorta and pulmonary 
artery. Therefore, agents that lead solely to hyper-
emia may be suboptimal in the identification of 
perfusion abnormalities as the pathophysiology 
in unrepaired AAOCA is thought to incur in 
dynamic changes in the lumen of the anomalous 
coronary along the intramural and interarterial 
segment [49, 51, 62].

As with adenosine sCMR, DSCMR has been 
utilized in the adult population. Dobutamine, as a 
stressor agent, has the advantage of inducing pos-
itive inotropy at the same time it decreases sys-
temic vascular resistance. It may then induce wall 
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motion abnormalities at a time of maximal 
 myocardial oxygen demand. It has demonstrated 
excellent performance with good prediction of 
ischemic events [55, 62, 63]. Specifically, detec-
tion of impaired perfusion has been shown to pre-
cede wall motion abnormalities in a demand 
ischemia cascade, thus indicating that addition of 
first-pass perfusion to assessment of wall motion 
abnormalities increases the sensitivity of this 
study [48, 49, 51, 57]. sCMR has advantages over 
NPI as it provides high-quality cardiac imaging 
with excellent spatial resolution and avoids ion-
izing radiation, a clear benefit especially in chil-
dren, and its feasibility and safety have been 
demonstrated [64–67].

The largest series of pediatric AAOCA 
patients undergoing DSCMR was reported by 
Doan and colleagues [20]. They reported 224 
studies in 182 patients <20 years and median age 
of 14 years in which 99% of studies were suc-
cessfully completed with no major events, and 
12.5% minor events observed. Most studies were 
completed without sedation. The interobserver 
variability was very good and inducible perfu-
sion defects were seen in 14% and, of these, 42% 
with associated wall motion abnormalities. They 
concluded DSCMR is feasible and safe in the 
young AAOCA population and contributed to 
management decision-making. Similar findings 
were also reported in pediatric patients with MB 
[68, 69].

Results on DSCMR were also correlated with 
invasive fractional flow reserve (FFR) during car-
diac catheterization in young patients with 
AAOCA and/or MB. Agrawal et al. reported 24 

sets of DS-CMR and FFR studies in 19 patients 
(13 AAOCA patients) with good agreement 
between the two modalities (Fig.  12.1). They 
concluded that assessment of myocardial perfu-
sion by DSCMR concurred with FFR and aided 
in the management decisions of these patients 
[71]. Similar data is present in isolated case 
reports and a series of 19 patients with intraseptal 
AAOCA published by Doan et al. [23, 70, 72] In 
this cohort, 14 patients underwent stress perfu-
sion imaging studies and 50% had evidence of 
inducible perfusion abnormalities that contrib-
uted to management decisions.

DSCMR has evolved as a promising tool for 
detection of perfusion abnormalities in 
AAOCA.  However, there remains a technical 
limitation of performing CMR at a high heart rate 
and in younger children. Image quality and 
expertise are needed for the visual assessment of 
first-pass perfusion of gadolinium, particularly to 
differentiate an inducible perfusion defect from 
dark rim artifacts. DSCMR has been performed 
successfully in patients as young as 8  years of 
age without general anesthesia; however, most 
children younger than 10 years old are not able to 
lie still in a CMR scanner during dobutamine 
infusion. In our program, unless there are exer-
tional symptoms or other concerns for myocar-
dial ischemia, we would defer DSCMR until 
patients are around 10 years of age to attempt the 
study without needing general anesthesia. As risk 
stratification remains a challenge in this popula-
tion, likely a careful assessment including all 
clinical data is essential, and DSCMR appears to 
have an important role.
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Fig. 12.1 Pre-operative assessment. CTA showing the 
LCA courses parallel to the aortic wall (a) before entering 
the ventricular septum (b, c); common origin of the RCA 
and LCA on angiography (d); DSCMR: subendocardial 
hypoperfusion in the anteroseptal wall (e) and late- 
gadolinium enhancement (f); decreased baseline iFR to 
0.85 (normal >0.89) (g). At peak dobutamine stress, iFR 

further decreased to 0.65 (h), FFR to 0.70, and diastolic 
FFR 0.69 (normal >0.80) (i) [70]. CTA computed tomog-
raphy angiography, DSCMR dobutamine stress cardiac 
magnetic resonance imaging, FFR fractional flow reserve, 
iFR instantaneous free-wave ratio, LCA left coronary 
artery, LV left ventricle, RCA right coronary artery, RVOT 
right ventricular outflow tract

a b

c d
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Fig. 12.1 (continued)
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 Cardiac Catheterization

Angiography as a means of imaging the anoma-
lous coronary artery largely is not utilized in chil-
dren, unlike adults, where angina symptoms 
typically trigger coronary angiography to surveil 
the occurrence of coronary artery disease. Thus, 
in the pediatric population, it is part of invasive 
assessment of coronary artery flow and has been 
performed in recent years. Clearly, this is a novel 
approach to determine significance of morpho-
logic factors in coronary lesions (such as AAOCA 
and MB) (Fig.  12.2) that may pose a risk for 
myocardial ischemia when other clinical data and 
non-invasive studies are incongruent. It has been 
shown to aid in the management decision- making 
and need for intervention in patients with 
AAOCA and MB.

 Invasive Angiography

Invasive angiography is an integral part of the 
evaluation of MB in the pediatric population; 
however, its value is coupled with assessment 
of coronary blood flow in addition to visual 
compression upon provocative stress. 

However, in AAOCA, it may have indication 
only in a small subset of patients with contro-
versial clinical findings [73, 74]. During infu-
sion of pharmacologic stressors and increase 
in heart rate and blood pressure, angiography 
can unfold significant dynamic compression 
of the affected coronary vessel, contributing to 
the determination of a hemodynamically sig-
nificant lesion that may benefit from 
intervention.

 Fractional Flow Reserve (FFR)

FFR is a pressure-derived index of coronary 
artery stenosis severity. It is calculated as a ratio 
between mean intracoronary pressure distal to 
the lesion (Pd) and mean aortic pressure (Pa) 
obtained during the entire cardiac cycle. A vaso-
dilator is needed to establish minimal and con-
stant myocardial resistance and leads to sustained 
hyperemia resulting in unmasking a fixed coro-
nary stenosis. It has been studied and well vali-
dated in the adult population. FFR <0.8 is 
indicative of a significant lesion and coronary 
revascularization is generally recommended. 
Dobutamine has been considered a pharmaco-
logic stress agent of choice in the assessment of 
coronary artery anomalies in which dynamic 
compression during exertion is proposed as the 
primary mechanism of coronary flow obstruc-
tion, such as AAOCA with intramural course, 
intraseptal course, and MB [20, 21, 24]. 
Investigation in healthy, conscious dogs demon-
strated that dobutamine increases heart rate and 
myocardial contractility as well as reduces 
 systemic and coronary vascular resistance [75]. 
Non-invasive studies in healthy adults using 
CMR demonstrated dobutamine and exercise led 
to a similar rise in cardiac output with dobuta-
mine having more significant impact on myocar-
dial deformation and ejection fraction [76]. It 
was proven to fully exhaust coronary vascular 
resistance at a similar degree to adenosine in 
patients with coronary artery stenosis [77]. 
Diastolic FFR (dFFR) has been suggested as a 
better marker of intracoronary hemodynamic 

i

Fig. 12.1 (continued)

12 Pediatric Patients: Role of Invasive and Provocative Tests



160

a

c

e f

d

b

Fig. 12.2 Post-operative assessment. Widely patent LCA 
ostium on virtual angioscopy (a) and angiography (b); 
improved acute angle between the LCA and aortic wall on 
CTA (c); normalization of baseline iFR to 0.95 (d); at peak 

dobutamine stress, normal values of iFR at 0.95 (e), FFR at 
0.96, and diastolic FFR at 0.89 (f) [70]. CTA computed 
tomography angiography FFR fractional flow reserve, iFR 
instantaneous free-wave ratio, LCA left coronary artery
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assessment during dobutamine challenge of MB 
due to a potential overshooting of distal systolic 
pressure, which may negate a significant diastolic 
pressure gradient [78].

The use of FFR in children with AAOCA and 
MB was published initially by Agrawal et al. in 
2017, when the authors described a small group 
of patients that included four AAOCA and 
four MB patients [73]. These data demonstrated 
safety profile of performing invasive coronary 
flow assessment in children, with the youngest 
described at the age of 2.6 years, and their contri-
bution to management. Additional data was pub-
lished by the same group correlating DSCMR 
findings with invasive FFR in children with 
AAOCA and MB with good agreement between 
the two testing modalities [71]. Diastolic FFR 
during dobutamine challenge has been used early 
in their adoption of the technique in the risk strat-
ification of this challenging population [73]. A 
major limitation remains as dFFR is calculated 
manually as an average of 3 Pd/Pa ratio utilizing 
digital calipers at end systole. In addition, dobu-
tamine challenge is contraindicated in patients 
presenting with sudden cardiac arrest, which lim-
its the assessment of FFR. These limitations led 
to the addition of instantaneous wave-free ratio 
(iFR) which is a resting ratio derived automati-
cally and may negate the need for a dobutamine 
challenge in special scenarios.

 Instantaneous Wave-Free Ratio (iFR)

iFR is a drug-free pressure-derived index of coro-
nary artery flow during a period of naturally con-
stant and low resistance due to minimal competing 
pressure waves in diastole [79]. It negates the 
need for a vasodilator to reduce coronary vascu-
lar resistance, and has been shown to be better 
tolerated by the patients with shorter procedure 
time [80]. In the JUSTIFY-CFR study, iFR 
showed stronger correlation and better agreement 
with coronary flow velocity reserve when com-
pared to FFR [81]. In two large multicenter ran-
domized controlled trials, iFR was found 
non-inferior to FFR as it relates to health 
 outcomes in guiding coronary revascularization 
in adults with ischemic heart disease [80, 82].

The adoption of resting iFR in children with 
AAOCA, MB, and coronary artery stenosis was 
first reported in 2021 by Doan et al. in 20 patients 
at a median age of 13  years [24]. The authors 
reported iFR correlated with adenosine FFR and 
dobutamine dFFR and they concluded it might be 
a useful tool without the need for vasoactive chal-
lenge in these patients, in addition to contributing 
to decision-making on coronary intervention. 
The same group of collaborators recently reported 
resting iFR as well as dFFR with dobutamine 
challenge were helpful and guided management 
in select patients with AAOCA and intramural 
course who had conflicting clinical data (either 
normal DSCMR and concerning symptoms or 
young patients with questionable high-risk left 
AAOCA anatomy and absence of symptoms) 
[83]. Additionally, abnormality in coronary flow 
was shown to be improved to normal levels fol-
lowing surgical intervention. Given dFFR was a 
manual process, the principles of iFR during 
dobutamine challenge seem ideal to overcome 
the systolic overshooting phenomenon in the 
assessment of potential dynamic compression 
during exertion in youths with AAOCA and 
MB.  Tarantini et  al. reported intracoronary 
assessment of MB using iFR was more consistent 
with non-invasive test results and patients’ symp-
toms compared to FFR [84].

Ghobrial et al. recently reported their experi-
ence in 78 symptomatic adults with left and right 
AAOCA and MB using iFR and dobutamine 
challenge [85]. The authors reported significant 
improvement in dobutamine iFR in 18 patients 
who underwent surgical repair of the anomalous 
coronary arteries (0.70  ±  0.12 to 0.89  ±  0.06, 
p = 0.0002). In our institution, we have observed 
a similar pattern of provocative pharmacological 
stress with dobutamine affect iFR values in chil-
dren with AAOCA and MB compared to those 
seen at rest (unpublished data). While it is prom-
ising to learn significant improvement in iFR and 
FFR following surgical repair of AAOCA 
(Fig. 12.3) and MB (Fig. 12.4) [86], it is impor-
tant to recognize that these cutoffs were derived 
from data in adults with ischemic heart disease 
and there remains a strong need of longitudinal 
data in youth to learn if such cut off values are the 
most appropriate in this young population.

12 Pediatric Patients: Role of Invasive and Provocative Tests



162

Fig. 12.3 A 9-year-old male with anomalous aortic ori-
gin of a left coronary artery (AAOLCA) at the sinotubular 
junction near the intercoronary commissure on CTA (a). 
Patient had a reassuring maximal exercise stress test, exer-
cise stress echocardiogram, DSCMR (b), and nuclear 
stress perfusion study (c). Invasive provocative coronary 
assessment was recommended due to intermittent exer-
tional chest pain and concern with high-risk anatomy. A 
selective angiogram confirms the diagnosis without sig-
nificant coronary artery stenosis (d). The proximal LCA 

becomes severely compressed (red arrowheads) during 
dobutamine infusion (e). Baseline iFR <0.89 indicates 
significant coronary artery compression (f) and iFR is fur-
ther reduced during dobutamine infusion (g). Diastolic 
FFR <0.8 is consistent with significant coronary flow 
impairment during provocative testing with dobutamine. 
CTA computed tomography angiography, DSCMR dobu-
tamine stress cardiac magnetic resonance imaging, FFR 
fractional flow reserve, iFR instantaneous free-wave 
ration, LCA left coronary artery

a

b

c d
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 Intravascular Ultrasound (IVUS)

Intravascular ultrasound (IVUS) has been vastly 
used in adults and, in the setting of AAOCA, has 
been reported as the gold standard for the assess-
ment of intramural segment, as it allows for best 
spatial determination and of dynamic lateral 
compression during provocative stress [87–90]. 
It has also been established in the evaluation of 
adult patients with typical angina in the setting of 
MB and absence of obstructive coronary artery 
disease [91]. In adults with right AAOCA, 
Angelini et al. used IVUS and demonstrated that 
the proximal RCA courses inside the aortic wall 
with the worst stenosis being just distal to the 
ostium in all patients [87]. IVUS has been per-
formed both at baseline and during provocative 
testing with a SAD test, which includes 500 ml 
normal saline infusion over 15 min, atropine, and 

dobutamine administration. The maximal and 
minimal diameters at the most stenotic coronary 
artery were measured in systole and diastole. An 
area ratio > 50% at baseline and/or > 60% during 
a SAD test have been considered significant cor-
onary artery compression [87]. It has also been 
used to guide stenting in select adults with right 
AAOCA to attain a circular shape of the proximal 
intramural RCA to match the distal coronary 
artery size [87].

IVUS has been utilized in the pediatric popu-
lation for the evaluation of congenital heart 
lesions [92], acquired coronary artery disease in 
the setting of Kawasaki disease [93–95], and in 
heart transplant patients [95, 96]. However, there 
is scant data on IVUS performed in children for 
evaluation of AAOCA and MB.  Agrawal et  al. 
reported feasibility and safety of performing 
IVUS in a small cohort of this patient population 
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Fig. 12.3 (continued)
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Fig. 12.4 An 11-year-old male was diagnosed with a 
16-mm myocardial bridge of the left anterior descending 
coronary artery on CTA (a, b) as a result of an evaluation 
for exertional chest pain. A maximal exercise stress test 
was reassuring and a DSCMR showed inducible perfusion 
defect (c). Resting iFR (d) and both iFR and diastolic FFR 
during dobutamine infusion (e, f) indicated significant 
coronary flow impairment. The patient underwent unroof-

ing of the myocardial bridge which was successful and 
followed by an unremarkable DSCMR and normalized 
iFR and FFR. He has returned to full activities and remains 
asymptomatic. CTA computed tomography angiography, 
DSCMR dobutamine stress cardiac magnetic resonance 
imaging, FFR fractional flow reserve, iFR instantaneous 
free-wave ration, LAD left anterior descending coronary 
artery
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and contributing to guide management decision- 
making [73]. Additional data in larger cohorts of 
children with AAOCA and MB is needed to 
ascertain its role in risk stratification in this young 
population. At this point in time, it does not seem 
reasonable to justify invasive coronary artery 
studies in all patients with high-risk anatomy, but 
certainly should be considered in a small subset 
of patients in centers with expertise.

 Conclusions

Although much remains to be unraveled on the 
optimal risk stratification in AAOCA and MB, 
most recent work utilizing non-invasive and inva-
sive testing under provocative stress has been 
found helpful in the clinical approach of these 
children as inducible hypoperfusion tends to 
resolve following a successful intervention. At 
the same time, it adds more questions as high- 
risk morphologic features seem to be present in 
both patients with evidence of inducible myocar-
dial ischemia and those without. The invasive 
assessment has been used with encouraging 
results, although remains a challenge in young 
patients. Exciting new approaches using compu-
tational and fluid-structure interaction models in 
AAOCA are likely to add new knowledge to the 
pathophysiology as it relates to morphologic fea-
tures, potentially diminishing the need for inva-
sive coronary artery studies in the young 
population. Only collaboration among different 
institutions engaged in gathering data, following 
outcomes, and sharing knowledge of patients 
with AAOCA and MB will lead to a better future 
for those affected by these conditions.
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13AAOCA in Young Athlete: How 
to Detect, What to Do, When 
to Allow Coming Back 
to Competitive Sport?

Massimiliano Bianco, Vincenzo Palmieri, 
and Paolo Zeppilli

 Introduction

The anomalous aortic origin of a coronary artery 
(AAOCA) is a challenging topic, due to its rarity, 
the complexity of the pathophysiological aspects, 
the clinical presentation (often completely silent), 
the difficulty of diagnosis, and, at the same time, 
the potential risk of causing acute cardiovascular 
events up to sudden cardiac death (SCD) [1–3].

The topic becomes even more challenging if 
we move it to the athletic setting. Nowadays, 
sports practice is recommended at all ages, for 
healthy people and for a wide range of pathologi-
cal conditions, so that an increasing portion of 
the population practices recreational sport. In 
addition, a top-level athlete is a new hero of the 
modern era and when he or she suffers a sport- 
related SCD, the individual and family drama 
becomes a social tragedy.

Unfortunately, clinical cardiologists are often 
unaware of this entity, yet. About 15 years ago, 

one of the leading experts on this topic, prof. 
Paolo Angelini, wrote that “especially in the con-
text of sporting or military activities, cardiolo-
gists should undergo specific training in these 
disorders” [2], pointing out the need to increase 
the knowledge on this condition, on diagnostic 
workup and risk assessment.

AAOCAs are a rare, heterogeneous group of 
malformations, isolated or associated with other 
congenital cardiac defects. Their prevalence in 
the general population (autopsy and retrospective 
coronary angiography studies) is around 1–2% 
[4, 5], even if in a prospective study conducted 
with precise criteria and a rigorous classification, 
Angelini et al. reported a fairly higher prevalence 
of 5.6% [6]. We can explain these apparent dis-
crepancies by the different methods used and the 
fact that from the anatomical point of view defin-
ing what is “normal” or “abnormal” in the coro-
nary tree may be difficult.

A recent prospective study on a screening pro-
gram designed to identify high-risk cardiac con-
ditions in schoolchildren using rest ECG and 
cardiac magnetic resonance imaging (MRI) 
found out that the 0.45% of the population 
screened had interarterial AAOCA, with 0.33% 
interarterial anomalous origin of right coronary 
artery (AAORCA) [7].

Regarding the relationship between these dis-
orders and physical activity and sport is now 
widely demonstrated as some subtypes of 
AAOCA have a significant risk of SCD during 
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heavy exercise. Corrado et al., in a milestone of 
the sports medical literature, showed that the rel-
ative risk for an SCD is actually 79-fold higher in 
people with malignant AAOCA during strenuous 
exercise than at rest [8].

Before addressing the issues of this chapter, 
we believe it is important to define what we will 
focus on, that is only the AAOCAs arising from 
the “inappropriate,” opposite, coronary sinus. 
Moreover, as the course of the anomalous vessel 
definitely impacts on the risk of SCD, we will 
focus only on AAOCA from the opposite sinus of 
Valsalva with an interarterial course/intramural 
course, being this feature considered as more 
malignant. Initially, some authors [1] attributed 
particular relevance to the hypothesis that the 
anomalous artery was compressed between the 
aorta and pulmonary trunk (“sandwich effect”) 
during exercises with increasing cardiac output 
and blood pressure. Other mechanisms were pro-
posed to explain “ischemia” as an acute angle 
take-off of the anomalous artery with functional 
closure of a slit-like orifice, sometimes with an 
ostial ridge and additional factors as the length, 
caliber, and position of the anomalous vessel in 
respect to the intercommissural pillar (above, 
under, or crossing it).

More recently, the greatest importance was 
attributed to the intramural course of the anoma-
lous artery, especially its first tract, which, being 
inside the aortic wall, would be compressed 
(obliterated) by the expansion of the aortic itself 
during systole [9, 10]. All these features may 
explain why patients with apparently similar 
anatomy can have different clinical profiles and 
risk [1, 2, 11, 12].

Based on the now extensive literature, the 
anomalous aortic origin of the left coronary 
artery (AAOLCA) with interarterial/intramural 
course seems to bring the higher risk of adverse 
events [1, 13–17]. Other anomalies, such as a 
coronary artery arising from a “wrong” sinus but 
traveling anterior to the pulmonary artery (pre-
pulmonic) or posterior to the aorta (posterior/ret-
roaortic), are generally considered benign [18]. 
The same is deemed valid for the anomalous ori-
gin of left common trunk or the left anterior 
descending coronary artery alone from the inap-

propriate sinus running through the conal septum 
(intraseptal, intraconal, or intramyocardial) [12], 
although not all authors agree and its “absolute” 
benignity is still debated [19]. Finally, authors 
have a substantial agreement on the benign prog-
nosis, in young people and also in athletes, of the 
anomalous origin of the circumflex artery from 
the right sinus of Valsalva or from the right coro-
nary artery with retroaortic course [1–5, 20, 21].

Before continuing in the chapter, a last impor-
tant aspect concerns the terminology to be used 
in the sporting context to avoid some confusion. 
In the following, we will define below competi-
tive athletes as individuals of school age and 
above (≥12 years of age) who regularly practice 
physical activity and participate in official com-
petitions organized by a recognized Sports 
Federation or Association. Competitive and even 
more professional athletes place a high value on 
athletic excellence and typically they train at 
least 8–10 h per week with high exercise intensi-
ties. In contrast, we define recreational athletes, 
individuals who engage in recreational or leisure- 
time sports activities on a regular or intermittent 
basis. Usually, they train much less and do not 
have the pursuit of excellence as their main pur-
pose [22].

 How To Detect?

There is not a typical way of presentation for 
patients with AAOCA.  In some cases, the first 
and unique presentation is, unfortunately, aborted 
or true SCD.  In a significant number of cases, 
usually asymptomatic, the coronary anomaly is 
discovered incidentally on a transthoracic echo-
cardiogram (TTE) or a computed tomography 
angiogram (CTA) that is performed for another 
reason, such as a heart murmur or an abnormal 
electrocardiogram (ECG). Finally, there are cases 
in which the coronary anomaly is identified by 
TTE, required to investigate unclear symptoms 
related to physical exercise (see below), and 
 performed by cardiologists with specific experi-
ence in visualizing the coronary arteries.

Moving from our first reports in the late 1980 s 
[23], with some difficulties in being accepted 
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internationally [24] and some “skepticism” by 
clinical cardiologists of our country, an increas-
ing body of literature now confirms that TTE is a 
useful, reliable method for noninvasive in  vivo 
detection of these anomalies, especially in young 
athletes, usually with training bradycardia and 
good acoustic windows [25–32]. However, sys-
tematic TTE-screening of all asymptomatic ath-
letes is neither advisable nor feasible. Instead, it 
is time to encourage all cardiologists who per-
form a TTE in an athlete for whatever reason 
explore coronary anatomy as much as possible to 
verify the correct position of the ostia in and of 
the first tracts of the right and left coronary artery 
in their “appropriate” sinuses. Obviously, the 
echocardiographic visualization of a correct posi-
tioning of the ostia and first tracts of the coronary 
arteries becomes “strongly recommended” in 
athletes with abnormal rest and/or stress test 
ECG, and/or symptomatic for chest pain/discom-
fort or syncope on effort, or less specific symp-
toms as palpitations, dizziness, and breathlessness. 
In our experience, a not uncommon clinical pre-
sentation is the appearance of one or more epi-
sodes of cold sweating and/or presyncope during 
or shortly after effort. In this context, the sports 
physicians should make a specific request for the 
search of ostia and first tracts of coronary arteries 
and TTE should be done by personnel with spe-
cific training and expertise in visualizing coro-
nary arteries [2, 29]. At this scope, the Color 
Doppler imaging may be very helpful in detect-
ing the proximal route of coronary vessels after 
adequate adjustments of color flow velocity scale 
(Figs. 13.1, 13.2 and 13.3). In case of TTE suspi-
cion of an AAOCA, additional imaging studies, 
such as cardiac MRI [7, 12, 33] and coronary 
CTA [34–36] are reasonable to better visualize 
the coronary artery anatomy and to confirm the 
diagnosis, with the former being the choice 
modality in children, to avoid radiation 
exposure.

This diagnostic algorithm, improved over 
time, allowed us to publish in 2018 a series of 23 
live athletes with AAOCA (17 AAORCAs) [29] 
that have grown to 48 (overall, 33 AAORCAs, 13 
AAOLCAs, and 2 single coronary arteries) at the 
time of writing this chapter. To these, we must 

add another 19 athletes with anomalous origin of 
the circumflex artery from the right sinus and 49 
with myocardial bridge on the left descending 
artery.

When imaging studies confirm an AAOCA, a 
stress test should be conducted first to evaluate 
the presence of ischemic ECG changes, that is, 
mainly ST segment depression, and/or the occur-
rence of arrhythmias. However, rest ECG is usu-
ally normal [37], and signs of myocardial 
ischemia at stress testing are present only in one- 
third to half of cases [1, 29, 38, 39]. Other stress 
testing modalities include stress echocardiogra-
phy (both physical or pharmacological), stress 
Nuclear Perfusion Imaging (NPI), MRI under 
pharmacological stress (adenosine or dobuta-
mine), but all of them, over time, have frustrated 
clinicians by producing both low numbers of 
true-positive and relatively high numbers of 
false-positive results [40, 41].

In particular, stress NPI studies are limited by 
lower spatial resolution for small defects, attenu-
ation artifacts related to the body wall and dia-
phragm, relatively high incidence of false-positive 
findings [42, 43] and potentially harmful effects 
of ionizing radiations. A promising minimally 
invasive tool seems to be the stress MRI (aside 
from its role in confirming the diagnosis of 
AAOCA as an alternative to coronary CTA [7, 
12, 33]. MRI may show at rest the presence of 
myocardial scars as late gadolinium enhance-
ment areas (with ischemic patterns) and, during 
pharmacological stress, may detect wall motion 
anomalies in the territory of the anomalous coro-
nary artery. This test has proved to be more accu-
rate than stress echocardiography and has been 
used both in adults (mainly in coronary artery 
disease patients) and children [42–47].

However, all the modalities of pharmacolog-
ical stress test increase heart rate (HR) and 
myocardial contractility through a mechanism 
other than the physiological one (physical exer-
cise) and do not allow to reach HR as high as 
those achieved during sports (a young soccer 
player can easily reach HR above 170–180 
beats per minute!). This eventually may lead to 
a possible underestimation of real myocardial 
ischemia [48]. In a recent paper, Doan et  al. 
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Fig. 13.1 A 13-year-old soccer player, male, with 
AAORCA, complaining chest discomfort and presyncope 
during heavy exercise. (a) Two-dimensional transthoracic 
echocardiography (off-axis view derived from the para-
sternal short-axis view of the aortic valve) showing the 
anomalous origin of the right coronary artery from the left 
sinus of Valsalva. The low-scale color-Doppler imaging 
confirmed the anomalous coronary flow. (b) Coronary 
CT-angiography (CTA) confirmed the diagnosis and 

helped to define the anatomical details of the anomaly. (c) 
Echocardiographic control after the surgical intervention 
of unroofing plus the application of a pericardial patch 
(Vouhé technique), showing optimal surgical results with 
visible and patent “new” right coronary ostium in the right 
sinus of Valsalva. (d) CTA performed after surgery con-
firmed these findings. (e, f) Cardiopulmonary exercise 
testing performed after surgery showed brilliant exercise 
tolerance and normality of all the parameters analyzed

a

b
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Fig. 13.1 (continued)
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used dobutamine stress MRI (when needed 
with atropine adjunct) in a group of children 
with AAOCA and only in 12.1% of cases, the 
HR was ≥85% of their expected maximum, 
that, in our opinion, should be the minimum 
target for evaluating an athlete usually engaged 
in heavy physical exertion. Moreover, the 
higher the HR, the higher are the difficulties in 
interpreting the imaging results. In the same 
study, indeed, the authors confirmed that “at 
HRs >85% of age-predicted maximum there 
was a slight shift of the cine sequences’ quality 
from good to adequate; however, both temporal 
and in-plane resolution were of diagnostic qual-
ity for interpretation” [49].

A possible alternative to stress testing is 
stress echocardiography [50, 51], however with 
all the limitations reported above for pharmaco-
logical stress. Moreover, in case of physical 
stress during TTE, even if the reached HR is 
usually higher than the one reached under phar-
macological stimulus, it is lower than the HRs 
reached in standing positions. The adjunct of 
methodological difficulties in performing a TTE 
under physical stress (kind of ergometer, body 
position and movement, data interpretation, 
hyperventilation, sweating, pediatric patient’s 
compliance, etc.) makes this diagnostic modal-
ity poorly used.

A long-known functional test that is returning 
to the attention is the cardiopulmonary exercise 
test (CPET). In the past, due to difficulties in the 
management of the hardware and in the interpre-
tation of the results, it was poorly used by cardi-
ologists and relegated in the exercise 
physiologists’ lab. Today, thanks to the techno-
logical improvements and more user-friendly 
software to analyze functional data, it is starting 
to be widely used in cardiology, both for adults 
and children. It has the advantage of a contempo-
rary assessment of stress ECG and respiratory 
gas analysis, without radiation exposure, provid-
ing indexes of cardiac output (i.e., peak oxygen 
uptake and oxygen pulse, respectively) [52–54]. 
Importantly, it allows reaching the same HR usu-
ally reached during physical exercise and in a 
more physiological way (Figs.  13.1, 13.2 and 
13.3). In our experience, CPET has proved to be 

of great utility both in the preoperative diagnosis 
and risk assessment, and in the rehabilitation and 
return to sport after any surgical correction (see 
below).

Finally, after an AAOCA in an athlete has 
been diagnosed, basically based on some ana-
tomical features of the anomalous vessel and/or 
ischemic changes during stress or functional test, 
a cardiac catheterization should be performed 
with some very experienced authors proposing, 
during this procedure, a routine intravascular 
ultrasonography evaluation (IVUS) of the anom-
alous artery for a more precise risk assessment 
[55]. In the cath lab (or even during CTA), the 
evaluation of the fractional flow reserve (FFR) or 
instantaneous wave-free ratio (iFR) may be help-
ful in providing a functional stenosis of the 
anomalous artery [56–58] and in leading the 
treatment strategy.

Thus, all these imaging modalities, with cru-
cial role of coronary CTA, are fundamental tools 
for the risk assessment of athletes with 
AAOCA. The presence of ostial stenosis in asso-
ciation with an oblique take-off from the aorta, 
ostial ridge, anomalous tract hypoplasia 
(Fig. 13.2b and 13.2d), intussusception, noncom-
pliant pericommissural area, and compression of 
the anomalous coronary artery intramurally and/
or between the great arteries and, in adults, coex-
istence of atherosclerotic coronary artery disease 
(Fig. 13.4) seem to be key factors, acting alone or 
in combination, to predispose to myocardial 
 ischemia and/or lethal ventricular arrhythmias 
[10, 18, 29, 59–61].

What to Do?
Risk-stratification, treatment strategy (surgery 

vs. conservative), and decision on sport’s eligibil-
ity in sedentary subjects with AAOCA, recre-
ational and competitive athletes, are still 
challenging for cardiologists and sports 
physicians.

We think that there is no standardized protocol 
valid for all cases, but that we must evaluate all 
the aspects mentioned above in the single  subject, 
knowing that it is not always easy to define them 
with absolute precision, considering the kind of 
AAOCA and the presence of symptoms or signs 
of myocardial ischemia at rest and mostly during 
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functional tests. In addition, we must bear in 
mind that heavy exercise may trigger totally 
unexpected SCD [8], which is probably the end 
result of repeated bursts of exercise-induced 
acute myocardial ischemia, leading to cumulative 
myocardial damage, especially in AAOLCA 

though cases of SCD or resuscitated cardiac 
arrest during exercise are reported also in sub-
jects with AAORCA [1, 2, 11, 62, 63].

Following current guidelines, individuals 
with AAOCA and symptoms of ischemic chest 
pain/discomfort, syncope suspected to be due to 

Fig. 13.2 A 13-year-old figure-skater, female, complain-
ing dyspnea, chest discomfortm and presyncope on exer-
tion. (a) Two-dimensional transthoracic echocardiography 
(off-axis view derived from the parasternal short-axis 
view of the aortic valve) showing the anomalous origin of 
the left coronary artery from the right sinus of Valsalva. 
The low-scale color-Doppler imaging confirmed the 
anomalous coronary flow. (b) Coronary CT-angiography 
(CTA) confirmed the diagnosis and helped to define the 
anatomical details of the anomaly. (c) Echocardiographic 

control after the surgical intervention of unroofing, show-
ing apparently good surgical results with visible and pat-
ent “new” left coronary ostium in the left sinus of Valsalva. 
(d) The CTA performed after surgery revealed the persis-
tence of a partial interarterial course and of mild proximal 
hypoplasia. (e, f) Cardiopulmonary exercise testing per-
formed after surgery showed poor exercise tolerance, 
reduced VO2/Kgpeak and O2-pulsepeak values, and an early 
flattening of the O2-pulse trajectory

a

b
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life- threatening ventricular arrhythmias, or a his-
tory of aborted SCD, should be restricted from 
participation in all sports and offered surgery 
[39, 60, 64–73]. Typical cases are showed in 
Figs. 13.1 and 13.2. The same option should be 
offered to athletes with an AAOLCA with an 
interarterial/intramural course even if asymp-
tomatic and without any sign of myocardial isch-
emia at stress tests [60, 64–67, 72]. Surgery for 
this kind of anomalies should eliminate the intra-
mural course and any associated ostial narrow-
ing by unroofing, ostioplasty, or reimplantation 
(look, for comparison, at the surgery and func-
tional results in Figs.  13.1 and 13.2). 
Repositioning of the pulmonary artery conflu-
ence away from the anomalous artery (laterally 
or anteriorly) may be considered as an adjunc-
tive procedure to the previous, as it is no longer 
used as the only procedure in the treatment of 
these anomalies [71, 73–77]. In the uncommon 
case where surgery is not feasible, a catheter-
based intervention may be considered [18]. If the 
athlete should refuse surgery, total exercise 
restriction and beta-blocking therapy seem to be 
the only alternative.

More problematic is the approach to athletes 
with AAORCA, who are generally considered 

to have a lower risk of SCD than individuals 
with AAOLCA.  However, the risk exists and 
can’t be properly quantified only based on the 
presence/absence of symptoms or functional 
testing [1, 2, 11, 13, 62, 63]. As stated above, 
stress NPI or MRI may have a role, but, in the 
general and our opinion, they suffer from 
important limitations, especially in pediatric 
patients [2, 17, 29, 78–80]. New techniques in 
functional assessment of inducible myocardial 
ischemia (i.e., FFR during coronary angiogra-
phy or even CTA and iFR) [56–58] can proba-
bly open new perspectives, but conclusive 
evidence is still lacking.

For these reasons, we believe that risk- 
stratification, before and after surgery, should be 
multiparametric and include all available ele-
ments. Anatomical features of the anomalous 
artery, that is, morphology of the ostium and 
take-off angle, length of intra-arterial/intramural 
segment, and significant reduction of lumen area 
(“hypoplasia”), are probably crucial in making 
one subject “at risk” or not, but we still do not 
know exactly what is the specific weight of each 
of them. For this reason, we use to adopt a restric-
tive approach also for competitive athletes with 
AAORCA with an interarterial/intramural course, 

f
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Fig. 13.3 A 22-year-old professional soccer player, 
female, asymptomatic. (a) Routine two-dimensional 
transthoracic echocardiography, as mandated by Italian 
rules for professional soccer players, shows a normal 
heart but (b) the presence of the right coronary ostium in 
the left sinus of Valsalva, with the anomalous tract cours-
ing between aorta and pulmonary artery. (c) Coronary 

CT-angiography (CTA) confirmed the diagnosis, showing 
an intra-adventitial course of the anomalous vessel. (d) 
CTA three-dimensional reconstruction of coronary arter-
ies. (e, f) Despite this incidental finding, the cardiopulmo-
nary exercise testing and stress electrocardiogram (not 
shown) were completely normal. RCA right coronary 
artery, LCA left coronary artery

a b c d

e f

a b

Fig. 13.4 A Long-distance master runner, male, referred 
to our centre for exercise-induced left bundle branch 
block. (a) At the age of 47, two-dimensional transthoracic 
echocardiography (TTE) showed a unique ostium in the 
right sinus of Valsalva originating from both the right and 
the left coronary arteries. The left coronary artery (LCA) 

had an interarterial/intramural course (TTE was executed 
in 1996 and this case was one of the first three published 
in 1998, see ref. [24]). (b) Eight years later, at the age of 
55, Coronary CT, which in the meantime became avail-
able in our hospital, confirmed the diagnosis, also show-
ing atherosclerotic plaques in the LCA (dashed circle)

disqualifying them from sport, although we admit 
that Italian law, which attributes legal responsi-
bility to sports physicians, partially influences 
our behavior.

Anyhow, on the basis of our experience and 
literature data, we think that surgical treatment of 
AAORCA with interarterial/intramural course 

should ever be considered in case of (a) symptoms 
during or immediately after exertion (Figs. 13.1 
and 13.2); (b) positive stress-tests for ischemia; 
(c) presence of an intramural proximal segment 
and/or critical reduction of lumen area (Figs. 13.1, 
13.2 and 13.3). In other cases, exercise restriction, 
allowing however moderate recreational physical 
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activity and a medical therapy (beta-blocking), 
seems safe enough even if beta- blocking therapy 
is not supported by evidence yet [18]. Nevertheless, 
in our series with conservative management and 
beta-blocking therapy (updated since our publica-
tion) [29], no athlete had recurrence of symptoms 
or major cardiac events during an average follow-
up of 64 months. However, for these subjects and 
for those who refuse surgery, more specific coun-
seling  concerning the risk of SCD is always man-
datory and it should be undertaken with both the 
athlete and family.

 When to Allow Coming Back 
to Sport After SUGERY

Decision about returning to recreational high- 
intensity or competitive sports after surgery 
requires careful evaluation. Different surgical 
techniques do not have the same results in remov-
ing potential mechanisms that might cause isch-
emia. Currently, the “unroofing procedure” seems 
the most used and the more effective in most cases 
[63, 69, 73, 81–83], but it can have sequelae and it 
is not always feasible. Furthermore, in some 
cases, surgery can only partially resolve the prob-
lem [15]. To our knowledge, just a few cases of 
exercise SCD after surgery have been reported 
[15, 79], even if some authors have news of other 
pediatric deaths postoperatively, that have not 
been published [18]. It is interesting to note that, 
at least in the young, if a patient presents with 
resuscitated SCD and survives the surgery, he or 
she may still be at increased risk for an SCD when 
returning to sport [79].

Those who have undergone surgery will need 
close follow-up in the initial postoperative period: 
first resting ECG and TTE at 7–10 days from sur-
gery, then at 4–6 weeks with the first functional 
test at 3 months. If the first controls give favor-
able results, after the first year from intervention 
the interval between medical checks can be pro-
longed [18]. According to the recent North 
American guidelines, these patients may return 
even to competitive sports at least 3 months post-
operatively if an exercise stress test reveals no 

evidence of myocardial ischemia or ventricular 
arrhythmias [18, 72, 84]. Regarding patients who 
experienced an aborted SCD, it is recommended 
that they do not return to competitive sport for at 
least 1  year postoperatively if they are fully 
asymptomatic and have a negative exercise stress 
test [18].

However, all these recommendations come 
from experts’ consensus papers, with a relatively 
low level of evidence [18, 72, 84]. Honestly 
speaking, we lack long-term follow-up of patients 
and athletes after surgical repair. Short- and 
medium-term results are encouraging; however, 
there are reports of issues, such as new aortic 
valve regurgitation that will need to be followed 
over time [18].

In our opinion, we can consider return to rec-
reational high-intensity or competitive sport after 
surgery only if (a) surgery removed all mecha-
nisms potentially responsible for exercise- 
induced ischemia (Figs.  13.1 and 13.3); (b) no 
symptoms/signs of inducible myocardial isch-
emia and/or significant arrhythmias or sequelae 
are present at least 6 months after the procedure. 
For this purpose, we recommend an accurate 
“postsurgery protocol” including at least TTE, 
stress test ECG (we suggest a CPET), and  CT/
MRI (preferably both) to evaluate the new anat-
omy and function of the operated coronary artery 
[15].

After return to competitive sport, we recom-
mend ECG, TTE, and stress test follow-up every 
6 months for the first 3 years from surgery, with 
Holter monitoring when needed. After this 
period, the time interval may be prolonged to 
1  year if no alterations have been encountered 
over time.

In all operated cases, however, we recom-
mend that an automated external defibrillator 
with trained personnel should be immediately 
available during competition and training, even 
if this should be the rule in modern sporting 
 setting [85, 86].

Finally, those managed conservatively with 
exercise restriction will need follow-up annually 
[18, 87–89].
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14Sudden Death: Differential 
Diagnosis and AOCA

Barbara Barra and Gherardo Finocchiaro

 Introduction

Sudden cardiac death (SCD) is generally defined 
as the unexpected death of an individual not 
ascribed to an extracardiac cause, usually within 
1 h from the onset of symptoms in an apparently 
healthy subject [1] or if the deceased was known 
to be in good health 24 h before death occurred 
[2]. Sudden cardiac death can be the first mani-
festation of cardiac disease in apparently healthy 
individuals. Although considered to be rela-
tively rare, it is a devastating event, causing a 
strong emotional and social impact within the 
community.

While atherosclerotic coronary artery disease 
is the predominant cause of SCD in older indi-
viduals (>35  years), in younger individuals 
(<35 years of age), most deaths are attributed to 

inherited or congenital, structural or electrical 
disorders of the heart, which predispose to malig-
nant ventricular arrhythmias [3].

The true incidence of SCD is unknown and 
difficult to define. SCD rates range from 40 to 
100 per 100,000  in the general population [2], 
and it is a rare event in individuals of <35 years 
old, with an incidence of 1 to 3 per 100,000 per 
year [4]. It is also well recognized that intensive 
exercise training and competitive sports partici-
pation are associated with a higher risk of adverse 
cardiovascular events, including SCD in predis-
posed individuals [5, 6]. One large prospective 
study by Corrado et  al. systematically assessed 
the incidence of SCD in young athletes and 
reported it to be 2.3 in 100,000 athletes per year, 
compared with 0.9  in 100,000 nonathletes per 
year [5].

More recent studies have reported a higher 
incidence than previously estimated in specific 
populations [7]. Male athletes, African- 
Americans, and basketball players have been 
found to be at higher risk [8, 9]. Although recent 
studies have highlighted the high prevalence of 
cardiomyopathies and primary arrhythmia syn-
dromes (which often present without structural 
cardiac abnormalities at postmortem examina-
tion) among cohorts of athletes who died sud-
denly [10–12], congenital coronary anomalies 
are among the most frequent causes of SCD in 
young and athletic individuals.
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Anomalous origin of a coronary artery 
(AOCA) has been described as the second most 
frequent cause of SCD in young athletes in the 
United States, accounting for 17% of deaths [13] 
with other studies reporting a prevalence between 
5% [11] and 11% [14].

 AOCA and SCD

Most anomalies of the coronary origin do not 
manifest with any significant cardiac symptom, 
do not have any hemodynamic implications, and 
are incidentally detected during diagnostic imag-
ing or at autopsy. Although various AOCA phe-
notypes have been identified as normal or benign 
variants, a high risk of exercise-related sudden 
cardiac death has been reported in those with a 

coronary artery arising from the pulmonary 
artery or from the opposite sinus of Valsalva with 
an interarterial course [15–17] (Fig.  14.1). 
Anomalous left coronary artery from pulmonary 
artery (ALCAPA) is extremely rare and usually 
presents in infancy, with clinical features of myo-
cardial ischemia and/or congestive heart failure 
[19]. The anomalous right coronary artery arising 
from the left coronary cusp (ARCA) and the 
anomalous left coronary artery arising from the 
right coronary cusp (ALCA) with interarterial 
course appear to be the most common anatomical 
variants recognized at the postmortem examina-
tion in decedents of SCD [20] (Table 14.1). When 
the anomalous coronary is interarterial, it may 
also run within the myocardial sulcus (intramyo-
cardial) or within the anterior wall of the aorta 
(intramural) [21].

B. Barra and G. Finocchiaro
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a b

c d

Fig. 14.1 Origin of the Right Coronary from the Left 
Sinus of Valsalva. (a) Note the right coronary artery 
(RCA) arising from the left sinus of Valsalva. (b) 
Intramural course of the coronary artery within the aortic 
wall. (c, d) Computerized tomography scan showing 

interarterial course of the right coronary artery arising 
from the left coronary sinus. LCA left coronary artery, 
LMS left main coronary artery. Modified from Finocchiaro 
et al. [ 18]
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Table 14.1 Autopsy studies of SCD in ARCA/ALCA patients

Author, year

Total number Coronary-related SCD
% of deaths during 
exercise

% Asymptomatic before 
deathARCA ALCA ARCA (%)

ALCA 
(%)

Cheitlin et al. (1974) 18 33 0/18 (0) 9/33 
(27)

78 Not reported

Kragel and Roberts 
(1988)

25 7 8/25 (32) 5/7 (71) Not reported 38

Taylor et al. (1992) 24 28 Not 
reported

23/28 
(82)

Not reported 66

Taylor et al., (1997) 21 9 4/21 (19) 8/9 (89) 83 66
Frescura et al. 
(1998)

7 4 4/7 (57) 4/4 
(100)

75 50

ALCA anomalous left coronary artery, ARCA anomalous right coronary artery, SCD sudden cardiac death. Adapted from 
Cheezum MK, Liberthson RR, Shah NR, et al. Anomalous Aortic Origin of a Coronary Artery From the Inappropriate 
Sinus of Valsalva. J Am Coll Cardiol. 2017;69 (12):1592–1608. doi:10.1016/j.jacc.2017.01.031

 Mechanisms of SCD in AOCA

Slit-like/fish-mouth-shaped orifice (more com-
mon in ARCA), acute angle take-off, intramural 
course, and interarterial course are the main ana-
tomical patterns associated with exercise-related 
SCD involving AOCA [22].

In the presence of AOCA, SCD is supposed to 
be caused by lethal ventricular arrhythmias due 
to myocardial ischemia. Especially explosive 
bouts of exercise involve an increase in heart rate, 
blood pressure, cardiac output, and myocardial 
contractility, in order to increase the oxygen sup-
ply to the myocardium with an increased blood 
flow, which is compromised in the presence of 
AOCAs. The compression of coronary artery 
between the aorta and the pulmonary artery 
(interarterial course), the ostial obstruction of 
blood flow during exertion (slit-like orifice and 
acute angle take-off), or proximal segment occlu-
sion (intramural course in the aortic wall) are the 
postulated pathophysiologic mechanisms behind 
reversible ischemia and malignant arrhythmias 
[18]. Exercise-induced expansion of the aortic 
root and pulmonary artery could worsen the pre- 
existing angulation of the coronary artery and 
thus reduce the diameter of the lumen in the 
proximal portion of the coronary artery. Finally, 
coronary arteries with anomalous origin can also 
have unstable hemodynamics, which cause blood 

flow turbulence and injury to vascular endothe-
lium and may lead to arteriosclerosis; moreover, 
an association with coronary spasm of proximal 
segment of the anomalous coronary artery with 
an interarterial course has been reported, as the 
compression or kinking phenomenon could result 
in some degree of intimal disruption and subse-
quent vasospasm [23].

 Implications for Cardiac Screening

The primary scope of pre-participation screening 
(PPS) with electrocardiography (ECG) is to iden-
tify a potentially life-threatening cardiac condi-
tion in apparently healthy individuals. Although 
PPS with ECG appears effective in detecting seri-
ous cardiac conditions such as cardiomyopathies 
and channelopathies, its value in identifying cor-
onary artery anomalies is limited. In fact, the 
ECG is often normal and is not particularly use-
ful in raising the suspicion of AOCA. Although 
the wide use of echocardiography in the setting 
of PPS is not supported by strong evidence, this 
test may be particularly helpful in the initial iden-
tification of AOCA, which can be confirmed by 
more advanced imaging techniques such as com-
puterized tomoraphy angiography (CTA) or 
CMR. In a recent CMR-based population study 
by Angelini et  al. [24], high-risk AOCAs were 
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found in 0.44% of adolescents. Although CMR- 
based screening has the great advantage of accu-
racy, it could also capture incidental findings that 
do not need either intervention or disqualification 
from sports. Moreover, certain conditions such as 
cardiomyopathies may not be fully expressed 
especially in young individuals and therefore not 
detectable at CMR, a context where instead the 
ECG may be able to capture electrical abnormali-
ties that predate overt structural changes [25].

 Conclusions

Although rare, AOCA confers a relatively high 
risk of myocardial ischemia and SCD 
(Table 14.2), especially in young individuals and 
athletes. Although certain high-risk features have 
been identified, specific pathophysiological 
mechanisms related to SCD still remain poorly 
understood and optimal SCD risk stratification 
remains challenging. Because of its practical 

Table 14.2 Select studies examining coronary artery anomalies and sudden cardiac death

First author, Year 
[Ref] Population studied

Total 
population 
(n) Study period

Total sudden 
deaths

Cardiac- 
related 
deaths

Deaths 
attributed to 
AOCA

Wren et al. 
(2000) [26]

Children 1–20-year 
old, England

806,000 1985–1994 
(10 years)

270 26 0

Eckart et al. 
(2004) [27]

U.S. military 
recruits

6,300,000 1977–2001 
(25 years)

126 64 21

Corrado et al. 
(2006) [28]

Population 
12–35-year old, 
Italy

4,379,900 1979–2004 
(26 years)

Not 
availablea

320 21

Redelmeier and 
Greenwald, 2007 
[29]

Marathoners from 
26 selected U.S. 
marathons

3,292,268 1975–2004 
(30 years)

26 21 2

Maron et al. 
(2009) [13]

Competitive U.S. 
athletes

Not 
available

1980–2006 
(27 years)

1866 1049 119

Chugh et al. 
(2009) [30]

Children 0–17-year 
old, Oregon country

660,486b 2002–2005 
(3 years)

8 3 0

Harris et al. 
(2010) [31]

U.S. triathletes 959,214 2006–2008 
(3 years)

14 7c 1c

Harmon et al. 
(2011) [8]

NCAA athletes 393,932d 2004–2008 
(5 years)

80 45 Not 
availabled

a Study only looked at cardiovascular causes of sudden death
b Total population of Multnomah County, OR including children and adults
c Officially listed cause of death “drowning” (during a triathalon event) but cardiac abnormalities were identified and 
thought to be the causative factor
d Total population derived by dividing “athlete participation years” by the 5-year study period. The study did not report 
on specific causes of cardiac death
AOCA anomalous origin of a coronary artery, NCAA national collegiate athletic association. Cheezum MK, Liberthson 
RR, Shah NR, et al. Anomalous Aortic Origin of a Coronary Artery From the Inappropriate Sinus of Valsalva. J Am Coll 
Cardiol. 2017;69 (12):1592–1608. doi:10.1016/j.jacc.2017.01.031

14 Sudden Death: Differential Diagnosis and AOCA



192

management complexity, AOCAs require a mul-
tidisciplinary approach, which may facilitate 
effective risk stratification and may have implica-
tions in long-term prognosis.
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15Congenital Coronary Artery 
Anomalies: Differential Diagnosis 
of Ventricular Arrhythmias 
in Young Athletes

Carlo Pappone, Gabriele Negro, 
and Giuseppe Ciconte

Congenital coronary artery anomalies (CCAAs) 
are a heterogeneous group of anatomical abnor-
malities with a wide spectrum of clinical mani-
festation according to morphological aspects, 
severity, and localization of the defect and its 
functional impact on coronary flow. Dynamic 
change of diastolic coronary flow during 
increased cardiac output is the mechanism lead-
ing to myocardial ischemia and possibly induc-
ing serious ventricular arrhythmias (VAs) and 
sudden cardiac death (SCD).

Because of the widespread use of noninvasive 
cardiovascular imaging and of the increased 
awareness among clinicians, prevalence of 
CCAAs is growing in recent years. Of note, most 
of the diagnoses are incidental, with limited clini-
cal relevance as expression of benign variants. 
On the other hand, the anomalous aortic origin of 
a coronary artery has been reported as the second 
most common cause of SCD in young competi-
tive athletes [1]. In particular, the origin from the 
opposite aortic sinus of Valsalva has shown the 
strongest link with sports-related SCD, as 
described in an Italian report [2]. The origin of a 
coronary artery from the pulmonary artery is 
often diagnosed and treated in the first year of 
life. A minority of patients (mainly when the 

defect causes hypoperfusion of a limited portion 
of myocardium) can survive until adulthood and 
present with symptoms of myocardial ischemia 
and fatal ventricular arrhythmias [3]. Being often 
triggered by strenuous exercise, life-threatening 
arrhythmias are one of the most feared CCAA 
manifestations in athletes. A high level of suspi-
cion is pivotal when evaluating an athlete or 
sporty subject who manifests ominous symptoms 
during or shortly after exercise. This chapter will 
focus on ventricular arrhythmias in athletes, dif-
ferential diagnosis among the most common 
heart diseases, and on diagnostic tests for risk 
stratification.

 Ventricular Arrhythmias in Young 
Athletes

Young athletes may experience bradyarrhythmia, 
supraventricular and ventricular tachyarrhythmia 
with different clinical relevance and prognosis. 
Treatment is focused not only on the resolution 
of the arrhythmia, but also on returning to play. 
Ventricular arrhythmias can be an incidental find-
ing during preparticipation screening, can cause 
suspicious symptoms, or manifest as sudden car-
diac death. Each athlete should receive an ECG 
and echocardiography screening according to 
national guidelines and each ventricular arrhyth-
mia should be carefully scrutinized before com-
petitive sport participation.
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 Premature Ventricular Complexes

Isolated premature ventricular complexes (PVCs) 
during 24 h Holter ECG monitoring are a com-
mon finding among sedentary, sporty, and ath-
letic people. Frequent PVCs may be a primary 
electrical disorder or an expression of heart dis-
ease. The main element that influences the prog-
nosis of patients with PVCs is the presence of 
structural heart disease. In the absence of heart 
disease, PVCs rarely increase the risk of malig-
nant ventricular arrhythmias. In the presence of 
heart disease, the prognosis depends on the type 
and severity of the structural abnormality. The 
number of the PVCs/24  h does not influence 
prognosis, while their behavior during an exer-
cise test is useful for risk stratification: increase 
in number and complexity of the ectopic activity 
during the effort has a negative prognostic 
meaning.

The morphology of the PVC is another impor-
tant characteristic to consider. Benign PVCs 

often come from the right or left ventricle outflow 
tract and show an inferior axis and a left bundle 
branch block morphology with early QRS transi-
tion in the precordial leads (Fig.  15.1). PVCs 
with a right bundle branch block morphology and 
large QRS, originating in the left ventricle, are 
rare in healthy people and may arise from dis-
eased myocardial tissue (fibrosis or adipose tis-
sue) (Fig.  15.2). When frequent PVCs are 
diagnosed, an echocardiogram should be per-
formed to identify an underlying structural heart 
disease; an exercise test is also useful to evaluate 
the response to sympathetic drive. A 3-month 
period of detraining is suggested, because a 
reduction of the ectopic activity during resting 
period has a favorable prognostic meaning. 
Sports eligibility should be addressed individu-
ally, but, as a general rule, absence of organic 
heart disease, major symptoms, family history of 
sudden death, or arrhythmogenic cardiomyopa-
thy are reliable indicators of positive prognosis. 
In subjects with frequent PVCs who go on train-

Fig. 15.1 Premature ventricular complexes originating from RVOT. Note inferior axis, left bundle branch block mor-
phology with early (V4) QRS transition in the precordial leads
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Fig. 15.2 Premature ventricular complexes in a young subject with dilated cardiomyopathy. Note the right bundle 
branch morphology, large QRS (170 ms) of the ectopic beat, and the intraventricular conduction delay (LBBB)

ing, an annual follow-up with exercise test, echo-
cardiogram, and ECG Holter is recommended to 
monitor the arrhythmic burden over time and to 
identify the possible development of a 
tachy-myopathy.

 Nonsustained Ventricular Tachycardia

Nonsustained ventricular tachycardia (NSVT) is 
defined as three or more beats of ectopic ventric-
ular activity, lasting for no more than 30 s, and 
not leading to hemodynamic deterioration. 
Ventricular couplets and NSVT may be observed 
in healthy subjects. They can be secondary to 
heart disease, especially when they have an 
unusual morphology. For this reason, echocar-
diogram, exercise test, and Holter monitoring are 
mandatory before sport participation. Cardiac 
magnetic resonance imaging (MRI) provides 
useful anatomical details and tissue characteriza-
tion and should be considered when a high level 

of suspicion for cardiomyopathy is present, 
despite a normal echocardiogram (i.e., familial 
history of sudden death and/or history of syn-
cope). Cardiac MRI can identify concealed myo-
cardial structural abnormalities involving the RV 
and the LV among subjects with NSVT of com-
mon morphology, including subepicardial or 
mid-myocardial foci of fibrosis, acute inflamma-
tion (edema), and focal fibro-fatty infiltration. Of 
note, the morphology of the VT is related to the 
presence of such abnormalities on cardiac MRI: a 
significant proportion (41%) of patients with 
RBBB morphology VTs shows myocardial struc-
tural abnormalities often involving lateral and 
inferior LV wall [4].

 Sustained Ventricular Tachycardia

Sustained ventricular tachycardias (SVTs) are 
considered benign or malign, according to the 
presence of heart disease, their morphology, and 
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their hemodynamic impact. The diagnosis of 
benign VT is one of exclusion; structural heart 
disease, cardiomyopathy, and coronary artery 
disease (including CCAA) should be excluded, 
with a high level of suspicion especially in young 
athletes.

Benign VTs include fascicular VT and right or 
left ventricular outflow tract VT.

Fascicular VT accounts for 10–15% of all 
idiopathic VTs. It is diagnosed in subjects with-
out structural heart disease and is sustained by a 
macro reentry involving the left fascicular 
Purkinje system. The reentry circuit is most com-
monly (90%) located in the territory of the left 
posterior fascicle (RBBB + LAH morphology), 
infrequently (5–10%) in the region of the left 
anterior fascicle (RBBB + LPH morphology). 
Catheter ablation is highly effective (success rate 
of 85–90%) and is recommended in patients with 
frequent episodes, refractory to drug therapy with 
verapamil or diltiazem.

RVOT and LVOT VTs can be considered the 
prototype of an idiopathic focal VT. The arrhyth-
mia arises from an automatic focus located in the 
outflow tract of LV or RV. The ECG shows an 
LBBB morphology with an inferior axis. In 
RVOT VTs, r wave in V1 is shorter than 30 ms, 
whereas in LVOT VTs, r wave in V1 is more than 
30 ms. Both RVOT and LVOT can be iterative or 
paroxysmal, usually not fast, and often triggered 
by physical exercise. Assessment of subjects 
with SVTs of benign morphology must include 
exercise test, echocardiogram, Holter monitor-
ing, and cardiac MRI to exclude the presence of 
structural heart disease. Particular attention is 
advised in order to differentiate RVOT-VTs and 
VTs in arrhythmogenic cardiomyopathy, because 
of different impact on prognostic and sport 
eligibility.

 Differential Diagnosis

When considering a young subject with ventricu-
lar arrhythmias originating from the ventricular 
outflow tract, it is important to exclude structural 
or electrical disorders, which can also cause this 
type of arrhythmias. Arrhythmogenic RV cardio-

myopathy (ARVC), catecholaminergic polymor-
phic VT (CPVT), long QT syndrome (LQTS), 
and idiopathic VT and VF are the main diseases 
to be excluded.

RVOT idiopathic ventricular arrhythmias 
should firstly be distinguished from ARVC, a dis-
order with a more negative prognosis. The dis-
tinction between these two entities is crucial, 
because of important prognostic and therapeutic 
implications. Apparently innocent, typical RVOT 
ectopic beats can be difficult to distinguish from 
the concealed phase of ARVC, in which typical 
ECG and imaging abnormalities are not yet 
manifest.

Several ECG criteria during VT can be used to 
discriminate between these two conditions. 
Longer QRS duration in lead I (>120  ms), late 
precordial transition (at lead V5 or V6), and the 
presence of a notch in QRS in multiple leads are 
characteristics favoring ARVC diagnosis 
(Fig.  15.3). QRS notching and the longer QRS 
duration in ARVC reflect the transmural myocar-
dial substrate underlying the VT, a feature that is 
absent in idiopathic VT.

In ARVC, the resting 12-lead ECG in sinus 
rhythm typically shows T wave inversion in the 
right precordial leads. In more advanced stages, 
depolarization anisotropism of the right ventricle 
can determine a delayed ventricular activation, 
evident on the surface ECG as a terminal, slurred 
positive deflection of the QRS in the right precor-
dial leads, namely epsilon wave. Patients with 
idiopathic VT, instead, always show a normal 
ECG and normal signal averaged ECG.

In a limited number of subjects, EP study may 
help to investigate the mechanism underlying the 
ventricular arrhythmia and discriminate between 
the two entities. Reentry is the mechanism of VT 
in most ARVC patients, whereas RVOT VT is 
sustained by triggered activity. The repetitive ini-
tiation of clinical VTs by programmed ventricu-
lar stimulation suggests a reentrant mechanism 
and is much more common in ARVC than idio-
pathic ventricular arrhythmias. Moreover, electro 
anatomical mapping during VT or SR at the site 
of origin of VT or other RV sites typically shows 
fractionated diastolic electrograms in ARVC. In 
addition, voltage mapping can help distinguish 
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Fig. 15.3 Sustained ventricular tachycardia in a patient with ARVC (surface ECG, 50 mm/s). Note the LBBB morphol-
ogy with no precordial transition, long QRS duration (186 ms), and notching in the descending branch (red arrow)

early or concealed ARVC from idiopathic VT by 
detecting low voltage areas, expression of the 
histopathological features pathognomonic of 
ARVC. Cardiac MRI is another important tool to 
be used for differential diagnosis. The presence 
of RV dilation or aneurysm is consistent with 
ARVC.

In some patients, idiopathic VT can coexist 
with organic heart disease and may not be related 
to the disease itself. On the other hand, very fre-
quent PVCs or VTs can cause or exacerbate a 
dilated cardiomyopathy that can improve or dis-
appear after elimination of the ventricular 
arrhythmia. A PVC related cardiomyopathy 
should be suspected when frequent PVCs or VTs 
are diagnosed at the 24  h Holter monitoring 
(>13% of total heart beats), monomorphic with a 
typical morphology, QRS duration <170 ms and 
without PVCs suppression at resting hours. The 
definite diagnosis is reached when a complete 
recovery of LV systolic function is observed after 

PVCs elimination (usually with catheter abla-
tion). When an athlete is diagnosed with an LV 
dilation and dysfunction, an Holter ECG moni-
toring at diagnosis and one after 3-months 
detraining should be recorded in order to identify 
arrhythmias inducing or exacerbating a 
cardiomyopathy.

In some cases, monomorphic focal ventricular 
arrhythmias can trigger sustained malignant VTs 
or even VF in apparently normal hearts. Despite 
progress in the understanding of mechanisms of 
arrhythmia triggering and maintenance, identifi-
cation of patients presenting with focal PVCs 
prone to VF degeneration remains challenging. 
Malignant PVCs should be suspected in patients 
presenting with unexplained syncope. In fact, 
patients with idiopathic VF present with syncopal 
episodes before experiencing cardiac arrest [5]. 
Atypical sites of origin of the arrhythmias are 
predictive of malignant arrhythmias too. PVCs 
arising from the Purkinje network, RV moderator 
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band, papillary muscles, and apical cardiac crux, 
for example, are more prone to induce sustained 
VT and VF, leading to syncope or cardiac arrest. 
Another prognostic factor is the PVCs coupling 
interval: there is no absolute coupling interval 
cutoff to identify ominous ventricular arrhyth-
mias, but other secondary indexes may be used to 
risk stratify patients. The prematurity index 
(defined as the ratio of the coupling interval of 
the first VT beat or isolated PVC to the preceding 
R-R interval) and the second coupling interval 
may predict malignant ventricular arrhythmias 
[6], but these two indexes lack prospective large 
population validation studies.

The long QT syndrome (LQTS) is another 
arrhythmogenic condition to be excluded when 
considering a young patient experiencing syn-
cope or cardiac arrest during exercise. The LQTS 
is a channelopathy causing an abnormally pro-
longed QT interval and characterized by an 
increased risk for life-threatening ventricular 
arrhythmias in apparently normal hearts. This 
syndrome is genetically determined by mutations 
involving cardiac ion channel genes. Most muta-
tions are loss of function of potassium current 
genes (KCNQ1 gene in LQTS1 and KCNH2 
gene in LQTS2), accounting for 90–95% of 
genetically positive patients. The remaining cases 
(5–10% of genetically positive patients) are 
mostly caused by gain of function of sodium cur-
rent genes (SCN5A gene in LQTS3). The definite 
diagnosis of LQTS requires a positive testing for 
an unequivocally pathogenic mutation in one of 
the LQTS genes. On the other hand, the diagnosis 
is often a clinical one, based on clinical presenta-
tion, personal and family history and ECG mea-
surements. Corrected QT (using the Bazett 
formula) above 500 ms or above 480 ms in con-
junction with unexplained syncope, brings to 
LQTS diagnosis. The syndrome can be suspected 
in individuals with QTc exceeding 450  ms for 
men and exceeding 460  ms for women, espe-
cially in the presence of unexplained syncope 
and/or familial SCD (in first-degree and more 
distant relatives, too).

Exercise- or stress-induced polymorphic VT 
can be caused by a rare but highly malignant 
inherited arrhythmic disorder known as catechol-

aminergic polymorphic ventricular tachycardia 
(CPVT). This syndrome is caused by mutations 
of genes encoding for ion channels that control 
the release of calcium inside the myocytes; most 
cases are gain-of-function mutations, causing 
uncontrolled calcium release and accumulation 
inside the cell, thus facilitating delayed after- 
depolarization and triggered arrhythmias. During 
exercise, activation of the adrenergic nervous 
system further influences calcium handling, often 
acting as initiator of calcium-mediated arrhyth-
mogenesis. The hallmark of CPVT is “bidirec-
tional VT,” a VT characterized by an alternating 
beat-by-beat QRS axis with 180° rotation. The 
surface ECG at rest of patients with CPVT is 
often normal (no prolongation or shortening of 
the QT interval, atrioventricular and intraventric-
ular conduction defects, or ST abnormalities), so 
a high level of clinical suspicion is critical for a 
timely diagnosis. CPVT should be considered 
when syncopal episodes induced by exercise or 
emotion occur in child or young patients with 
normal ECG and echocardiography. Exercise 
stress test is the most important step for diagnosis 
of CPVT.  Most patients exhibit ventricular 
arrhythmias once heart rate exceeds an individual 
threshold, with worsening features as heart rate 
increases.

 Congenital Coronary Artery Anomalies 
and Sudden Cardiac Death
Sudden cardiac death mainly occurs in young 
athletes with structural heart disease. Indeed, the 
more common cause of sudden death in a large 
series of USA athletes is hypertrophic cardiomy-
opathy, followed by CCAA [1]. For this reason, 
young patients with typical chest pain and/or 
syncope or aborted cardiac arrest during exercise 
and normal ECG and echocardiography should 
be suspected for CCAA.

Myocardial ischemia is considered the main 
cause of life-threatening events in patients with 
CCAA. The mechanism leading to sudden death 
in a patient with CCAA lies in the sudden reduc-
tion of coronary blood flow during or shortly 
after a strenuous exercise. Mechanical stress on 
the coronary artery origin is one of the recog-
nized mechanisms by which the diastolic blood 
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flow is severely impaired during increased car-
diac output, leading to sudden, severe hypoperfu-
sion of large areas of myocardium, ventricular 
sustained arrhythmias, and eventually to sudden 
death. The coronary artery takeoff is an important 
risk factor for arrhythmic events, because its 
oblique course inside the aortic wall is the main 
cause of the abrupt lumen reduction during exer-
cise. Sympathetic activation leads to heart rate, 
arterial pressure, myocardial contractility 
increase, and, eventually, to an imbalance 
between oxygen demand/supply: the increased 
myocardial oxygen consumption is not satisfied 
by adequate coronary perfusion because of 
increased systolic expansion of the proximal 
aorta and mechanical stretch of the intramural 
course of the anomalous coronary artery. Another 
mechanism is the dynamic compression of the 
coronary lumen in those situations where the 
anomalous coronary passes between the aorta 
and the root of the main pulmonary artery or right 
ventricular outflow tract. However, in the absence 
of significant pulmonary hypertension, a relevant 
compression of the coronary from the pulmonary 
artery seems unlikely [7]. Moreover, the acute 
coronary takeoff could result in endothelial dam-
age and dysfunction, leading to coronary spasm 
during adrenergic/sympathetic stimulation.

Repetitive, intermittent ischemic episodes 
during exercise may have a cumulative effect on 
myocardial function and structure, leading to a 
predisposition to ventricular arrhythmias. This 
hypothesis has been supported by histologic evi-
dence. In a postmortem series, widespread areas 
of myocardial ischemic damage, such as myocyte 
necrosis and neutrophilic infiltrates, have been 
described in the context of chronic ischemic 
injury [8]. Chronic ischemia results in multiple 
patchy areas of myocardial fibrosis in the terri-
tory supplied by the anomalous coronary artery. 
These areas of slow or interrupted conduction 
may contribute to the development and mainte-

nance of life-threatening ventricular arrhythmias 
such as ventricular fibrillation or polymorphic 
VT.  Fatal events occur randomly after physical 
efforts, apparently because a critical impairment 
of the coronary flow takes place only under spe-
cific circumstances. For this reason, the diagnos-
tic yield of an exercise test is limited, as the 
adrenergic storm experienced by the athlete dur-
ing competitive performances is hard to 
reproduce.

Recently, an intense discussion about the pre-
cise mechanism underlying fatal events in 
patients with CCAA has been reignited. The 
main presumed mechanism is the occurrence of 
lethal ventricular arrhythmias caused by isch-
emic scars. Despite these assumptions, recent 
field experience suggests that episodic global left 
ventricular ischemia is the cause and that low car-
diac output with bradycardia (up to asystole) is 
the mechanism leading to physical collapse. This 
hypothesis is supported by the evidence that 
hypotension, bradycardia, and transient global 
LV systolic impairment can be the presenting 
signs of an acute hypoperfusion during exercise. 
Recently published case reports highlight that 
prompt external massage resuscitation on the 
playing field often resolves the crisis without 
electric-shock cardioversion (evidence that VF 
was not the initial culprit) [9].

In conclusion, ventricular arrhythmias should 
always be carefully evaluated in athletes. First- 
line, noninvasive exams are usually sufficient to 
exclude the most dangerous cardiac abnormali-
ties. In specific circumstances, further examina-
tions are needed to identify concealed 
cardiomyopathies and to stratify the arrhythmic 
risk. We suggest a diagnostic workflow based on 
multimodal instrumental exams to investigate 
ventricular arrhythmias in athletes (Fig. 15.4). A 
high level of suspicion is pivotal in order to 
timely diagnose and treat potentially life- 
threatening heart abnormalities.
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Fig. 15.4 Diagnostic workflow of a young subject with 
ventricular arrhythmias. ARVC arrhythmogenic right ven-
tricle cardiomyopathy, CCAA congenital coronary artery 
anomaly, CPVT catecholaminergic polymorphic VT, 

DCM dilated cardiomyopathy, EPS electrophysiological 
study, HCM hypertrophic cardiomyopathy, LQTS long QT 
syndrome, LTHM long-term Holter monitoring
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16How Computational Model May 
Help in Mechanism 
Understanding?

G. M. Formato, V. Ceserani, R. M. Romarowski, 
M. Lo Rito, and M. Conti

 Introduction

Anomalous coronary arteries (ACAs) are con-
genital disorders characterized by heterogeneous 
anatomical arrangements of the coronary 
vessels.

The mechanism by which an anomalous anat-
omy impacts the supply of oxygenated blood to 
the myocardium is often not fully understood and 
calls for a multidisciplinary investigation. In the 
current clinical practice, medical imaging is 
essential for the diagnosis and risk stratification 
of ACA providing both anatomical and func-
tional information.

The anatomical information can be obtained 
with noninvasive and invasive imaging tech-
niques, which may be combined in multimodal-
ity fashion for a more accurate anatomic 
description [1]. The functional information can 
be obtained by combining different provocative 
tests such as cardiopulmonary stress test, exer-
cise stress echocardiography, stress cardiac mag-
netic resonance (MR), or Spect. All those tests, 
despite having different characteristics, provide 
an overall assessment of the body’s response to 
exercise and a noninvasive evaluation of the oxy-
gen uptake [2].

However, the integration of such sources of 
information provides an indication of the patient’s 
status at specific working conditions that do not 
fully resemble the wide range of conditions that 
the patient might experience during daily life or 
sport effort. Given such considerations, computa-
tional modeling may help to overcome such 
 limitations and shed new light in understanding 
the ACA mechanism.

Modeling a particular form of ACA, which is 
intrinsically characterized by a complex interac-
tion of mechanical, electrical, chemical, and bio-
logical factors, means building a simplified 
representation of it, and then simulating such a 
model under different working conditions in 
order to assess the impact of the selected factors 
on the ACA outcomes.

Solving a model translates into solving its 
mathematical equations. Briefly, each phenome-

G. M. Formato and M. Conti contributed equally with all 
other contributors.

G. M. Formato (*) 
3D and Computer Simulation Laboratory,  
IRCCS Policlinico San Donato,  
San Donato Milanese, Milan, Italy 

V. Ceserani (*) · R. M. Romarowski · M. Conti 
Department of Civil Engineering and Architecture 
(DICAr), University of Pavia, Pavia, Italy
e-mail: valentina.ceserani01@universitadipavia.it; 
conmic08@unipv.it 

M. Lo Rito 
Department of Congenital Cardiac Surgery,  
IRCCS Policlinico San Donato, San Donato 
Milanese, Milan, Italy
e-mail: Mauro.LoRito@grupposandonato.it

© Springer Nature Switzerland AG 2023 
G. Butera, A. Frigiola (eds.), Congenital Anomalies of Coronary Arteries, 
https://doi.org/10.1007/978-3-031-36966-7_16

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-36966-7_16&domain=pdf
mailto:valentina.ceserani01@universitadipavia.it
mailto:conmic08@unipv.it
mailto:conmic08@unipv.it
mailto:Mauro.LoRito@grupposandonato.it
https://doi.org/10.1007/978-3-031-36966-7_16


206

non in the model is described by one or more 
equations of different types depending on the 
complexity of the physics involved and the level 
of accuracy chosen by the user. As such, in a 3-D 
domain, the blood flow is described by the 
Navier-Stokes equations, and vascular wall 
deformation by the solid continuum mechanics 
equations; these are partial differential equations, 
whose solution in the complex vascular geome-
tries requires the adoption of advanced numerical 
techniques and the help of dedicated softwares. 
However, the same quantities may also be com-
puted adopting lumped parameters models (0-D 
models) described by simpler differential equa-
tions, obviously at the expense of accuracy. These 
models may be used either as stand-alone 0D rep-
resentation of the coronary tree [3], or be part of 
more complex multiscale 3D-0D models, where 
the 3D part describes the domain of interest, and 
the 0D part describes the Windkessel effect of the 
peripheral vasculature [4, 5].

Computational simulations involving only 
mechanical phenomena are referred as biome-
chanical simulations, and may be subdivided into 
structural, computational fluid dynamic (CFD), 
or fluid-structure interaction (FSI) simulations, 

depending on if they model only the solid domain 
(e.g., vascular wall deformation), only the flow 
domain (e.g., blood flow), or the interaction of 
both.

 Computational Modeling 
of Coronary Arteries

The creation of a patient-specific computational 
model of ACA is a process requiring several fun-
damental steps. The general workflow is 
described here, highlighting possible differences 
stemming from different computational method-
ologies (see Fig. 16.1).

 Generation of Patient-Specific 
Coronary Geometries

The first step consists of creating a 3D geomet-
ric representation of the ACA from the patient’s 
medical images. Such a geometry will consti-
tute the computational domain where the model 
equations will be solved; therefore, the anat-
omy to reconstruct depends on the specific 

Fig. 16.1 Typical workflow of biomechanical (structural) analysis of the aortic root and anomalous coronary arteries
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case: vascular wall for structural simulations, 
lumen for CFD simulations, and both for FSI 
simulations.

The choice of the specific imaging technique 
is fundamental during this phase: it must allow 
the segmentation of the anatomic structures of 
interest, but also ensure an adequate resolution as 
geometric errors will propagate and affect the 
reliability of the solution [6, 7].

Among noninvasive imaging techniques, 
computed tomography angiography (CTA) is the 
most used methodology to create patient-specific 
coronary models as it offers the best trade-off 
among spatial resolution (≈500 μm), cost, and 
patient safety. Nonetheless, different phases of 
the cardiac cycle may be reconstructed through 
electrocardiographic (ECG) gating [8]. 
Differently, the use of noninvasive MR angiogra-
phy (MRA) has been limited to ex-vivo coronary 
models [9, 10] due to its lower spatial resolution. 
Among invasive imaging techniques, X-ray 
angiography (XA) provides an excellent tempo-
ral resolution (≈30 fps), which can be exploited 
to reconstruct 3-D dynamic coronary models 
[11, 12].

CTA, MRA, and XA allow reconstructing the 
3-D configuration of the coronaries, but suffer 
low spatial resolution that hampers an accurate 
description of the cross-sectional area, affecting 
the simulation results [6, 13, 14].

For a more accurate assessment of the lumen 
morphology, Intravascular Ultrasound (IVUS) 
and Optical Coherence Tomography (OCT) are 
the two gold-standard imaging modalities. 
While both are catheter-based techniques, OCT 
has generally better spatial resolution (≈10 μm), 
but less tissue penetrability compared to 
IVUS.  Furthermore, IVUS has a long acquisi-
tion period that, in combination with ECG gat-
ing, allows reconstructing the investigated 
coronary segment at different time-points of the 
cardiac cycle; on the contrary, OCT acquisition 
is so fast that only a static model can be gener-
ated. Used alone, however, these techniques 
lack the 3-D spatial information of the coronary 
centerline, and only linearized models can be 
generated [15, 16].

With multimodality imaging, it is possible to 
fuse together two different techniques in order to 
obtain highly accurate models, in particular the 
cross-sections described by IVUS or OCT can be 
appropriately registered onto the 3-D centerline 
coming from XA or CTA modalities. Different 
options have been investigated: the fusion of 
IVUS and XA [17], IVUS and CT [18–20], OCT 
and XA [21–23], and OCT and CT [24, 25]. It 
has been shown that these models yield more 
accurate geometry reconstruction [26] and more 
reliable results from the simulations [27, 28].

 Computational Mesh

The reconstructed volume is broken down into a 
computational mesh, a collection of elementary 
cells (elements) and points (nodes). This grid is 
adopted by the solver to discretize the model 
equations in order to compute its variables at the 
nodes. An optimal trade-off between mesh reso-
lution and computational cost is a key aspect to 
consider during this phase.

Fine meshes allow to resolve the physics of 
the simulated phenomenon more accurately, but 
at the expense of increasing computational bur-
den. A way to tackle the problem is the local 
mesh refinement, consisting of employing fine 
meshes where the solution has a clinical interest, 
leaving a coarser mesh elsewhere to reduce the 
computational cost. As the solution may change 
depending on the resolution of the mesh, it is 
good practice to carry out a “mesh sensitivity 
analysis”: the solutions of the same problem are 
computed with increasingly refined meshes until 
no significant variation is observed between con-
secutive simulations, thereby achieving the spa-
tial convergence of the results.

 Material Properties

The next step consists of assigning the material 
properties, namely, the constitutive equations, to 
the coronary wall and blood tissues. So far, defin-
itive constitutive models have not yet been deter-
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mined for two main difficulties: first, human 
tissues are highly dishomogeneous materials 
made of a myriad of microscopic particles, mak-
ing the mechanical characterization at micro-
scopic level practically impossible; second, even 
considering the material as homogenous, a mac-
roscopic description of its mechanical behavior 
has not been fully determined because of consid-
erable variation reported among experimental 
studies. Again, constitutive models of increasing 
complexity may be used depending on the level 
of desired accuracy.

Coronary wall has been described using iso-
tropic hyperelastic material models [29], or by 
more complex fiber-reinforced composite materi-
als to model elastin and collagen fibers and 
describe tissue anisotropy [30]. Regarding the 
description of the blood tissue, the assumption of 
a Newtonian rheology is generally reliable with 
the high shear rates found in the large and pervi-
ous coronary arteries; however, in the microcir-
culatory system, and also in the presence of a 
coronary stenoses, the low shear rates induce the 
aggregation of the red blood cells to form the so- 
called rouleaux, and the blood becomes pseudo-
plastic: more complex non-Newtonian 
constitutive models should be used in this case 
[31–34].

 Boundary Conditions

The model must then be completed by imposing 
appropriate boundary conditions (BCs). BCs are 
known values of the model variables prescribed 
at the domain boundaries, from which the solu-
tion in the whole computational domain is com-
puted. The choice of the BCs depends on the type 
of simulation, model complexity, and availability 
of clinical data.

In structural simulations, the BCs prescribe 
the displacements of the nodes belonging to the 
boundaries of the solid part.

In CFD simulations, velocity and/or pressure 
waveforms have to be prescribed at the inlet and 
outlet of the model. Such data are not always 
available, as both can be acquired only through 
invasive catheterization procedures, and flow 

measurements are often characterized by high 
uncertainty due to the measuring technique. 
Reduced-order models can be plugged at the 
inlet/outlet of the 3-D CFD geometry to mimic 
realistic flow/pressure waveforms [35]. These 
lumped parameters models describe the imped-
ance of the downstream vasculature, and are 
independent of the morphological characteristics 
of the anomalous epicardial tract. Therefore, the 
parameters obtained from healthy models can be 
applied also for the study of ACA [36]. Since 
coronaries are constantly in motion during the 
cardiac cycle [37, 38], tremendous efforts have 
been made to perform CFD simulations where 
coronary arteries are treated as compliant vessels. 
This can be achieved by applying kinematic BCs 
to the nodes at the coronary walls and letting the 
mesh deform under such conditions [39–42].

 Computational Simulation

Once the coronary geometry is discretized into a 
computational grid, the BCs are applied and the 
material properties are assigned, the model equa-
tions can be solved to simulate the physical phe-
nomenon of interest. The computational methods 
used to solve the equations generally depend on 
the type of simulation to be performed, the most 
important of these are the finite element method 
[43] and the finite volume method [44].

For a comprehensive description of numerical 
methods used for cardiovascular applications, the 
reader can refer to the pertinent literature [45].

The choice of the type of simulation depends 
on the specific clinical question: if the interest is 
solely on wall stress/strain or flow dynamics, 
simple structural or CFD simulations should be 
performed, respectively. However, the coronaries 
are simultaneously exposed to pulsatile blood 
flow and cardiac motion, thus the link between 
the two physics cannot be disregarded. Therefore, 
FSI simulations are often performed.

With structural or CFD analyses, a key aspect 
to consider is whether to simulate a time- 
dependent model. On one hand, static (for struc-
tural simulations) or steady-state (for CFD 
simulations) analyses are fast but provide the 
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description of the solution variables only in a 
fixed instant of the cardiac cycle; on the other 
hand, dynamic (for structural simulation) and 
transient (for CFD simulations) analyses take 
into account the temporal evolution of the solu-
tion variables across the whole cardiac cycle, but 
at the expense of increased computational cost. 
In FSI simulations the solid and fluid equations 
are always solved in time, where in particular the 
two solvers exchange their respective solution 
variables (displacement for structural simula-
tions, forces for CFD simulations) at each 
time-step.

 Postprocessing of Results

The final phase of the simulation workflow con-
sists of the postprocessing of the results.

The primary outcome of structural simula-
tions is the displacement field at each node of the 
computational domain, from which it is possible 
to compute the deformation and stress states of 
the coronary wall.

On the other hand, the pressure and velocity 
fields from the CFD simulation describe the hemo-
dynamic status at each point of the domain. The 
blood pressure field can be used to compute the 
power loss across the coronary arteries or to derive 

the Fractional Flow Reserve (FFR) to evaluate the 
gravity of a narrowing caused by the compression 
of the coronary artery during the myocardial con-
traction [46]. The velocity field can be used to 
compute the total coronary blood flow, to indicate 
the existence of regions exposed to blood recircu-
lation, or to calculate the wall shear stress (WSS) 
describing the mechanical stress on the endothe-
lium exerted by the blood flow [47]. Regions of 
low WSS are prone to plaque development, while 
high WSS can lead to plaque rupture [48]. Other 
shear stress–derived indices have been proposed 
and correlated with specific biological effects, 
including time average wall shear stress (TAWSS), 
oscillatory shear index (OSI), and the relative resi-
dence time (RRT).

 Applicative Examples

Theoretical studies on the biomechanics of ACA 
have been developed to understand and explain 
the complex mechanisms through which an 
anomalous anatomy impacts the coronary func-
tion. In the following, an analysis of these studies 
is presented, highlighting how they have contrib-
uted to understand and elucidate aspects previ-
ously unknown or unclear of the disease (See 
Fig. 16.2).

a

bc

Fig. 16.2 (a)Workflow to set up a CFD simulation of 
anomalous coronary arteries with aortic origin to evaluate 
the hemodynamics before and after unroofing procedure 
[55]; (b) CFD simulation of coronary artery fistula before 

and after closure treatment with the contour plot of WSS 
at systolic peak [59]; (c) CFD simulation of a left anterior 
descending coronary with myocardial bridge with the 
contour plot of TAWSS and RT [69]
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 Anomalous Aortic Origin 
of the Coronary Artery (AAOCA)

Considering the anomalies of origin of the coro-
nary arteries, research has predominantly focused 
on the anomalous origin from the aorta (AAOCA), 
which has a higher rate of sudden cardiac death 
events compared to the anomalous origin from 
the pulmonary artery [49].

AAOCA can cause myocardial ischemia and 
subsequent sudden death during physical and 
sports activity [50]; therefore, few studies have 
aimed to simulate the coronary wall deformation 
during effort and predict the resulting 
hemodynamics.

The first computational model of AAOCA was 
proposed by our group in 2018 [51]. We devel-
oped a structural parametric model of the aortic 
root and AAOCA to study the coronary narrow-
ing at increasing efforts, investigating the impact 
of the intramural (IM) length and the take-off 
angle on the coronary expansion. The study 
showed that, under increasing pressures, the 
anomalous coronary had a reduced lumen expan-
sion in the IM tract and a narrowing in the proxi-
mal tract compared to the healthy case, and also 
that the take-off angle was associated with ellip-
tic ostial shapes. With the aim of introducing this 
type of analysis into the clinical practice, we sub-
sequently simulated the computational model 
with the CTA-derived geometries of 5 patients 
with anomalous aortic origin of right coronary 
artery (AAORCA) and compared the results with 
5 age- and sex-matched healthy controls [52]. We 
found that the patients with AAORCA exhibited 
a reduced lumen enlargement compared with 
controls at medium and high effort, especially in 
the IM course.

Although preliminary, these studies suggested 
that the abnormal coronary artery may fail to 
adapt to increasing metabolic demand from the 
heart muscle during effort, which might result in 
an inadequate blood supply and consequent isch-
emia. However, these studies were based only on 
structural simulations, which highlighted the 
possible mechanism of coronary narrowing, but 
did not provide any information on the resulting 
hemodynamics.

The first CFD model of AAOCA was pro-
posed by Rigatelli et al. who investigated the dia-
stolic coronary perfusion in 13 athletes with 
anomalous aortic origin of left coronary artery 
(AAOLCA) with IM and retroaortic (RA) courses 
[53]. In their simulations, the blood was treated 
as a non-newtonian fluid with a Carreau model 
for viscosity, a steady blood flow velocity was 
imposed at inlet, while the outlet pressure was 
retrieved from ergometric stress tests. The com-
puted hemodynamic parameters seemed to con-
firm a compression of the IM tract during 
exercise, and it was speculated that such hemody-
namics might propagate along the coronary tree, 
potentially predisposing distal coronary seg-
ments to a higher risk of spasm and thrombosis. 
The same group later studied the hemodynamic 
impact of the stent implantation in the IM seg-
ments of 21 subjects. The results underlined 
mechanisms of compression and torsion of the 
IM tract, attenuated by the stent, which, however, 
caused a significant decrease of WSS, vorticity 
magnitude, and distal pressure drop. This study 
suggested that the degree of twisting of the IM 
portion could negatively affect the compression 
mechanism and that the stenting procedure could 
bring therapeutic benefit [54]. Finally, Razavi 
et al. [55] compared the hemodynamics between 
pre- (2 patients) and post- (6 patients) unroofing 
procedures, highlighting the onset of hemody-
namically adverse events after surgery. In partic-
ular, they observed a reduction in TAWSS in the 
treated coronary artery, while there were no 
 significant differences between the contralateral 
coronaries.

In order to assess the impact of both struc-
tural and hemodynamic factors on the ischemic 
risk, Cong et al. [56] developed FSI models of 
26 subjects with AAOCA and compared the 
cross- sectional areas and coronary blood flow 
against 16 control subjects. They found a three-
fold decrease in lumen area and a correspond-
ing decrease in flow in abnormal subjects. In a 
following study, the authors also focused on 
assessing the impact of the take-off angle on 
the modification of coronary lumen and flow; 
however, they did not find any significant cor-
relation [57].
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Overall, the described studies suggest pos-
sible mechanisms that might occur in AAOCA 
albeit the number of subjects involved is often 
too low to draw statistically significant and 
clinically relevant conclusions. Nevertheless, 
simulations give, within a certain margin of 
error, absolute quantities (e.g., the compres-
sion of the intramural tract, the coronary 
flow) that cannot be compared with literature 
values, because there is still no reference 
range.

 Coronary Arterial Fistula (CAF)

Coronary arterial fistula (CAF) consists of an 
atypical connection between a coronary artery 
and a heart cavity or another blood vessel. Such a 
condition can promote aneurysm formation as 
well as other complications including reduction 
of coronary blood flow, thrombosis, cardiac fail-
ure, and arrhythmias [58]. Typically, when the 
blood flow to the myocardium decreases by more 
than 30%, the fistula is occluded surgically [59]; 
however, thrombosis can occur also after treat-
ment [60, 61].

The first computational study on CAF was 
performed by Cao et al. [59], who investigated 
the hemodynamics of 38 patients before and 
after closure procedure. The authors evidenced 
that CAFs were characterized by highly throm-
bogenic blood flow, and that the surgical opera-
tion allowed to increase the myocardial perfusion 
but was not able to restore physiological hemo-
dynamics. In another study involving 4 subjects 
[62], the same authors aimed to assess the throm-
bogenic risk in CAF with terminal aneurysms 
depending on the treatment option. Three mod-
els were reconstructed from each patient: a first 
model referring to the untreated fistula, a second 
model referring to the postoperative CAF pre-
serving the terminal aneurysm (distal occlusion), 
and a third model referring to the postoperative 
CAF removing the terminal aneurysm (proximal 
occlusion). The hemodynamic results were then 
compared to posttreatment follow-up. The 
results suggested that the procedure involving 
the removal of the aneurysm and the proximal 

CAF closure could reduce the risk of thrombo-
sis, and this was also confirmed by follow-up 
images.

 Myocardial Bridging (MB)

Myocardial bridging (MB) is a congenital anom-
aly that occurs when a segment of a major epicar-
dial coronary artery, that should be epicardial, 
runs inside the myocardium that formed a muscle 
bridge [63]. This condition is associated with a 
number of complications including myocardial 
ischemia, arrhythmias, acute coronary syn-
dromes, and even sudden cardiac death. There are 
primarily two mechanisms that might determine 
the reduction of the blood flow reserve and myo-
cardial perfusion: first, the compression of the 
intramyocardial segment during systolic contrac-
tion; second, the formation of an atherosclerotic 
plaque occluding the coronary tract proximal to 
the MB [64].

Nikolic et  al. [65] developed a predictive 
model that, starting from idealized geometries 
reconstructed from patient-specific dynamic 
angiographic images, predicted the most proba-
ble location for the plaque formation based on the 
computation of hemodynamic features. The 
model was also validated against real atheroscle-
rotic MB of 6 patients, and a good correlation 
was found between real and predicted positions 
of the plaque.

Javadzadegan et al. [66] developed a realistic 
patient-specific model of MB, thereby overcom-
ing the limitation of the previous work. The study 
consisted of three steps: first, a moving-boundary 
CFD algorithm simulating the MB-associated 
coronary compression was developed; second, 
simulations were performed with and without 
MB to assess the hemodynamic differences; 
third, the model was preliminarily validated on 3 
patients with different degrees of anomalous con-
dition. The authors found atherogenic flow pat-
terns consisting of low WSS and recirculation 
zone proximally to the MB, which disappeared as 
the MB was virtually removed, in accordance 
with the results from Nikolic and coworkers. The 
same group then exploited the developed compu-
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tational methodologies on a dataset composed of 
10 patients with MB in order to understand the 
mechanisms involved in this kind of anomaly. In 
particular, they showed that the presence of MB, 
its length, and the severity of systolic compres-
sion are all factors that likely contribute nega-
tively to the onset of atherogenic hemodynamics 
and endothelial dysfunction in the proximal coro-
nary tract [67–69].

 Limitations, Conclusions, 
and Further Developments

This chapter has presented a series of studies 
about computational modeling of anomalous cor-
onary arteries, highlighting how this approach 
may yield a better understanding of disease 
mechanisms, and potentially support diagnosis 
and treatment planning.

From a general point of view, computational 
modeling of the coronary arteries defines an 
extensively investigated field of biomechanics 
characterized by a conspicuous number of scien-
tific studies. However, the vast majority of the 
developed models and methodologies have not 
yet found their way into clinical practice, with 
only a few exceptions related to CFD-derived 
FFR [70]. In-silico medicine, which consists of 
the application of numerical simulations in the 
clinical routine, demands for the development of 
“correct” and “trustable” models, which have to 
be verified and validated toward a clear clinical 
question and context of use. Remarkably, all the 
stakeholders involved in this field (from patients 
to clinicians, passing through biomedical indus-
try and regulatory bodies) should direct their 
efforts to introduce this kind of tools at all the 
phases of the study of the disease, that is, in basic 
research, virtual clinical trials of medical devices, 
and diagnostic pathways [71].
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17Computational Modeling 
for Decision Making

Gianluca Rigatelli and Marco Zuin

 Introduction

Myocardial bridges (MBs) and anomalous origin 
from the opposite sinus (ACAOS) constitute the 
most systematically investigated pathologies 
among the wide spectrum of coronary artery 
anomalies (CAAs), since they have been related 
with angina, myocardial infarction, and sudden 
cardiac death [1]. Over the last two decades, 
computational fluid dynamic (CFD) analysis has 
been widely used in the field of cardiovascular 
medicine, allowing an in  vivo and noninvasive 
evaluation of several hemodynamic features in 
both normal and pathological conditions [2]. 
CFD differs from traditional invasive and nonin-
vasive cardiac imaging visualization (such as 
coronary angiography or computed tomography 
angiography), since it allows the simulation of 
different scenarios also before the genesis of an 
evident atherosclerotic process. Therefore, the 

interest of clinicians in this novel patient-specific 
assessment is progressively growing up, helping 
to understand pathophysiologic processes, surgi-
cal or percutaneous interventional treatments 
planning, and previewing the results of different 
therapeutical approaches. Three-dimensional 
(3D) reconstruction and printing, based on com-
puted tomography (CT) scan, can be used in daily 
clinical practice to practically evaluate the tech-
nical steps of surgical interventions especially in 
case of very rare CAAs or when CAAs are asso-
ciated with major cardiac congenital heart 
disease.

 Computational Fluid Dynamics

 Specific Definition for Coronary 
Vessels

In coronary hemodynamics, CFD is usually used 
to investigate the blood flow patterns within the 
vessels by considering the laws of physics that 
describe the fluid motion. The biological effects, 
such as auto-regulation, healing, growth, etc., are 
seldom modeled. More in detail, the governing 
equations of fluid motion generally used to model 
the blood flow in coronary arteries are repre-
sented by the continuity (Eq.  17.1), and the 
Navier-Stokes’s equations (Eq.  17.2), derived 
from the mass and momentum conservation, 
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respectively, which can be expressed in case of 
incompressible and Newtonian fluid as follows:

 ∇ = v 0  (17.1)

 
ρ µ ρ

∂
∂

+ ∇




= −∇ + ∇ +

v
t

v v p v g

2

 
(17.2)

where ∇ is the gradient operator, v the velocity 
vector, ρ is the blood density, t is the time, p is the 
pressure, and g the gravity. These nonlinear, par-
tial differential equations cannot be solved ana-
lytically in case of complex 3D geometries. Thus, 
numerical techniques, usually based on the finite 
volume or finite element method (FEM), are 
adopted to solve the discretized form of the equa-
tions within dedicated CFD software packages 
[3]. First, by means of the meshing process, the 
fluid domain (i.e., continuum of interest) is subdi-
vided into smaller, nonoverlapping subdomains 
called elements. Secondly, the governing equa-
tions are integrated over all the elements of the 
domain and then converted into a system of non-
linear algebraic equations. Lastly, the resulting set 
of algebraic equations (often in the order of mil-
lions of equations) is solved iteratively using 
computer workstations or high-performance com-
puting clusters. Nowadays, the current capability 
of parallel computer processing allows the solu-
tion of the governing equations of fluid motion 
under nonsteady condition in complex anatomies 
within reasonable computational time. Typically, 
resolving a time-accurate expression can require 
one or more days of computations, considering a 
fluid domain discretized into one million elements 
(or more) and few cardiac cycles, each subdivided 
into hundreds of time steps [4].

 CFD Analysis: Workflow

The main steps of a patient-specific CFD analy-
sis are summarized in Table 17.1 [5, 6]. Firstly, 
the 3D geometrical model of the vascular region 
of interest is reconstructed from patient-specific 
imaging data. Manual or semiautomatic segmen-
tation algorithms, included in commercially 
available software, are used to identify the region 

of interest. As a result of the segmentation pro-
cess, a first rough, triangulated mesh surface rep-
resenting the vessel or cardiac chamber wall is 
obtained. The model is subsequently optimized 
by applying refinement processes such as trian-
gle reduction and smoothing operations [4]. 
Secondly, the obtained geometrical model is dis-
cretized (meshing process) [4]. Typically, the 
computational grid is characterized by tetrahe-
dral (or hexahedral) elements within the fluid 
domain and a prism layer close to the wall, 
which is introduced to better capture the high 
velocity gradients at the wall. Thirdly, the set-up 
of the CFD simulation is defined. In particular, 
the physical model (e.g., unsteady flow with or 
without the inclusion of a turbulent model), 
blood rheological properties (i.e., blood density 
and viscosity), boundary (i.e., inlet and outlet) 
conditions as well as solver settings are set. The 
definition of the initial and boundary conditions, 
which are prescribed values of the calculated 
quantities (i.e., velocity and pressure, generally 
expressed in m/s and Pa, respectively) at certain 
times (t0, t1, t2, t3, tn) and locations (xyz, x1,y1,z1, 
x2,y2,z3, xn,yn,zn), are mandatory for the resolution 
of the governing equations. These parameters 
can be derived both from imaging data or experi-
mental measurements, obtained during func-
tional magnetic resonance imaging (MRI 
Doppler ultrasound, catheter-based pressure and 
velocity measurements, or transesophageal 
echocardiography). Fourthly, the CFD simula-
tion is run on a computer workstation or high-
performance computing cluster by taking 
advantage of their parallel computing features. 
Lastly, the solution of the CFD analysis is 

Table 17.1 Summary of the main steps of computational 
fluid dynamic analysis

Steps Tool
1.Imaging data 
acquisition

Angiography, IVUS/OCT, 
CT

2. Segmentation Manual-semiautomatic
3.Triangulated mesh 
surface

Available software

4. Meshing process Available softwares
5.CFD setting up Available softwares

CT computed tomography, IVUS intravascular ultrasound, 
OCT optical coherence tomography
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obtained and the results are postprocessed to 
extract the hemodynamic quantities of interest, 
detailed in the following subsection.

 CFD Analysis: Quantities of Interest

The main flow phenomena in this field that can 
be characterized by CFD and the corresponding 
hemodynamic quantities of interest are reported 
in Table  17.2.When CFD analysis is used for 
cardiac evaluation, the pressure in the vessels 
and chambers is generally expressed in pascal 
(Pa), according to the international system of 
units. Another important parameter is repre-
sented by the vorticity magnitude (expressed in 
1/s), which is defined as the magnitude of the 
vorticity vector; the vorticity vector is a mea-
sure of the rotation of a fluid element as it 
moves through the domain and it may be repre-
sentative of pathological conditions when far 
from the baseline [7]. The wall shear stress 
(WSS) (expressed in Pa) is defined as the fric-
tional force of the flowing blood along the wall 
surface per unit area. WSS values deflecting 
from a baseline values are indexes of abnormal-
ities leading to thrombus formation, abnormal 
vessel modelling and remodeling, and arterial 
damage [8]. Lower the WSS, higher is the 
chance to have atherosclerosis in the native ves-
sels and restenosis/thrombosis after stenting 
procedures. Another important quantity to be 
evaluated is the power (energy per unit time, 
measured in watt) dissipated when the blood 
flows in arteries. Minimizing this loss of energy 

when designing or rerouting the blood in surgi-
cal connections is an index of a good streamlin-
ing of the blood [9].

 Practical Modeling Process 
for Congenital Artery Anomalies

 Virtual Model Segmentation

For the computational domain analysis, the coro-
nary artery circulation of interest is usually seg-
mented and then reconstructed based on the data 
of real patients investigated with coronary angi-
ography, computed tomography (CT), intravas-
cular ultrasound (IVUS), and optical coherence 
tomography (OCT).

 Model Reconstruction

Vessels are virtually reconstructed based on the 
instrumental measurements of vessel size and 
length. Both the coronary circulation and the 
proximal segment of the aorta in case of ACAOS 
are reconstructed through manual segmentation 
using the software OsiriX (OsiriX Foundation, 
Geneva, Switzerland) as a plugin. Specifically, 
the user interface allowed setting various param-
eters (size of the rectangular box, resolution lev-
els, and regularization parameters). The model is 
subsequently optimized using 3D modeling soft-
ware, such as Rhinoceros v. 4.0 (McNeel & 
Associates, Indianapolis, IN) [10].

In case of ACAOS, the intramural tract defor-
mation, defined as any geometrical (axial and 
radial) changes of the intramural (IM) segment in 
terms of movements and/or distortions, can be 
evaluated in terms of axial length and curvature 
change. Specifically, the artery length change can 
be quantified calculating the difference between 
the centreline artery’s length in both the prestent-
ing and poststenting configurations. Conversely, 
the curvature change in the IM tract can be 
assessed at multiple points (25%, 50%, and 75% 
of the length of the IM segment, respectively) 
and compared to the curvature values at the same 
measurement position in the prestenting 

Table 17.2 Parameters evaluable by computational fluid 
dynamic analysis

Parameters
Local pressures and flows
Flow distributions
Flow energy loss
Abnormal flow patterns
Recirculating flows, stagnation flow
Wall shear stress and normal stress
Oscillatory shear index
Impact on cardiac function and vessel wall compliance
Shear stress gradient
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 configuration. The elastic deformation is 
expressed in mm in both length and diameter in 
both prestenting and poststenting configurations.

As demonstrated for other coronary districts, 
such as bifurcations [11, 12], the IM segment is 
bending in correspondence of two ostia: the for-
mer is the opposite sinus ostium while the latter 
is the “real” ostium at the exit of the IM course. 
The two ostia represent two fix binding points at 
either end of the IM tract, which generate a resist-
ing force. The torsion of an elastic pipe (e.g., the 
IM segment, because of the elastic return caused 
by the systolic phase) creates both a distortion 
and loss of energy, worsening the mechanical 
properties and the rheology of the flowing fluid. 
The parameters involved into a torsion, or twist-
ing, are the torque (T), the diameter (r2) of the 
shaft and the angle of twist (define as the angle θ 
generated by the displacement of M to M’).

To analyze the torsion, the use of a local refer-
ence system is mandatory. For example, the x 
axis can be defined as the line passing through 
the centroids of two-cross sectional areas at 25% 
and 75% of the intramural tract length, respec-
tively. Subsequently, the z axis can been set per-
pendicular to the x-y reference plane and point 
anteriorly (out of the page), following the rule of 
the right hand. Moreover, the two pilots’ nodes 
have been set in correspondence of the two ostia. 
The drop of pressure in Pa, due to the IM course, 
can be converted to mmHg, because interven-
tional cardiologists are more familiar with this 
measure unit.

 Stent Geometry Reconstruction

While it is more difficult to simulate surgical 
bypass or coronary artery unroofing in case of 
ACAOS for the stent simulation, the strut design 
and linkage pattern of any kind of stent can be 
reconstructed. Based on stent original design and 
strut thickness, Computer-Aided Design (CAD) 
software can be used to reproduce the stented 
geometry as accurately as possible (SolidWorks 
2009, Solid works Corp, Concord, MA). In the 
first step, the solid model of the ACAOS is recon-

structed and then the stent geometry is deployed. 
For this purpose, a hollow tube with outer diam-
eter equal with both the nominal expanded diam-
eter and thickness of the stent is usually created. 
Then, a 2-dimensional sketch with the stent’s 
strut can be propagated and wrapped around the 
tube. Through a cut out, the obtained ring of the 
stent is propagated axially to create the full- 
length expanded model.

 Applications of CFD Modeling 
for Decision Making: Data 
from Current Literature

 Myocardial Bridge

The rheological properties of MB have been 
assessed by Javadzadegan et al. [13] using CFD, 
by dividing patient-specific MB models (n = 10) 
by length. Intriguingly, a direct relationship 
between MB length and hemodynamic pertur-
bations emerged in this study. Specifically, long 
MB length seemed to be associated with lower 
WSS and higher residence time in the proximal 
segment to the bridge, and a higher WSS and 
shorter residence time within the bridge, as 
compared to short length. More recently 
Sharzehee M et  al. [14]showed that increasing 
the MB length (by 140%) only had significant 
impact on the pressure drop in the severe MB 
(39% increase at the exercise). However, 
increasing the stenosis length dramatically 
increased the pressure drop in both moderate 
and severe stenoses at all flow rates (31% and 
93% increase at the exercise, respectively). Both 
CFD and experimental results confirmed that 
the MB had a higher maximum and a lower 
mean pressure drop in comparison with the ste-
nosis, regardless of MB/stenosis severity. As 
evidenced by these results, CFD findings 
obtained from rheological analysis of MB prop-
erties are helpful to determine patients who 
might benefit from a specific pharmacological 
treatment or need to avoid intensive efforts so as 
to prevent cardiac events (Fig. 17.1).
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a bFig. 17.1 Wall shear 
stress representation in a 
41-year-old man with 
R-ACAOS-IM. (a) The 
normalization of wall 
shear stress (WSS) after 
stenting (b) the 
intramural course (from 
red to green -blue 
colour). (c) 
3D-reconstruction of the 
intramural tract. Arrow: 
aortic wall side

 Anomalous Coronary Origin Form 
the Opposite Sinus (ACAOS)

The description of ACAOS is currently based on 
the terminology introduced by Angelini et  al. 
[15], which includes an L or R prefix to indicate 
the (Right or Left) coronary artery involved and 
a suffix to indicate the proximal course: intramu-
ral (IM), prepulmonic (PP), subpulmonic (SP), 
retro-aortic (RA), retrocardiac (RC), and 
wrapped around the apex (WA). Rigatelli et al. 
computationally investigated the pathophysiol-
ogy of Left ACAOS with and without IM course 
[16]. After reviewing both the angiographic and 
computed tomography findings of 13 consecu-
tive athletes, CFD models were created to simu-
late the conditions of extreme effort. Vorticity 
magnitude, static pressure, and WSS were ana-
lyzed in models of L-ACAOS with no IM course 
and L-ACAOS-IMat rest and during exercise. 
The mean vorticity magnitude and WSS signifi-
cantly increased from rest to exercise in both 
models, in the right coronary artery, and left 
anterior descending and left circumflex coronary 
arteries. The mean static pressure (1.118e+004 

vs. 1.164e+004  Pa, p  <  0.001), as well as the 
mean vorticity magnitude and mean WSS 
(7012.78 1/s vs. 9019.56 1/s, p  <  0.001, 
Δ  =  2006.78 1/s and 3.02  Pa vs. 2.11  Pa, 
p < 0.001, Δ = 0.91 Pa) significantly increased 
with exercise in the L-ACAOS-IM model. This 
net increment was transmitted to the entire left 
coronary system in L-ACAOS-IM but not in 
L-ACAOS with no IM. More recently, our group 
analyzed the pathophysiology of L- and R- 
ACAOS with IM course in relation to eventual 
stenting of the same tract [17] proving that the 
phasic IM squeezing phenomena change the 
WSS inside the IM (Fig.  17.2 and 17.3) and 
those alterations could be reversed after stenting 
(Fig. 17.4). The squeezing may be produced by a 
combined mechanism of compression and twist-
ing (Fig. 17.5), which causes a net pressure drop 
leading to myocardial ischemia. These hypothe-
ses seem in part confirmed by the study of Razavi 
et al. [18], which showed that different flow pat-
terns exist natively between right and left anom-
alous coronary arteries. Unroofing may 
normalize Time-averaged WSS but with vari-
ance related to the AO.
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Fig. 17.2 Wall shear stress representation in a 40-year- 
old man with L-ACAOS-IM (a). Note the normalization 
of WSS after stenting (b) of the intramural course (from 

red to green-blue color). (c) 3D-reconstruction of the 
intramural tract. Arrow: aortic wall side
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Fig. 17.3 Analysis of geometrical deformation before 
and after stenting within the IM segment in two patients 
with R-ACAOS (a, b) and L-ACAOS (c), respectively. 

Note the reduced deformation after stenting (from red to 
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Without Stent After Stenting

Left ostium

Flow

Left ostium

Intramural Intramural

Intramural Intramural

Total Deformation

0,02286

0,02159

0,02032

0,01905

0,01778

0,01651

0,01524

0,01016

0,00508

0

Unit: mm

a

c d

b
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Fig. 17.5 Computational fluid dynamic of a patient with-
out coronary atherosclerotic disease, with R-ACAOS-IM 
(a, b) and patients with L-ACAOS-IM (c, d). * Vertical 
distance in milimetres. + Horizontal distance in milime-

tres. ACAOS anomalous coronary arteries originating 
from the opposite sinus of Valsalva, CFD computational 
fluid dynamic, Dist. distance, L left, R right
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 Three-Dimensional Modeling 
and Printing

Considering the complexity of CAAs, patient- 
specific models can provide enhanced visuospa-
tial appreciation of the defect in relation to other 
anatomical structures and increase surgeon’s 
understanding of the anatomy. This appreciation 
of relational structures is particularly vital in the 
clinical picture of CAAs, where evaluation of the 
nature, and course to determine degree of abnor-
mality of the CAA and risk of harm to the patient 
can significantly alter management decisions 
[19].

3D printing has been used to reconstruct and 
print the coronary arterial tree [20] and it has 
been demonstrated that 3D printing models were 
effective in visualizing the coronary arteries. 
Currently, CAAs are investigated primarily by 
CT angiography, which has an excellent detec-
tion rate and is fast becoming the imaging 
modality of choice [21, 22]. Although the CT 
scans may adequately delineate coronary anat-
omy, the complementary use of 3D-printed mod-
els may be useful for viewing coronary anatomy 
and anomalies by researchers and clinicians with 
imaging and cardiovascular background, and can 
be considered effective for increasing their 
understanding of the abnormality over simply 
viewing the CT.

 3D Printing Steps

The anonymized scans are usually processed 
with commercial software reconstructing the 3D 
heart model following steps of layer masking, 
segmentation, and region growing. Each scan 
was assessed by a cardiologist [23]. The decision 
to remove parts of the cardiovascular anatomy is 
made on the basis that the direct line of sight to 
view and follow the coronary arteries was not 
obstructed. Models are usually 1:1 in size. While 
the accuracy of the reconstruction protocol has 
been previously demonstrated, the resulting 3D 
reconstructions should be verified visually by the 
cardiologist against the original CT dataset. 
Models are generally smoothed (3-matic 

Research 11.0, Materialise) and exported as ste-
reolithography (STL) files. The STL files are 
then imported into the available 3D printing soft-
ware where orientation, scaffolding, and print 
layout were set before printing the model. Models 
are generally all printed in white resin. On com-
pletion of printing, the models are finally sub-
merged in propanol for 25–30  min, and then 
dried in a fume cupboard for an hour. The scaf-
folding was removed manually.

 Usefulness of the 3D Printing Models

Lee et al. [23] found in their pioneering study that 
CAAs associated with another major CHD, such 
as Transposition of great arteries, and CAAs with 
very unusual anatomies, such as ALCAPA 
(Fig.  17.6), may find benefits from 3D printing 
for the increase ability to understanding complex 
anatomical relationships with the structures of 
the heart. The use of different colors for different 
structures has been also proposed in order to help 
clinicians and surgeons to understand better the 
relationships with cardiac chambers in case of 
complex associated abnormalities. Other types of 
CAAs, such as ACAOS with intramural course, 
did not seem to benefit from 3D reconstruction. 
Coronary artery fistulas have been investigated 

Fig. 17.6 Example of 3D printing of a coronary anomaly 
in a case of anomalous origin of the left coronary artery 
from the pulmonary trunk

17 Computational Modeling for Decision Making
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with 3D printing [21, 24]. In these cases, the 
3D-printed model anecdotally added value in 
management decisions.

 Future Developments

Further improvement in the quality of available 
virtual simulation software and the enhanced 
capabilities of coupling with existing in  vivo 
diagnostic tool such as MRI, 3DOCT reconstruc-
tion, intravascular ultrasound (IVUS) imaging, 
and angiographic equipment, and ultimately 3D 
printing are likely to push forward such a tech-
nology in the clinical practice making more 
effective the transition from off-line assessment 
and planning to on-line evaluation and treatment. 
Doubtless, early diagnosis, treatment, and prog-
nosis of cardiac disease, especially those having 
a congenital background, could significantly 
reduce the related mortality and morbidity rates. 
CFD is considered to be a robust tool that can be 
used to evaluate the hemodynamic parameters. 
Patient-specific models obtained from subjects 
with CHDs can be used for various purposes, 
such as for (1) hemodynamic evaluation both in 
physiological and pathological conditions, (2) 
pretreatment planning, and (3) assessment of 
postoperative outcomes simulating the rheologi-
cal effects associated with the various interven-
tional alternatives prior to performing surgery or 
percutaneous procedures. However, several limit-
ing factors that currently limit the use of such 
technology must be recognized. Indeed, the tech-
nical and logistic resources needed to obtain ade-
quate data, process the images to reconstruct 
precise geometry, (3) and obtained patient- 
specific data are not yet widely available, also for 
related costs. Moreover, a multidisciplinary col-
laboration between cardiologists and engineers is 
required to understand the approximations, 
assumptions, and limitations of the numerical 
simulations in order to utilize CFD findings in 
clinical decisions [25].
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18Anomalous Aortic Origin 
of Coronary Arteries Data 
from the Registries

Registries for Anomalous Aortic Origin of 
Coronary Arteries

Massimo A. Padalino and Matteo Ponzoni

Abbreviations

AAOCA Anomalous aortic origin of coro-
nary artery

AAOLCA Anomalous aortic origin of left cor-
onary artery

AAORCA Anomalous aortic origin of right 
coronary artery

SCD Sudden cardiac death

 Introduction

Anomalous aortic origin of coronary arteries rep-
resents a rare clinical condition, with some anato-
mycal variants being the second cause of 
unexpected and sudden death in children and 
adolescents. [1]. Still, it represents the second 

leading cause of sudden cardiac death (SCD) in 
healthy children or young athletes, especially 
during exercise, often with no prodromes [1–7]. 
The most common and clinically relevant anom-
aly is the anomalous origin from the opposite 
sinus of Valsalva, including the more common 
anomalous aortic origin of the right coronary 
artery from the left sinus (Fig.  18.1), and the 

M. A. Padalino (*) 
Pediatric and Congenital Cardiac Surgery, 
Department of Cardio-thoracic, Vascular Sciences 
and Public Health, University of Padova, Medical 
School, Padova, Italy 

UOC Cardiochirurgia Pediatrica e Cardiopatie 
Congenite, Centro “Vincenzo Gallucci”, Padova, Italy
e-mail: massimo.padalino@unipd.it 

M. Ponzoni 
Pediatric and Congenital Cardiac Surgery, 
Department of Cardio-thoracic, Vascular Sciences 
and Public Health, University of Padova, Medical 
School, Padova, Italy

Fig. 18.1 3D reconstruction of a CT scan of an anoma-
lous aortic origin of the right coronary artery from the 
opposite (left) sinus of Valsalva, with interarterial course 
(*). AO Aorta, LSPV left superior pulmonary vein, PA pul-
monary artery, RA right atrium, RCA right coronary artery, 
RV right ventricle, SVC superior vena cava
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more morbid anomalous aortic origin of the left 
coronary artery arising from the right sinus [1].

The risk of death seems to be much higher 
when the left coronary artery arises from the 
wrong location, while it is reported to be lower 
when it is the right coronary to arise from the 
wrong sinus. However, the etiopathological 
mechanism, which causes SCD, is still not com-
pletely understood. It may well be a mixture of 
anatomy and physiological response to physical 
effort and increased blood pressure and aortic 
wall stress. As described elsewhere [1–6], in the 
past, the associated interarterial course has been 
considered as the most risky anatomical pattern 
because of the hypothesized compression (scis-
sor like) exerted by the aortic and pulmonary 
arteries in the interarterial coronary segment dur-
ing effort and rise of blood pressure. Currently, 
this phenomemenon is considered less important 
in the ethiopathogenesis of coronary ischemia. 
On the contrary, a greater role is played by the 
anaomycal features of the ostial shape (round vs. 
slit-like) and the intramural coronary course. 
(Fig. 18.2).

Diagnosis of AAOCA is nowadays easier due 
the advanced imaging technology. However, dis-
cerning which is the most dangerous anatomyc 
type is a very challenging task, because most 
patients do not present with obvious symptoms or 
complaints. Whenever symptomatic, the patients 
most commonly complain of chest pain, palpita-
tions, dizziness, or fainting during or just after 
exercise. Also, SCD may be the first and only 
symptom occurring.

Furthermore, an increasing number of chil-
dren and young adults are being incidentally 
found to have AAOCA on imaging studies, per-
formed as part of screening campaigns or for 
other reasons.

Surgical treatment has been proposed in order 
to remove any risk of myocardial ischemia and 
SCD.  Although single-center studies describe 
promising early and medium-term results, with 
excellent survival and safetyness [8–12], late 
effects on symptoms and risk of SCD are unde-
fined and concerns about the surgical effective-
ness and possible surgery-related complications 
remain [13].
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Fig. 18.2 Diagram showing: (1) the normal anatomical 
origin and intraparietal aortic wall course of a coronary 
artery, and the exit-angle is equal to 90°; (b) the abnormal 
angulated orifice: the coronary vessel passes obliquely 
through the aortic wall for a distance, (a) which is equal or 

inferior to the coronary artery’s diameter (b), and the exit- 
angle is <90°; (c) the abnormal intramural course: the 
coronary vessel passes obliquely through the aortic wall 
for a distance, (a) which is greater than the coronary 
artery’s diameter (b), and the exit-angle is about 0°

 Gaps in Evidence

Currently, the majority of literature about AAOCA 
consists of single-center retrospective surgical 
reports (Table 18.1), which describe institutional 

experiences with relatively small number of 
cohorts collected over long periods of surgical 
activity [21, 25–30]. Most of these series account 
for less than 100 patients over a median period of 
10  years, revealing that incidence of surgical 
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AAOCA is less than 10 patients/year [25–27]. As 
an example, Mainwaring et al. described the con-
junct surgical experience of three pediatric car-
diac surgical centers referring to the Stanford 
University in three reports since 2011 [12, 28, 29]. 
In the first publication, the group reported the out-
comes of 50 patients over 10  years of activity 
(1999–2010 [28]), increasing to 76 cases over 
14  years (1999–2013 [29]) and to 115 patients 
over 16 years (1999–2015 [12]). From this experi-
ence, it is evident that surgical incidence of 
AAOCA also in a third-level surgical center is 
low, and approximately 5 to 10 patients are 
referred for surgical correction each year.

The limited dimensions of single-center 
cohorts may affect the reliability of data in terms 
of the actual incidence of complications and mor-
tality, as well as decreases the statistical power of 
analyses and survival estimates. To date, inci-
dence of early (i.e., postoperative) and late deaths 
after any surgical repair of AAOCA has been 
reported to be low worldwide [10, 18, 21, 30–32]. 
However, concerns have been raised regarding 
the long-term efficacy and durability of surgery. 
In fact, as stated by the most recent AATS 
Guidelines [25], one of the major gaps in actual 
knowledge is the lack of long-term follow-up. 
From pediatric series, the longest available fol-
low- up is a retrospective study by Balasubramanya 
et  al. [33], on 66 patients treated from 2006 to 
2014, in which they described a median follow-
 up of 5.6 years, which is still too short to specu-
late about the real durability of surgery in patients 
with supposed decades of life expectancy.

Furthermore, open debate is still going on in 
the following topics.

 1. The type of surgical repair: which one to pre-
fer and for which patient? Specific technical 
indications are still lacking, and often the cho-
sen surgical technique depends on the institu-
tional surgical experience. Current consensus 
guidelines [25] suggest to treat AAOCA with 
intramural course by means of unroofing, 
ostioplasty, or reimplantation techniques 
(Class I, level B), while pulmonary artery 
translocation may be considered as an adjunc-
tive surgery (Class IIb, level C) .

 2. The association of AAOCA with myocardial 
bridges: is there a need for combined correc-
tion? These two entities have been proven to 
present together with a certain frequency, thus 
some authors recommend a complete evalua-
tion of the whole coronary tree and eventual 
surgical treatment of both lesions concomi-
tantly whenever possible [12].

 3. The risk of postoperative residual myocardial 
ischemia and sudden cardiac events: up to 
50% of patients with transeptal AAOCA pres-
ent inducible myocardial hypoperfusion dur-
ing provocative testing [34], which may 
persist following successful surgical correc-
tion, despite demonstrated patent neo-ostia or 
absence of symptoms [11, 23]. Postoperative 
myocardial ischemic events may impose sur-
gical or interventional revision in a minority 
of patients [35] and, more rarely, they could 
be fatal [21, 31]. Nees et al. stressed this con-
cept in their report of 60 operated cases of 
AAOCA in which they experienced a not so 
negligible rate of major complications (reop-
eration for coronary stenosis in 3%, aborted 
SCD in 2%, significant aortic regurgitation in 
12%, requiring aortic valve replacement in 
2%) in a relatively short period (median fol-
low- up of 1.6 years), emphasizing the critical 
need of strict clinical surveillance [13]. 
However, from single-center limited series, 
we are not able to determine if these compli-
cations are isolated and remote events or if 
they represent a real threat for a significant 
quote of patients.

 4. The risk of aortic regurgitation following aor-
tic valve commissure resuspension. Several 
authors described a consistent risk of postop-
erative aortic regurgitation after commissure 
resuspension, recommending avoiding this 
procedure whenever possible [11, 13, 36]. On 
the other hand, Yerebakan et  al. who resus-
pended the aortic commissure routinely dur-
ing the unroofing operation reported an even 
inferior incidence of novel aortic regurgita-
tion with this approach [32]. Thus, scientific 
literature has not been conclusive yet in defin-
ing the real impact of such surgical 
procedure.
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 5. The possibility to return to normal physical 
activity for operated patients. Physical activity 
is a well-known determinant of the quality of 
life of patients with AAOCA and their parents, 
especially in young patients [20]. Current 
guidelines allow operated patients to conclude 
their physical activity restriction after 3 months 
from surgery if asymptomatic, or after 1 year 
if the presentation of AAOCA was an aborted 
SCD [25]. However, the level of evidence is 
low (level C) and all these recommendations 
and cut-off times are based on expert consen-
sus opinions, rather than clinically proven evi-
dence, and may vary according to different 
regulations in different countries (ie. Europe 
vs USA).

 Why a Registry for AAOCA

A registry is a collection of information about 
individuals, usually focused on a specific diagno-
sis or condition. A patient registry is an organized 
system that uses observational study methods to 
collect uniform data (clinical and other) to evalu-
ate specified outcomes for a population defined 
by a particular disease or exposure and that serves 
predetermined scientific, clinical, or policy 
purpose(s). A national registry centralizes this 
data for an entire country to avoid duplication of 
names.

The purpose of a registry is to study incidence, 
prevalence, outcomes, and course of a specific 
disease or condition, and possibly to evaluate the 
risk of its adverse events, that is, sudden death, in 
the long term. Furthermore, registries are used 
for comparing the effectiveness of different treat-
ments, evaluating different approaches to a pro-
cedure, and monitoring the safety of implanted 
devices.

Because AAOCA is rare and postoperative 
adverse events are even rarer, we can only accom-
plish this goal through the collaboration of multi-
ple hospitals and institutions, which is a registry. 
Data from a national registry can provide health 
outcome information to monitor patient needs and 
identify health problems that need prompt atten-
tion, improving health-care quality and safety.

As noted before, the small number of single- 
center experiences is one of the major determi-
nants, which limits the implementation of 
AAOCA guidelines with a high level of evidence. 
Thus, the importance of multi-institutional regis-
tries is evident. The main objectives of this kind 
of registry are to augment the dimension of 
cohorts, to create the basis for a prospective col-
lection of data and patients, in order to expand 
follow-up times. This knowledge will help us to 
assess most of the above-mentioned limits of cur-
rent reports, allowing the formulation of more 
evidence-based recommendations for the diagno-
sis and treatment of AAOCA.

To date, 1 prospective single-center and 2 
international multicenter registries are present:

• A prospective single-center data collection, 
named as Coronary Anomalies Program, 
ongoing at Texas’s Children Hospital [37].

• A multicenter northern American registry 
enrolling patients from 29 institutions of the 
Congenital Heart Surgeons’ Society [38], 
started more than 10 years ago.

• A more recent multicenter European AAOCA 
registry, including a growing number of cen-
ters across Europe [39].

 Coronary Anomalies Program

This single center registry has been recruiting 
prospectively all consecutive patients treated at 
Texas Children Hospital since 2012, as a part of a 
standardized pre- and postoperative management 
protocol [24]. In 2017, Mery et al. published the 
first results from 44 patients enrolled from 2012 
to 2017, who underwent surgical correction of 
AAOCA [37]. Twenty percent of them presented 
an anomalous aortic origin of left coronary artery 
(AAOLCA) and 80% an anomalous aortic origin 
of right coronary artery (AAORCA). The major-
ity of patients were symptomatic (73%) and all 
but one had an intramural coronary course. 
Surgical strategy consisted in unroofing of the 
intramural segment in 80% of cases, coronary 
translocation in 16%, ostioplasty in 2%, and side- 
to- side anastomosis in 2%. Results were excel-
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lent, with absent early and late mortality at a 
median follow-up of 2  years. Two patients 
required early reoperation: one for surgical bleed-
ing and one for saphenous vein coronary artery 
bypass for residual myocardial ischemia. During 
follow-up, another patient presented an aborted 
SCD and he was found to have an unrecognized 
myocardial bridge, which was subsequently 
treated. At last follow-up, 91% of patients were 
free of symptoms and 95% returned to full physi-
cal activity without restrictions.

From these results, the authors concluded that 
if individualized according to patient’s anatomy, 
surgical treatment of AAOCA is safe and pres-
ents a low rate of complications. However, the 
efficacy of surgery in the prevention of SCD still 
needs to be assessed with a longer follow-up. 
Furthermore, the single-center nature of this pro-
gram may expose to the risk of selection bias of 
patients, which could be empathized by the 
exclusion of patients above 20 years of age as a 
part of the institutional protocol [24]. The 
Coronary Anomalies Program was recently 
updated, reaching a total of 61 operated patients 
between 2012 and 2019 with no mortality, 93% 
of whom have been released to unrestricted phys-
ical activity [40].

 The Northern American Experience

The need for a multi-institutional database of 
AAOCA was firstly emphasized in 2009 by 
Brothers et al. who investigated the practitioners’ 
opinions on treatment and management of 
patients with AAOCA [41]. This survey across 
the Congenital Heart Surgeons’ Society (CHSS) 
members unmasked the wide heterogeneity 
regarding diagnostic tools and treatment strate-
gies for AAOCA.  In this report, the authors 
claimed the need to develop more cohesive and 
evidence-based guidelines, and the CHSS 
AAOCA registry was established to serve to this 
purpose.

Thus, in the participating CHSS institutions, 
all patients under 30 years of age with a diagnosis 
of AAOCA (any type), between 1998 and 2009, 
were retrospectively enrolled in the registry, and 

then prospectively since 2009. In a first publica-
tion by Poynter et  al. in 2014 [42], the registry 
had collected 198 patients, with a median age at 
diagnosis of 10  years. About half (54%) of 
patients were symptomatic at presentation, and in 
2 cases, the diagnosis was made from autopsy 
following SCD. At diagnostic imaging, AAORCA 
was present in 73% of cases, AAOLCA in 26%, 
and both in 1%. Surgical repair was carried out in 
52% of patients with a diagnosed AAORCA and 
in 67% with an AAOLCA. The decision for a sur-
gical approach correlated with symptoms, older 
age, and presence of an intramural course.

A following report focused on surgical man-
agement performed in 113 patients (median age 
12.6 years) enrolled retrospectively from 1998 to 
2008 and prospectively from 2009 to 2012 in 29 
CHSS institutions [43]. The proportion of 
AAOLCA to AAORCA was 1:2, and 89% of 
patients presented an intramural course. 
Unroofing was the procedure of choice (88% of 
cases), followed by coronary reimplantation, pul-
monary artery translocation, and ostioplasty, 
while a coronary artery bypass graft (CABG) was 
performed in a minority of patients. Although 
unroofing seemed to be a uniformly adopted 
strategy, this procedure was not standardized 
across centers, where different surgical variations 
were encompassed. The common wall of the 
anomalous coronary artery was incised with sub-
sequent intimal tacking in most of the cases, 
while complete excision (endarterectomy) was 
performed in others. On the other hand, the major 
variations in surgical approach were described in 
the case of an anomalous coronary artery without 
an intramural segment, where various solutions 
were adopted.

The CHSS registry grew up across the years, 
reaching 560 patients enrolled from 40 institu-
tions in 2019 [44], when the authors analyzed the 
anatomical features of AAOCA associated with 
myocardial ischemia at provocative tests. 
Important findings were that the patients with 
ischemia were more likely to have AAOLCA 
than AOORCA (38% vs. 10%), an intramural 
course, a high and slit-like coronary orifice, and a 
longer intramural course (in those with 
AAORCA). Otherwise, the occurrence of SCD 
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was not shown to have any associated anatomic 
features. The authors concluded that the real 
determinant of myocardial ischemia in AAOCA 
is not the interarterial course per se. Instead, vari-
ous anatomic features such as the coronary artery 
involved, intramural course and its length, and 
orifice anomalies (slit-like, high take-off) were 
associated with evidence of myocardial ischemia 
and these may importantly inform risk stratifica-
tion and decisions regarding surgical 
management.

The last registry’s update encompassed 682 
patients from 45 CHSS centers during the period 
2000–2018 [31]. Among these, 375 patients 
(57%) underwent surgical correction (mainly 
using the unroofing procedure), with 4 reported 
deaths (1%), at a median follow-up of 2.8 years 
from surgery. New onset of moderate or greater 
than moderate aortic regurgitation was detected 
in 2% of patients, and this finding was found to 
be associated with surgical manipulation of aor-
tic commissure. Interestingly, in 80% of patients 
with preoperative signs of myocardial ischemia, 
surgery allowed the resolution of ischemia. 
However, there were 15 coronary-related reoper-
ations (4%), and freedom from any reoperation 
was 93% at 1  year, and 90% at 7  years. The 
authors concluded that, although surgery was 
found to be safe and effective in resolving myo-
cardial ischemia in most patients, there are few 
patients who can experience serious postopera-
tive complications. Thus, the question whether 
the risks of SCD outweigh the risks of surgery is 
still to be answered, and the authors stress the 
importance of understanding the eventuality of 
these risks in the surgical decision-making.

 The European Experience

The European experience started later in 2016, 
with a retrospective data collection among the 
members of the European Congenital Heart 
Surgeons’ Association (ECHSA). In 2019, the 
early results from the first European multicenter 
registry of AAOCA were published, including 
217 patients, which had been collected retrospec-
tively from 16 institutions [39]. Patients were 

divided into two groups according to treatment 
strategy: surgical (72%) versus medical (28%). 
Incidence of AAOLCA to AAORCA was 1:2 to 
1:3 in both groups.

Patients who underwent surgery were mostly 
those with an anomalous left coronary artery, 
symptomatic (87%), and with an intramural 
course (63%). The unroofing procedure was the 
technique of choice in most cases (56%) fol-
lowed by reimplantation (19%) and CABG 
(15%), whose incidence was slightly higher than 
other reports, since the median age of the patients 
was higher and mostly were adult patients. 
Nevertheless, operative mortality was confirmed 
to be very low (1.3%), occurring mostly in 
patients with compromised preoperative clinical 
conditions. Specifically, in this series, 1 occurred 
after emergency surgery for aborted SCD, the 
other in an infant after a rescue CABG.  At a 
median follow-up of 18  months, there were 3 
additional deaths. Patients who did not undergo 
surgery, and were followed up with medical treat-
ment only, were presenting symptoms less fre-
quently (44% vs. 87%), and had a low-risk 
anatomy. Noticeably, at the short follow-up avail-
able, there were no deaths in the medical group. 
However, the occurrence of overall and coronary- 
related adverse events did not differ in a statisti-
cally significant way between the two groups. On 
the other hand, surgery clearly turned out to be an 
effective option in allowing patients to return  to 
unrestrained life and sport activity. In fact, 48% 
of surgical patients returned to practice sports, 
compared to only 18% of medical patients 
(p < 0.001).

Despite the evident limitations, the results 
from this registry support that surgery, especially 
the unroofing procedure, is safe and effective to 
resume physical restrictions, improving patients’ 
quality of life. However, as in the other reports, 
the protective effect of surgery cannot be con-
firmed yet, since the incidence of coronary- 
related cardiac events was unrelated to treatment 
strategy. As a conclusion, because of the limited 
number of patients and the short follow-up avail-
able, an accurate and constant clinical surveil-
lance is mandatory to assess the real long-term 
impact of surgical treatment on the risk of SCD in 
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patients with AAOCA. The study is ongoing as 
prospective study, and some answers to the many 
questions are expected.

 Conclusions

As a rare disease with an unknown real incidence, 
AAOCA represents a clinical condition where 
recommendations and guidelines lack of ade-
quate levels of evidence. Single-center experi-
ences, limited by small-number series and short 
follow-up times, are insufficient to answer if and 
in which cases AAOCA merits a surgical atten-
tion, and more importantly, the safety and effi-
cacy of this approach is still only hypothesized.

Multi-institutional prospective registries can 
help in providing a solid platform for a large col-
lection of patients and information. To date, an 
“older and experienced” Northern American reg-
istry and a “younger and growing” European reg-
istry have been created, and early and 
medium-term results have been published and are 
helping in refining year-by-year definitions and 
indications.

From both these experiences, surgical correc-
tion of AAOCA emerges to be a procedure that 
can be accomplished with low mortality and 
complications, and it is effective in resuming 
myocardial ischemia and physical activity restric-
tions. However, however, it can result in a variety 
of important morbidities, varying by the group 
evaluated. Also, follow-up times are still too lim-
ited to allow for further speculations on long- 
term durability and safety of this surgery, 
especially in younger patients. Future data from 
these registries might help us to solve these 
issues.Conflicts of interestNone declared.
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19Surgical Techniques for AAOCA

M. Lo Rito, O. Raisky, and A. Frigiola

 Introduction

Anomalous aortic origin of the coronary artery 
(AAOCA) is a rare congenital heart disease char-
acterized by an ectopic connection of the main 
coronary arteries to the aorta. The anomalous ori-
gin of the right coronary artery (AAORCA) from 
the left sinus is the most common form, while the 
anomalous origin of the left coronary artery 
(AAOLCA) is less common but more lethal [1, 
2]. AAOLCA is at higher risk of sudden cardiac 
death (SCD) than AAORCA, although the ana-
tomical characteristics such as the course, the 
intramural segment, and the ostium morphology 
are among the most determinant risk factors [3, 
4]. Clinical manifestations range from asymp-
tomatic to angina or sudden cardiac death (SCD) 
during effort. The magnitude of the clinical pre-
sentation is associated with the severity of the 
AAOCA, although the SCD remains a stochastic 
and unpredictable event not dependent directly 
on the amount of effort. It is helpful to adopt a 

structured approach while defining the AAOCA 
[4–6]. The risk is determined first by the type of 
anomalous coronary artery (LCA > RCA), sec-
ond by the course (interarterial > subpulmonary 
infundibular, retroaortic, or prepulmonic), and 
third by the ostium morphology (round < oval < 
slit-like < pinhole) and the angle of take-off. 
Lastly, the presence of an intramural segment 
(IM) and its length > 10 mm are considered sig-
nificant SCD risk factors [1, 2, 6]. Such anatomi-
cal risk classification can be obtained from 
coronary computed tomography (CT). Still, other 
provocative tests should be done, especially in 
asymptomatic subjects, to unmask myocardial 
perfusion alteration territory of the anomalous 
coronary artery.

The indications for surgical treatment are well 
accepted (Class 1 C) in symptomatic AAOCA or 
cases with stress-induced ischemia in the myo-
cardium irrorated by the anomalous coronary [4, 
7, 8]. The level of evidence to surgically inter-
vene decreases in Class II for the asymptomatic 
cases or without inducible ischemia in the corre-
sponding territory [4, 7, 8]. The AAOCA without 
surgical indication and no evidence of inducible 
ischemia return to physical/sport activity vary 
from complete restriction to participation in 
physical/sport activity after counseling [7].

There are various surgical techniques avail-
able, and each one has its specific field of appli-
cation and ability to treat the ischemic mechanism. 
However, it must also be remembered that not all 
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the techniques will allow restoring a typical ori-
gin. Therefore, in the following paragraphs, we 
will illustrate the specific indications, the techni-
cal pitfalls, and the possible complications of 
each technique, allowing the reader to plan the 
correct surgical repair and achieve the best long- 
term outcome possible.

 Surgical Techniques for AAOCA

 Patient Preparation

The patient’s preparation depends on the surgi-
cal approach adopted to perform the operation. 
A standard sternotomy is preferred for complex 
AAOCA forms, because surgery may require 
extensive manipulation of the aortic and pulmo-
nary roots. A minimally invasive approach has 
been proposed for adult patients either through a 
minimal sternotomy [9] or right anterior thora-
cotomy [10]. After pericardiotomy, careful 
examination of the epicardial coronary pattern 
may detect additional features useful for the fol-
lowing repair. The aorta is carefully separated 
from the pulmonary artery, and the periaortic fat 
is dissected to identify the abnormal coronary 
course and origin. The tissue dissection must be 
done gently to avoid damaging the unseen coro-
nary segment. Heparin can be administered 
once the anomalous coronary origin and course 
are identified. Aortic cannulation needs to be 
performed slightly higher at about 1 cm below 
the emergency of the innominate artery, because 
the aortotomy has to be 1 cm distal to the sino-
tubular junction or even higher to avoid coro-
nary lesions and preserve a good portion of the 
aorta for the suturing after the repair. A dual-
stage right atrial cannula is usually sufficient for 
central venous cannulation. However, a bicaval 
cannulation may be preferred in case of intra-
cardiac repair, pulmonary artery translocation, 
or infundibular relief procedure [11–14]. A left 
atrial venting is recommended to maintain a 
bloodless field during the repair. When applying 
the aortic cross-clamp, avoid the anomalous 
coronary and leave adequate space for the high 
aortotomy. The choice of cardioplegia solution 

is based on center preference, but we found very 
useful single shot cold-blood antegrade del 
Nido solution, since it allows myocardial pro-
tection for any of the procedures planned, avoid-
ing the need for repeated administration. The 
aortotomy needs to be done 1 cm distal to the 
sino-tubular junction, and in case of high take-
off, even slightly higher. Before extending the 
initial aortotomy, the coronaries’ ostium needs 
to be identified. This standard setup allows per-
forming almost all repairs with some minor 
modifications that will be addressed in the dedi-
cated paragraph.

 Unroofing of Intramural Segment
The unroofing technique is one of the most fre-
quent repair techniques used to treat AAOCA 
with intramural segment [14–18]. The intramural 
(IM) segment is the part of the anomalous coro-
nary artery that runs within the aortic wall. By 
running within the aortic wall layers, the intra-
mural segment acquired an oval shape [1, 2, 6, 
19], and it can be reduced in lumen [20, 21] dur-
ing effort due to dilatation of the aorta that 
“squeeze” such segment.

After the proximal aortic wall edges are sus-
pended for better exposure, both coronary arter-
ies’ ostium needs to be identified. Usually, in the 
case of AAOLCA, a typical shape right coronary 
artery is found in the right sinus of Valsalva 
where it is possible to find also the ostium of the 
anomalous left coronary artery. For the AAORCA, 
in the left sinus of Valsalva, we will find a normal 
positioned and shaped ostium of the LCA with an 
oval or slit-like orifice of the RCA (insert 
Fig.  19.1). The anomalous ostium is usually 
placed in proximity aortic valve commissure, and 
it is fundamental to define if the IM segment runs 
above, at the level, or below the commissure 
pilar. The anomalous coronary needs to be gently 
inspected with a coronary probe or a small right 
angle. The maneuver also shows the exact point 
of coronary take-off from the aorta that repre-
sents the distal limit of the unroofing. It is possi-
ble to place a marking stitch in 6–0 Prolene 
passed from outside the aorta at the margin of the 
emergence of the anomalous coronary artery and 
backward inside outside the aorta. We 
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Fig. 19.1 Unroofing of Intramural Segment. (a) After 
transverse aortotomy, the origin of the anomalous coro-
nary artery (RCA) is identified with its intramural seg-
ment (IM). (b) A marking stitch can be placed transfixing 
the aorta at the end of the IM segment. This marking stitch 
allows better visualization of the IM end and direction. A 

suspension stitch can be placed and the base of the aortic 
commissure pilar to improve exposure. (c) The IM is fully 
unroofed and several tacking sutures are placed to rein-
force the incised aortic wall. (d) The aortotomy is closed 
and the anomalous RCA is inspected to assess the filling 
and check for bleeding points

 recommended knotting the suture at the end of 
the procedure to avoid bleeding.

If the IM segment is above the aortic valve 
commissure, it is possible to proceed with the 
unroofing in three ways. Most commonly, the 
unroofing is done with Potts scissor angled, 
reverse, or straight depending on the IM orienta-
tion (AAOLCA or AAORCA). Another method is 
to leave the right angle inside the IM segment to 
protect the back wall and use a fine blade (n 15 or 
beaver blades) to incise the internal wall of the 
aorta and open the IM segment for its entire length.

The excessive aortic tissue can be removed 
with a fine blade or scissors to refine the margin. 
Such maneuver can be safely done in the supe-
rior margin of the incision, but it has to be care-
fully evaluated for the inferior aspect, 
considering the proximity of the aortic valve 
commissure.

The unroofing needs to be carefully evaluated 
if the IM segment runs at the aortic valve com-
missure level, because it may cause prolapse of 
both the leaflets [14, 22]. To preserve the 
 commissure integrity, it may be partially 
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detached and resuspended with pledgeted rein-
forced sutures after completing the unroofing 
[23].

If the IM runs below the commissure, other 
techniques such as anatomical repair, neo-ostium 
creation, and coronary translocation [18] should 
be chosen.

Once the unroofing is completed, the neo- 
ostium and the aortic cut wall can be reinforced 
with some interrupted figure of 8 tacking sutures 
using fine Prolene such 7–0. Tacking sutures pre-
vent infiltration of blood within the aortic wall or 
coronary intima dissection. If possible, tight the 
suture with the knots directed outward the coro-
nary lumen almost parallel to the aortic wall.

In conclusion, unroofing is a safe and easily 
reproducible operation that provides good results 
if adequately adopted. Significant advantages are 
the avoidance of coronary tissue manipulation, 
the impossibility of causing coronary distortion, 
and the reduced risk of bleeding. On the other 
hand, the disadvantages are mainly related to the 
impossibility of entirely correct the take-off 
direction of the coronary, especially in short IM 
segments, and the impossibility of enlarging the 
relative coronary hypoplasia immediately after 
the take-off from the aorta as described by some 
authors [11].

 Neo-Ostium Creation or Partial 
Unroofing
The neo-ostium creation is indicated in the 
AAOCA, which presents an intramural segment 
that runs below the intercoronary pillar or aortic 
valve commissure [18, 22]. Technically consists 
of a partial unroofing of the distal intramural part 
that lays in the correct sinus of Valsalva [18, 22]. 
Firstly, the IM segment has to be identified with a 
right angle as for standard unroofing and then, 
leaving the right angle in place, an incision of the 
aortic wall above the instrument is carried out 
with a fine blade. Once the IM segment is opened, 
the right angle can be removed and the incision 
can be completed with Potts scissor. This maneu-
ver creates a neo-ostium in the correct sinus of 
Valsalva without touching the aortic valve struc-
tures and the edges of the incision can be secured 
with a tacking suture as for the unroofing. This 

technique prevents the risk of aortic regurgitation 
by relocating the anomalous coronary origin in 
the correct position, but it has the same limita-
tions as the unroofing.

 Ostioplasty or “Anatomical Repair”
Ostioplasty or anatomical repair is different from 
neo-ostium creation because it encompasses an 
incision of the anomalous coronary artery, the 
aorta, and an augmentation patch placement [18, 
24–26]. The hospital Necker in Paris [11, 26, 27] 
popularized the technique developed for the 
ostial coronary stenosis developed after arterial 
switch operation [28, 29]. It can be used for 
AAOLCA or AAORCA and have the advantage 
of addressing any proximal hypoplasia of the 
coronary segment immediately after the aorta 
take-off. For AAOLCA the pulmonary trunk 
must be wholly separated from the aorta down to 
the annulus level. It may be necessary to transect 
it completely to visualize the anomalous LCA 
better. Pulmonary artery transection can also be 
done if a translocation is planned after the repair. 
Once the cardiopulmonary bypass is instituted, 
and cardioplegic arrest is achieved, the aortotomy 
has to be done at the level of the sinotubular 
region. The epicardial course of the anomalous 
coronary artery has to be dissected by removing 
any epicardial fat or connective tissue for about 
1  cm or up to the first bifurcation. Then the 
anomalous coronary artery has to be open longi-
tudinally, starting distally and ending proximally 
where the coronary leaves the aortic wall (insert 
Fig. 19.2). Then a vertical incision of the aorta in 
the proper sinus of Valsalva is carried out, direct-
ing it to join the longitudinal incision of the coro-
nary artery at the point where it leaves the aortic 
wall. In case of IM absence, the two incisions 
have to be joined inferiorly together with some 
interrupted suture. At this point, a large neo- 
ostium is created and the repair is completed by 
suturing a fresh or treated autologous pericardial 
patch starting from the apex of the coronary inci-
sion and ending at the aortotomy edges [26]. The 
patch can also be done by harvesting a piece of 
the pulmonary artery wall [18]. The intramural 
segment is usually left intact without unroofing. 
The aortotomy is closed using the technique 
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Fig. 19.2 Ostioplasty or Anatomical Repair. (a) The 
LCA is opened longitudinally from the distal segment 
before the bifurcation toward the aorta. The aorta is then 
opened vertically with the incision perpendicular to the 
coronary incision where the two openings need to join one 
to the other. (b) Inside vision of the new ostium with the 
autologous pericardial patch forming the superior roof for 

the repaired anomalous coronary artery. (c) The autolo-
gous pericardial patch is sutured starting from the apex of 
the LCA incision and continued to the edges of the aortic 
incision creating a roof for the new coronary ostium. (d) 
When the repair is completed, careful inspection is recom-
mended to exclude coronary distortion

 preferred and incorporating the patch in the 
suture line. If the MPA was transected, it will be 
resutured or translocated if a greater inter-arterial 
space is required. The advantage of this tech-
nique is that the neo-ostium is generally larger 
than the unroofing or osteoplasty. It also allows 
enlarging with the patch any relative proximal 
coronary hypoplasia. The major disadvantage is 
extensive manipulation of the coronary artery, the 
lumen may be distorted by an excessive long 
patch, and the patch can calcify or become aneu-

rismatic in the long term. Despite the lack of 
large series of patients operated with such a tech-
nique, we can transfer some evidence of good 
outcomes from reoperation of coronary stenosis 
after arterial switch operation operated with the 
same method [28, 29].

 Coronary Translocation 
and Reimplantation (TAR)
The coronary translocation and reimplantation 
(TAR) consist of detaching the anomalous coro-
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nary artery from the wrong sinus and the reim-
plantation in the appropriate sinus. This technique 
is indicated for those cases without intramural 
segment or in which the unroofing does not relo-
cate the coronary artery in the appropriate sinus 
[14, 18, 22, 30]. It can also correct anomalous 
coronary with a very acute angle of take-off. The 
preparation of the patients is similar to the above- 
described techniques, although in particular 
cases, extensive mobilization of the anomalous 
coronary artery may need to be carried out to pro-
vide good coronary mobility [18, 30, 31]. After 
the aortotomy, the anomalous coronary artery 
needs to be inspected. If there is no intramural 
segment, and if the anomalous coronary artery is 
not closed to the aortic valve commissure, a coro-
nary button can be prepared and reimplanted in 
the appropriate sinus using trap-door of punch 
techniques [14, 18, 30]. Next, the aortic wall 
needs to be reconstructed using a patch of the 
preferred material. In case of an intramural seg-
ment, its end needs to be identified and the coro-
nary artery can be transected as it take-off from 
the aorta. Next, the coronary stump is closed by 
direct suture, and an opening in the aorta in the 
appropriate sinus is done using a punch. The cor-
onary artery end is then sutured as a proximal 
bypass graft to the aorta [22, 30, 31], eventually 
with a proximal patch enlargement if the first 
millimeter of the coronary is narrow. Compared 
to the coronary button, this technique has been 
used more in adult patients. After reimplantation, 
the aortotomy is closed with the technique of 
preferences. TAR pitfalls are: a) avoid distortion 
and kinking of the coronary artery, b) properly 
select the reimplantation site, and c) keep the 
coronary adventitia layer intact to provide a 
stronger suture rim in case of TAR without an 
aortic wall button.

 Transconal Repair or Septal Relief 
of Subpulmonary AAOLCA
The transconal unroofing [32, 33] and the septal 
relief [11] are similar surgical procedures that 
address one of the most challenging symptom-
atic or ischemic forms of AAOLCA, the subpul-
monary or intraseptal course. Usually, these 
forms of AAOCA are at low risk of SCD, 

although few cases of symptomatic or ischemic 
presentation have been described [34]. Medical 
treatment with beta-blockers and restriction to 
sports activity is often sufficient to reduce the 
symptoms and the burden of adverse events. 
Transconal repair is a complex operation deemed 
only to the high-risk forms or not responsive to 
medical therapy. It includes an extensive mobili-
zation of the pulmonary root that has to be 
detached from the right ventricle similarly to a 
Ross autograft harvesting [11, 32, 33] (insert 
Fig. 19.3). The RVOT needs to be incised 1 cm 
below the pulmonary valve plane on cardiopul-
monary bypass and cardioplegic arrest. When 
detaching the posterior segment of the pulmo-
nary root, the anomalous coronary usually lays 
1–1.5 cm below the PV valve and it may be iden-
tified by an abnormal muscle bulging. After 
detaching the pulmonary root from the right ven-
tricle, a careful division of the entire muscular 
bridge above the intraseptal course of the LMA 
needs to be carried out [11, 32, 33] up to the 
return of the LMA at the epicardial level. After 
complete unroofing, the pulmonary root has to 
be reconstructed with the interposition of a pos-
tero-lateral augmentation patch (autologous 
pericardium) to augment the distance between 
the RV and the pulmonary root to avoid com-
pression of the relief anomalous coronary artery 
(insert Fig.  19.3). The pulmonary translocation 
can also be done during rewarming and on the 
beating heart [12, 13]. The result of such com-
plex repair seems to be good in terms of symp-
toms and ischemia relief. Still, there are only a 
few case series [11, 33, 34] with short follow-up 
and it has not yet proven to be superior to medi-
cal therapy compared to the potential long-term 
complication of such complex repair.

 Pulmonary artery Translocation
Pulmonary artery translocation has been pro-
posed and successfully used by a few centers 
based on the concept that the compression of the 
coronary artery occurs, because the aorta and the 
pulmonary artery compress it. The procedure 
alone may be considered only in the cases with-
out intramural segment, but it does not resolve 
the ostium morphology and does not restore the 
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a b

c d

Fig. 19.3 Transconal Repair or Septal Relief of 
Subpulmonary AAOLCA. (a) Mobilization of the pulmo-
nary root that has to be harvested as for a Ross operation; 
anomalous LCA has an intramyocardial course and may 
be appreciable as muscular bulging 1–1.5 cm below the 
pulmonary valve level. (b) Careful division of the entire 
LCA myocardial bridge. (c) Interposition of a posterior or 
postero-lateral (Najm modified patch) to augment the dis-
tance between the RV and the pulmonary root when reim-
planted. (d) Final result with the complete relief of 

anomalous LCA and reconstructed pulmonary root. 
Figure modified from Gaillard M, Pontailler M, Danial P, 
Moreau de Bellaing A, Gaudin R, du Puy-Montbrun L, 
et  al. Anomalous aortic origin of coronary arteries: an 
alternative to the unroofing strategy. Eur J Cardiothorac 
Surg [Internet]. 2020;58 (1):975–82. and Najm HK, 
Ahmad M.  Transconal Unroofing of Anomalous Left 
Main Coronary Artery From Right Sinus With Trans- 
septal Course. The Annals of Thoracic Surgery [Internet]. 
2019 Dec;108 (2):e383–6

correct origin of the coronary artery. Different 
variations have been adopted but mainly consist 
of transecting the main pulmonary artery at the 
bifurcation level that is patch closed and resuture 
it more laterally toward the left pulmonary artery 
[12, 13, 35]. A Lecompte maneuver or anterior 
right pulmonary artery translocation can be done 
in case an anteriorization of the MPA is required 
[12]. In adolescence or adult patients, sometimes, 

the adjunct of an augmentation patch or the inter-
position of the vascular graft may provide the 
mobilization or the space needed. The pulmonary 
translocation as a stand-alone procedure does not 
address the AAOCA pathogenetic mechanism 
and may leave behind residual lesions; therefore, 
it should be added to a primary repair technique 
listed above to create a larger distance between 
the two great vessels.
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 Coronary artery Bypass Grafting
Coronary artery bypass grafting (CABG) is a 
viable option to treat patients with AAOCA and 
diffuse atherosclerosis, severe ostial narrowing, 
and older age. The CABG is performed as each 
surgeon’s preference, but an arterial graft with 
the mammary artery should be preferred. It is 
important to understand the degree of flow 
restriction when considering performing CABG, 
because a competitive antegrade flow in mild 
restricted lesions may jeopardize the graft dura-
bility and patency. Some anecdotal cases reported 
ligation of an anomalous coronary at its take-off 
from the aorta to reduce such competitive flow, 
but the patient’s right or left coronary blood flow 
will rely only on the CABG. The CABG should 
not be used as primary repair unless for adult 
cases in which pathological atherosclerotic dis-
ease needs revascularization.

 Conclusions

The surgical treatment of AAOCA remains a 
challenge for every surgeon and cardiologist, 
and a systematic approach should be recom-
mended. There are several ways to manage 
AAOCA. Each one responds to a specific mech-
anism of ischemia or SCD that is often not 
demonstrated in provocative tests and depends 
on the experience of the surgical team. 
Therefore, defining the anatomical risk features 
is no longer a challenge, although those charac-
teristics do not always correlate with symptoms 
or provocative positive tests. The surgical treat-
ment in symptomatic patients is well estab-
lished, because it prevents or resolves 
myocardial ischemia. However, the actual chal-
lenges remain for the majority of the patients 
that usually receive such diagnoses inciden-
tally, do not present any provocative positive 
tests but have high-risk anatomical features and 
want to return to practice their active life. 
Knowing all possible surgical treatments and 
outcomes allows for correctly balancing surgi-
cal procedural risk with the benefit and the pre-
vention of adverse events. A tailored approach 

using all the available techniques is the only 
way to provide the best care to such young 
patients who, most of the time, are otherwise 
healthy and asymptomatic.
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20Impact and Management 
of Anomalous Aortic Origin 
of Coronary Arteries in Adult 
Patients Undergoing Cardiac 
Surgery for Acquired Heart 
Disease

Massimo Massetti, Maria Grandinetti, 
Federico Cammertoni, Piero Farina, 
and Piergiorgio Bruno

 Outline of Epidemiology 
and Diagnostic Assessment Tools 
for Anomalous Aortic Origin 
of Coronary Arteries in the Adult 
Population

Anomalous aortic origin of a coronary artery 
(AAOCA) is a congenital anomaly in the origin 
and course of a coronary artery that arises from 
the aorta.

In the most common forms of AAOCA, the 
right coronary artery originates from the left 
sinus of Valsalva or the left main coronary artery 
(or one of its divisional branches: left anterior 
descending artery or circumflex artery) originates 
from the right sinus of Valsalva. Less frequently, 
a coronary artery may originate from the non-
coronary sinus of Valsalva. Whatever the case, 
the anomalous coronary artery (ACA) may have 
either a separate or shared ostium with the nor-
mal coronary artery. As shown in Table 20.1, the 
course of an ACA may be interarterial, prepulmo- nary, retroaortic, or septal. Finally, cases where 

one or both coronary arteries originate above the 
sinotubular junction should also be considered 
among AAOCAs [1, 2].

AAOCAs in the adult population have a clini-
cal presentation ranging from occasional occur-
rence in asymptomatic patients to sudden cardiac 
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Table 20.1 AAOCA classification according to anatomi-
cal and functional features

Classification of AAOCA according to the origin of the 
abnormal coronary artery
   • Right coronary artery from the left sinus of 

Valsalva
   • Left main coronary artery (or left anterior 

descending artery or circumflex artery) from the 
right sinus of Valsalva

   • Either right coronary artery or left main coronary 
artery from the noncoronary sinus

Classification of AAOCA according to the course of 
the anomalous coronary artery
   • Interarterial
   • Retroaortic
   • Prepulmonic
   • Septal
High-risk anatomical features
   • High take-off, ostial stenosis, slit-like/fish-mouth- 

shaped orifice, acute-angle take-off, intramural 
course and its length, interarterial course, and 
hypoplasia of the proximal coronary artery

AAOCA anomalous aortic origin coronary artery
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death. In the United States of America, AAOCAs 
are the second leading cause of sudden cardiac 
death, after hypertrophic cardiomyopathy, in 
young, healthy adults such as athletes [1, 2].

The clinical impact depends on the site of ori-
gin of the anomalous coronary artery, the type of 
course, and whether there are any high-risk ana-
tomical features (Table 20.1).

AAOCA is a rare disease, the exact prevalence 
of which in the adult population is difficult to 
ascertain.

In patients over 18 years of age, the available 
data come mainly from angiographic studies per-
formed for ischemic heart disease due to 
atherosclerosis.

Although the true prevalence is unknown, 
many studies have reported data from 0.6% to 
1.3% [3–8].

In a pioneering angiographic study of approx-
imately 120,000 adult subjects between 1960 and 
1988, Yamanaka and colleagues found an overall 
incidence of coronary anomalies of 1.3%, of 
which 87% were AAOCA [9].

The prevalence of AAOCA from autopsy 
studies in the adult population is generally lower 
than angiographic studies, probably due to the 
use of different autopsy diagnostic techniques 
and the enormous heterogeneity of the study pop-
ulation [8, 10].

In contrast, studies based on coronary com-
puted tomography angiography (CCTA) have 
shown a higher incidence of coronary anomalies 
in the adult population than previous angio-
graphic studies [11–13]. For example, in a recent 
retrospective CCTA study of approximately 6000 
adult patients with a mean age of 52 ± 17 years 
(excluding patients with previous surgical revas-
cularization or associated congenital heart dis-
ease), a 1.7% prevalence\of abnormal coronary 
artery origin from the opposite sinus of Valsalva 
(course: 39% interarterial; 38% retroaortic; 15% 
subpulmonic; 5% prepulmonic; 2% others) was 
found [11].

By providing a three-dimensional reconstruc-
tion of the coronary tree, CCTA allows the origin, 
course, and anatomical relationships of the 
abnormal coronary artery to be clearly defined. 
Due to its two-dimensional nature, coronary 

angiography does not provide this information. 
In addition, CCTA offers the possibility to inves-
tigate the presence of those anatomical features 
associated with the risk of sudden death, such as 
narrowed slit-like orifice, acute take-off angle, 
intramural, and/or interarterial course of the 
anomalous coronary segment. The use of CCTA 
to provide a comprehensive anatomical assess-
ment of AAOCA may, when combined with clin-
ical data, allows individualized treatment 
decisions for these complex patients. Therefore, 
the evaluation of coronary artery anomalies using 
CCTA may not only allow the detection of coro-
nary abnormalities but also provide important 
prognostic information.

For these reasons, CCTA is the preferred diag-
nostic tool, so much so that the latest European 
guidelines for the management of adult patients 
with Congenital Heart Disease [14] recommend 
it as the reference method.

 AAOCA and Adult Acquired Heart 
Disease

While the association of coronary artery anoma-
lies with congenital heart disease is well known, 
the association of AAOCA with acquired valvu-
lar and aortic disease in the adult population is 
poorly investigated. The diagnosis of a coronary 
artery anomaly in adults may be an incidental 
finding during screening for acquired heart dis-
ease to be referred for surgery. In a recent retro-
spective study of 645 adult subjects diagnosed 
with a coronary artery anomaly, 167 were 
AAOCA cases. Among the latter, only 36 patients 
(21.6%) had undergone surgery to correct the 
coronary artery anomaly. In the subgroup of 
patients referred for correction of AAOCA, 36% 
had also undergone valve surgery, with aortic 
valve surgery being the most prevalent [15]. 
Similarly, in a large caseload study of over 3000 
patients undergoing CCTA, 53 (1.5%) had an 
AAOCA. Of these, 4 patients (7.8%) underwent 
aortic valve replacement and coronary artery 
bypass, with no change in surgical strategy as a 
result of the coronary artery anomaly [13]. On 
the other hand, 4% of patients referred for elec-
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tive aortic valve surgery had a coronary artery 
anomaly [16].

There is no specific evidence of the need to 
treat an anomalous coronary artery disease found 
occasionally as part of the preoperative screening 
of adult cardiac surgery candidates, and there is 
no agreed surgical strategy on which is the best 
treatment. Surgery for an acquired heart disease 
in the presence of an AAOCA raises important 
questions for the cardiac surgeon, first and fore-
most, the need to correct the anomaly. Indeed, 
unlike in children, a coronary artery anomaly 
found incidentally in adult patients who are can-
didates for other types of cardiac surgery would 
appear to have a low risk of sudden cardiac death. 
However, not correcting a coronary artery anom-
aly with risk characteristics could expose the 
patient to adverse clinical events in the future. 
Finally, it should be considered that during sur-
gery, the abnormal coronary artery may be dam-
aged, with severe short- and long-term 
complications.

When the decision is made to correct the coro-
nary artery anomaly, the heart surgeon has to 
choose which strategy to adopt. The two options 
are anatomical correction (unroofing, ostioplasty, 
reimplantation, and others) and coronary artery 
bypass. In this regard, several aspects are consid-
ered: the analysis of the coronary artery anatomy 
and the technical feasibility for anatomical cor-
rection of the AAOCA, the age and comorbidities 
of the patient, and the possible presence of asso-
ciated coronary artery stenosis.

Finally, it is essential to discuss the technical 
approach to preparing for cardiac surgery (can-
nulation sites for extracorporeal circulation, aor-
tic clamping site, type of aortotomy, and 
cardiotomy), aiming to avoid all possible sources 
of iatrogenic injury that could involve the origin 
and abnormal course of the affected coronary 
artery.

 Aortic Valve Surgery and AAOCA

As mentioned, an abnormal aortic origin of a 
coronary artery may be found in 4% of patients 
undergoing elective aortic valve replacement 

[16]. Bicuspid aortic valves are more often asso-
ciated than tricuspid aortic valves (7% vs. 3%). In 
addition, the abnormal coronary artery is more 
frequently the right one [16]. According to a 
recent adult AAOCA registry, 39% of patients 
with an indication for abnormal coronary artery 
correction also undergo an associated cardiac 
surgical procedure, most commonly an aortic 
valve replacement [15].

There are four issues to be managed when per-
forming an aortic valve replacement in a patient 
with an anomalous coronary artery origin and 
course: (1) direct coronary artery injury during 
aortotomy or dissection and suturing; (2) com-
pression by the valve prosthesis; (3) myocardial 
protection; and (4) whether the coronary artery 
anomaly needs to be corrected.

An abnormal coronary artery may be directly 
injured during aortotomy or suture placement 
[17]. In addition, the ACA may be compressed by 
the sewing ring of the implanted valve prosthesis. 
In this sense, the interarterial and retroaortic 
courses are at greatest risk [18, 19]. On the con-
trary, in cases of a prepulmonic or septal course, 
the risk is low, because the anomalous coronary 
artery runs away from the aortic root and ring 
[19].

Myocardial protection can be challenging. An 
abnormal coronary artery with an intramural 
course may be compressed by persistent pressure 
increase in the aortic root when anterograde car-
dioplegia is used [20]. Similarly, the presence of 
a narrow, slit-like ostium may hinder the admin-
istration of selective anterograde cardioplegia. 
Finally, problems may arise if the aortic clamp is 
placed below a high take-off coronary artery or if 
the artery is inadvertently injured during aortot-
omy [21, 22].

Regarding the need for correction, an interar-
terial course exposes the patient to a risk of sud-
den cardiac death in itself; when we add an aortic 
valve replacement, this risk increases signifi-
cantly and, therefore, corrective action seems 
reasonable during aortic valve surgery [8, 19]. A 
retroaortic course has not been associated with a 
high risk of sudden cardiac death. However, the 
patient undergoing aortic valve replacement may 
experience severe complications postoperatively 
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or at some time in the future and, therefore, the 
problem should be addressed during surgery. The 
presence of a slit-like ostium, an intramural tract, 
and acute take-off are additional reasons to pro-
ceed with correction of the anomaly. Finally, sep-
tal and prepulmonic courses have rarely been 
described in patients undergoing aortic valve 
replacement: in these cases, the anomalous coro-
nary artery is far from the aortic valve ring and 
the risk of periprocedural complications such as 
sudden cardiac death appears low.

Although patients with a coronary artery 
anomaly undergoing aortic valve replacement are 
at increased risk of ischemic complications in the 
postoperative period [16], there is no uniformity 
on when and how to treat this condition.

 Retroaortic Course of an Anomalous 
Coronary Artery

The most common occurrence is an anomalous 
circumflex artery originating from the right sinus 
of Valsalva (or directly from the right coronary 
artery) and running retroaortically (Fig. 20.1). In 
this case, implantation of an aortic valve prosthe-
sis may result in direct damage due to sutures or 
compression (Fig.  20.1  - insert), especially in 
cases of calcification of the mitral-aortic junction 
[23]. The typical clinical picture is characterized 
by myocardial ischemia with ST-segment 
changes, electrical or hemodynamic instability 
during weaning from cardiopulmonary bypass, 
or in the immediate postoperative period in the 

Fig. 20.1 Aortic Valve Replacement in the presence of 
an anomalous circumflex artery originating from the right 
sinus of Valsalva and with a retroaortic course. Most com-
monly, the anomalous coronary artery is the circumflex 
(aCx), which, originating from the right Valsalva sinus, 
assumes a retroaortic course, forming a close relationship 
with the aortic valve ring in the noncoronary artery por-
tion of the Valsalva sinus. Implantation of an aortic valve 

prosthesis (AVP) can cause compression or constriction of 
the aCx due to the sewing ring or stitches, respectively 
(insert – red arrow). The two main approaches proposed to 
manage this condition have been the complete mobiliza-
tion of the aCx or downsizing of the aortic valve prosthe-
sis. AO aorta, RCA right coronary artery, PA pulmonary 
artery, LAD left anterior descending artery
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intensive care unit [24, 25]. Serious complica-
tions may also occur at a considerable distance 
after surgery [26, 27].

 Isolated Aortic Valve Replacement
Two approaches have been described to manage 
this situation: 1) mobilize the circumflex artery 
throughout its retroaortic course without under-
sizing the prosthesis [18, 28, 29] or 2) leave the 
circumflex in place and use an undersized pros-
thesis [30, 31], preferably stentless or homograft 
[17, 26, 31, 32]. In any case, it is preferable to 
implant the prosthesis in a supra-annular position 
and to use a noneverting, interrupted suture.

In a small study of 3 patients, Botta et al. [28] 
suggested completely skeletonizing the anoma-
lous circumflex artery from the aortic root in 
order to implant a prosthesis of adequate size. 
Similarly, Liebrich et al. [29] reported the results 
of 6 patients, with an anomalous origin of the cir-
cumflex artery from the right sinus of Valsalva 
and a retroaortic course. In this case, too, the 
anomalous coronary artery was skeletonized and 
detached from the aorta down to the atrioventric-
ular groove, only afterward performing a valve 
replacement with a stented prosthesis (4 patients), 
an isolated valve repair (1 patient – subcommis-
sural plication + free margin reinforcement) or 
combined with a noncoronary sinus of Valsalva 
replacement (1 patient – modified Yacoub + cen-
tral plication).

In contrast, Alameddine et  al. [30] limited 
themselves to downsizing the prosthesis (5 
patients) or to aortocoronary bypass without 
downsizing (2 patients). In their study, the need 
for aortocoronary bypass arose from the inability 
to mobilize the abnormal circumflex artery or in 
the case of a slit-like ostium of the coronary 
artery itself.

While Botta and Liebrich did not report any 
postoperative complications, Alameddine et  al. 
described two cases of postoperative myocardial 
ischemia requiring urgent percutaneous coronary 
intervention in patients in whom downsizing 
alone had been chosen. Furthermore, the risk of 
patient-prosthesis mismatch is real, particularly 
for patients with a small aortic annulus.

Interestingly, Doty et  al. [32] noted that, in 
cases of an anomalous circumflex artery associ-
ated with a bicuspid aortic valve, the rightward 
displacement of the anomalous circumflex and 
right coronary artery ostia causes the ACA to take 
an oblique course over the non-coronary sinus 
and a shorter relationship with the aortic annulus. 
Thus, in cases associated with a bicuspid aortic 
valve, they did not consider mobilization of the 
circumflex artery to always be necessary. Rather, 
Doty et  al. pointed out that oblique aortotomy 
could be dangerous in this case and recom-
mended transverse aortotomy. Umakanthan et al. 
described the case of a patient in whom a mechan-
ical prosthesis was implanted tilted above the 
non-coronary annulus to prevent compression of 
the anomalous circumflex artery [33]. Although 
this approach was effective, there are concerns 
about the absence of perivalvular leaks at 
follow-up.

Sutureless prostheses have less radial force 
than a balloon-expandable transcatheter valve 
and reduce the number of stitches to be passed 
through the ring. Cerillo et al. reported favorable 
outcomes for 4 patients treated with sutureless 
prostheses without the need to undersize the 
prosthesis and without any special precautions 
against abnormal coronary artery disease [34].

 Aortic Valve Replacement 
and Atrioventricular Valve Surgery
In the case of aortic valve replacement and a con-
comitant atrioventricular valve procedure, the 
risk of complications is higher. In a patient under-
going aortic valve replacement and tricuspid 
valve repair for endocarditis, Castillo et al. opted 
for simultaneous downsizing of the aortic valve 
prosthesis and mobilization of the anomalous cir-
cumflex artery [23]. To further reduce the risk of 
compression of the ACA between the two sewing 
rings, the tricuspid valve was repaired with a 
prosthetic band implanted only in the posterior 
and septal portion of the ring.

In cases of combined aortic and mitral valve 
replacement or aortic valve replacement in the 
presence of a calcified mitral annulus, undersiz-
ing the aortic valve prosthesis alone may be 
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insufficient [35, 36]. In such cases, complete 
loosening of the abnormal circumflex and possi-
bly aortocoronary bypass have been suggested 
[23, 31].

 Aortic Valve Replacement and Aortic 
Root Enlargement
When a root enlargement procedure is necessary, 
the presence of an ACA course can be a problem. 
In these cases, a correct preoperative overview is 
even more important to choose the type of surgi-
cal approach. Anterior enlargement or reimplan-
tation with posterior enlargement may be 
considered in cases of a retroaortic coronary 
artery [37]. Conversely, when the ACA has an 
interarterial course, the anterior approach should 
be avoided [38, 39].

 Inter-Arterial Course of an Abnormal 
Coronary Artery

A coronary artery with an abnormal origin and 
interarterial course (Fig. 20.2) may require sur-
gical treatment per se [8]. In fact, this condition 
has been associated with a high risk of sudden 
cardiac death due to compression of the anoma-
lous coronary artery between the aorta and the 
pulmonary artery, especially during exercise. A 
slit-like orifice, an acute take-off angle, or the 
presence of an intramural tract increase the risk 
of myocardial ischemia. Although both an inter-
arterial course of the right and left coronary 
artery have been associated with sudden cardiac 
death, the latter condition seems to be at greater 
risk [40].

Fig. 20.2 Aortic Valve Replacement in the presence of 
an anomalous right coronary artery originating from the 
left sinus of Valsalva, and with an interarterial course and 
intramural tract. The anomalous interarterial course of a 
coronary artery represents a risk condition in itself, as the 
anomalous coronary artery can be compressed between 
the aorta (AO) and the pulmonary artery (PA), typically 
under stress conditions. The presence of a slit-like ostium, 
an acute take-off, or an intramural tract significantly 

increases the risk of complications. In the figure, an 
anomalous right coronary artery (aRCA), originating 
from the left Valsalva sinus and with an interarterial 
course, has an intramural tract (dashed line). In the case of 
aortic valve replacement with prosthesis (AVP), the risk of 
periprocedural complications is high and unroofing is 
highly recommended. LM left main coronary artery, Cx 
circumflex artery, LAD left anterior descending artery
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In patients undergoing aortic valve replace-
ment, complications related to compression of 
the abnormal interarterial vessel have been 
described and can be extremely severe [41, 42]. A 
strategy to manage this condition is mandatory in 
these cases. If the ACA has an intramural tract, 
unroofing has been the most widely used tech-
nique [43, 44] (Fig. 20.2 – insert). In their review, 
Davies et al. [43] described 36 patients with an 
ACA with an interarterial course. In 94% of the 
cases, the anomalous coronary artery also had an 
intramural course. Six patients (16.7%) also 
underwent associated procedures (replacement/
repair of the aortic valve 4; mitral valve 1; or 
ascending aorta 1). Interestingly, 61% (22 
patients) underwent unroofing, preferably when 
the anomaly involved the right coronary artery. 
The main risk of unroofing is distortion of the 
commissure between the right and left cusps, 
resulting in aortic valve failure. Obviously, in 
patients undergoing aortic valve replacement, 
this is not the case [15]. On the contrary, in 
patients in whom a valve repair is planned, the 
course of the intramural tract must be evaluated. 
If it lies above the commissure, the risk of distor-
tion is minimal. If, however, it lies below the 
commissure, there are two possibilities: detach 
the commissure, unroof the intramural segment, 
and resuspend the commissure; or create a new 
ostium.

In cases where there is no intramural course, 
unroofing is not feasible, or there is associated 
atherosclerotic disease, coronary artery bypass 
has been the most popular alternative [43, 45, 
46]. However, there are numerous concerns 
regarding the patency of a graft on an anomalous 
coronary artery without atherosclerotic disease 
[43, 47, 48], whether the anomalous coronary 
vessel should be ligated [49, 50], or what type of 
graft should be used (artery vs. vein).

Although pulmonary artery translocation [51] 
and reimplantation [52] are described as further 
options, there are no reports of patients undergo-
ing aortic valve replacement. Although effective, 
these two procedures are technically demanding 
and do not fit well with the need to also perform 
aortic valve replacement.

Apart from anecdotal cases [53] in which cor-
rection of the anomalous coronary artery was not 
performed, complications have occurred during 
weaning from the extracorporeal circulation or in 
the intensive care unit, with the need to perform 
an urgent aortocoronary bypass [41, 42]. For this 
reason, this approach should be discouraged.

 Abnormal Coronary Artery 
Originating above the Sinotubular 
Junction

In patients who are candidates for aortic valve 
replacement, the anomalous origin of one or both 
coronary arteries above the sinotubular junction 
is a potentially risky condition, especially when it 
has an intramural course [54, 55]. In these cir-
cumstances, the likelihood of injury to the anom-
alous coronary artery during aortotomy 
(Fig. 20.3) and the need for unplanned aortocoro-
nary bypass are high [55]. To avoid this compli-
cation, a complete preoperative imaging that 
includes, in addition to coronarography, a CCTA 

Fig. 20.3 Anomalous coronary artery originating above 
the sinotubular junction. In some cases, the anomalous 
coronary artery arises above the sinotubular junction. In 
these cases, myocardial protection can be compromised if 
the aortic clamp is placed below the ostium of the anoma-
lous coronary artery (asterisk) or in the case of injury dur-
ing aortotomy (black arrowhead). Comprehensive 
preoperative imaging allows, in most cases, the identifica-
tion of the coronary artery anomaly and the taking of 
appropriate precautions (the dashed line describes the 
course of the right coronary artery in the atrioventricular 
sulcus.)
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is essential [55, 56]. Indeed, coronarography 
alone may not be sufficient to clarify the origin 
and course of a coronary artery with high take-off 
[55–57]. When a high origin of the ACA is sus-
pected or established, based on its course, it may 
be necessary to perform a right-sided transverse 
[22, 56] or vertical aortotomy [58]. When there is 
an intramural course, unroofing or reimplantation 
is not feasible, because there is a risk of exces-
sively weakening the aortic wall and having to 
replace it [55]. Conversely, when there is no 
intramural course, prior isolation of the coronary 
artery has been proposed [22].

It is important to consider that in these cir-
cumstances, myocardial protection may be com-
promised [21]. Indeed, placement of the aortic 
cross-clamp below the ostium of an abnormal 
coronary artery or injury/disruption of the course 
may compromise the correct administration of 
cardioplegia (Fig. 20.3). In these cases, it is use-
ful to consider retrograde administration, after 
excluding associated anomalies such as the pres-
ence of a persistent left superior vena cava [22].

 Aortic Root Surgery and AAOCA

The risk of injury to an ACA during aortic root 
surgery is greater than that for isolated aortic 
valve replacement because of the need to free the 
aortic root from adjacent anatomical structures. 
In addition, the creation of the coronary buttons 
and their reimplantation on the vascular graft 
may be complex in the presence of an abnormal 
coronary artery origin or course.

In valve-sparing aortic root replacement, these 
critical issues may deter the surgeon from retain-
ing the native valve [59–61]. However, even more 
so than in isolated aortic valve replacement, it is 
essential to know precisely the origin and course 
of the coronary arteries before planning an aortic 
root operation [59, 62, 63].

In the case of a circumflex artery with abnor-
mal origin from the right sinus of Valsalva and 
retroaortic course, its complete mobilization, 
until it enters the oblique sinus and vanishes in 
the left atrioventricular groove just before the 
base of the left atrial appendage, is necessary to 
avoid damage during root skeletonization, during 

packing of the proximal subannular suture line of 
the aortic graft at the ventricular-aortic junction 
(in case of reimplantation technique), and to pre-
vent kinking after reimplantation [29, 60, 64, 65]. 
When preparation of the vessel is impossible or 
the vessel is damaged, it has been recommended 
to ligate the anomalous circumflex artery proxi-
mally and proceed to aortocoronary bypass [65]. 
Although they had successfully isolated the 
anomalous coronary artery from the root, Akiel 
et al. still packaged a graft with the left internal 
mammary artery on the obtuse marginal branch, 
but this occluded early due to competitive flow 
[64]. Systematic closure of the native anomalous 
coronary vessel has been proposed [60]. The 
ACA is reimplanted alone or together with the 
right coronary artery in a composite button in the 
right sinus of Valsalva [64, 66] or in the tubular 
portion of the vascular graft [65]. In Bentall’s 
case, too, mobilization of an anomalous retroaor-
tic circumflex artery is essential [63].

The management of an anomalous left coro-
nary artery originating from the right sinus of 
Valsalva and with an interarterial course is com-
plex in valve-sparing procedures. Kaczorowski 
and colleagues described an extended mobiliza-
tion and translocation of an anomalous left coro-
nary artery arising from the proximal right 
coronary artery. After the entire course between 
the pulmonary artery and aneurysmal aortic root 
of the left coronary artery had been freed, it was 
separated from the right coronary artery (the ori-
gin was oversewn) and reimplanted on the vascu-
lar graft [67].

In the case of a right coronary artery originat-
ing from the left sinus of Valsalva and with an 
intramural course behind the commissure 
between the right and left cusps, Zanotti et  al. 
proposed mobilizing the right coronary artery 
from the point of emergence from the aorta 
(extramural segment of the anomalous artery) 
and creating a button at this level. This eliminated 
the intramural segment. However, the emergence 
of the right coronary artery from the aorta was 
extremely close to the commissure between the 
right and left cusps. To allow subsequent reim-
plantation, the aortic wall was left on the com-
missure and the incomplete button reconstructed 
with bovine pericardium before reimplantation. 
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The unknown of this solution is the fate of the 
pericardial patch [59].

Regardless of the course, an ACA often has a 
paracommissural ostium (misplaced very close 
to the commissure). In such cases, it is not pos-
sible to guarantee the simultaneous preparation 
of a button for reimplantation and the preserva-
tion of the commissure for resuspension in the 
vascular graft. A modified reimplantation tech-
nique has been proposed that involves leaving 
the anomalous coronary artery’s ostium “in situ” 
(attached to the commissure) and shaping the 
vascular graft with a vertical slit to accommo-
date it [68, 69].

Similarly, Matsuda et al. described a modified 
remodeling technique that leaves the misplaced 
ostium attached to the commissure [61]. Should 
dilatation of the aortic annulus be a concern, 
Mazzitelli and colleagues suggested the addition 
of an internal annuloplasty aortic ring [62].

Whenever quality of reconstruction is a con-
cern, the Bentall procedure should be considered, 
because proper coronary reconstruction should 
take precedence over valve preservation. Caceres 
et al. described a patient with aortic valve endo-
carditis and aortic root abscess who underwent 
the Bentall procedure. During the operation, they 
identified an anomalous right coronary artery, 
with its origin at the left sinus of Valsalva and an 
intramural course. In this case, as it was not nec-
essary to preserve the aortic valve, it was possible 
to unroof the anomalous vessel and create a but-
ton that was reimplanted on a stentless prosthesis 
[70].

Finally, when the aortic root is normal and the 
patient is a candidate for ascending aorta replace-
ment only, the high origin of one or both coro-
nary arteries may be a problem. Recently, 
Urbanski and colleagues proposed an original 
coronary artery ostial slide plasty, which was 
used successfully in a series of 23 patients. The 
procedure involves leaving the aberrant ostium 
within a “tongue” of the ascending aorta wall. 
Then, a half-round piece of the aortic wall is 
resected below the ostium, which is subsequently 
moved proximally into the sinus of Valsalva and 
sutured to the aortic wall [71]. This technique is 
an alternative to reimplanting the anomalous cor-
onary artery onto the vascular graft.

 Mitral Valve Surgery and AAOCA

Cases of AAOCA found in patients who are can-
didates for surgical treatment of mitral valve ste-
nosis or insufficiency are anecdotal.

Imori et al. described a case of severe mitral 
valve regurgitation due to myxomatous valve dis-
ease in which a right coronary artery originated 
from the left sinus of Valsalva with an interarte-
rial course. After documenting the presence of 
ischemia on stress cardiac scintigraphy, a com-
bined mitral valve replacement and aortocoro-
nary bypass using a vein graft was performed 
[72].

Bakker et al., on the other hand, described a 
case of severe mitral valve regurgitation due to 
myxomatous valve disease associated with an 
anomalous left coronary artery originating from 
the right coronary sinus with a retroaortic course 
(course close to the anterior mitral annulus). In 
this case, the Authors did not treat the ACA, but 
simply used an open flexible annuloplasty ring to 
minimize the risk of iatrogenic compression 
injury [73].

In a case of mitral valve stenosis associated 
with an anomalous right coronary artery originat-
ing from the left sinus of Valsalva with an interar-
terial course and a very short intramural course, 
Refattlari et al. described a combined operation 
of mitral valve replacement with mechanical 
prosthesis and a saphenous vein by-pass. Their 
surgical choice was explained by the technical 
infeasibility of unroofing due to the presence of a 
too short intramural course and the presence of 
coronary stenosis at the ostium of the right coro-
nary artery. The use of the venous conduit was 
justified by the small caliber of the right internal 
mammary artery [74].

The lack of data in the literature on the asso-
ciation between AAOCA and mitral valvulopathy 
still leaves much room for debate on whether 
coronary artery disease should be treated at all 
times during mitral valve repair/replacement. 
However, there is agreement that adequate preop-
erative screening with coronary angiography or 
CCTA should be performed in all mitral surgery 
candidates, as with aortic surgery, regardless of 
age or risk factors, to exclude the presence of 
possible coronary artery anomalies.
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 Conclusions

In the adult population, the finding of an anoma-
lous coronary artery aortic origin in conjunction 
with other cardiac surgery is rare, and presents a 
controversial scenario for cardiac surgeons oper-
ating on adults.

The literature on this subject is scarce and het-
erogeneous, and no treatment algorithms are 
defined. Both the need to correct the anomaly and 
the type of correction must be weighted and “tai-
lored” to the individual patient, considering the 
type of coronary artery anomaly (origin, course), 
the surgical risk, and, last but not least, the risk of 
developing periprocedural or future complica-
tions due to the coronary artery anomaly itself 
(Fig.  20.4). Indeed, a coronary artery anomaly, 

which remains silent until adulthood, could cre-
ate numerous problems following aortic/mitral 
valve or aortic surgery. In this sense, accurate 
preoperative imaging and a multidisciplinary 
approach by the Heart Team are absolutely 
necessary.

Of no less importance is the possibility to per-
form the surgery in a hybrid operating theatre. In 
fact, this solution makes it possible to verify 
angiographically, already at the end of the proce-
dure, the patency of the anomalous coronary 
artery, both in cases where it has been corrected 
and in cases where the conservative approach has 
been chosen.

An international registry that could unify data 
on AAOCA in the context of adult-acquired heart 
disease is highly desirable.

AAOCA associated with adult cardiac surgery
for acquired heart disease

Interarterial course
Intramural course
«Slit-like» orifice
Acute take-off

Symptoms related to
AAOCA ?

NO

LOW

LOW

Conservative
treatment

AAOCA surgery

Risk of
intra-operative/peri-operative

complications related to AAOCA

HIGH

HIGH

YES

Risk of cardiac
sudden death ?

Fig. 20.4 Algorithm for the management of AAOCA 
associated with acquired adult cardiac surgery. Although 
the evidence is too limited to allow the drafting of a shared 
algorithm, it is still possible to trace a decision-making 
process based on the principles of good clinical practice. 
The first element to be clarified is whether the patient 
presents, or has presented, symptoms attributable to the 
coronary artery anomaly. Establishing whether a certain 
symptom is due to the cardiac defect for which the patient 
is a candidate for cardiac surgery rather than the coronary 
artery anomaly is not always easy. In such circumstances, 

it may be necessary to resort to specific diagnostic tests. In 
the absence of symptoms referable to the coronary artery 
anomaly, it is necessary to evaluate whether those ana-
tomical features (*) associated with the risk of sudden 
cardiac death are present. Finally, in cases of asymptom-
atic patients without features that expose them to a signifi-
cant risk of sudden death, it is necessary to consider the 
specific procedure for which the patient is a candidate and 
the specific risk of developing complications induced by 
the anomalous coronary artery
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21Pre- and Postoperative Care

Giuseppe Isgrò

 Introduction

The postoperative care of patients undergoing 
surgery with cardiopulmonary bypass (CPB) 
requires expertise in intensive care, as well as a 
thorough understanding of congenital heart dis-
ease (CHD) pathophysiology. Significant chal-
lenges are management of the low cardiac output 
(LCO) syndrome, pulmonary hypertension man-
agement, systemic inflammatory response, and 
bleeding following CPB.  Another major chal-
lenge is the postoperative care of premature and 
low-weight infants (2.5 kg) with complex CHD 
who have a higher mortality risk when compared 
with children of normal weight with similar 
defects.

The type of surgical procedure, as well as age 
and weight and preoperative clinical conditions, 
will greatly impact the postoperative care. 
Neonates with ALCAPA and severe left ventricle 
(LV) dysfunction undergoing surgery procedure 
are at high risk of postoperative LCO syndrome. 
Extracorporeal Membrane Oxygenation (ECMO) 
support in this case should be considered as a first 
therapeutic choice, to avoid the use of high doses 
of catecholamines [1].

 Anesthesia

 Preoperative Consideration

Preoperative clinical evaluation is mandatory to 
assess the general condition of the patient and the 
type of cardiac disease and make plans for post-
operative care.

Routine preoperative tests (ECG, chest X-ray, 
and lab investigations) are usually required and 
evaluated by the anesthesiologist and, in some 
cases, review of echocardiography and other 
diagnostic tests (i.e., angiography, CT scan, and 
MRI). An assessment should include scrutiny of 
previous anesthetic records and prior 
premedication.

Certain patients, including chronically cya-
notic patients, are at risk of postprocedural 
bleeding, so that packed red cell units, fresh fro-
zen plasma, and concentrated platelet units 
should be quickly available according to the 
procedure.

Strict attention to intercurrent illness, mainly 
infections, is required, and if necessary, accord-
ing to patient clinical condition, the surgical pro-
cedure should be postponed till this resolves.

Fasting should be planned according to the 
age, clinical condition, and related laboratory 
investigations.

Psychological counseling aimed at adult 
patients and healthy teenagers at the first diagno-
sis should be considered prior scheduling surgery 
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in order to reduce anxiety and allow patients to be 
collaborative with ICU staff for postoperative 
care.

 Premedication

Drugs for premedication are administered to 
reduce anxiety and promote cooperation. 
Additional benefits include induction of anesthe-
sia without memory of this stressful time and 
reduced adrenergic stimulation that can be dele-
terious, particularly certain anomalies (i.e., tetral-
ogy of Fallot, uncompensated ventricular septal 
defect with pulmonary hypertension, and anoma-
lous origin of left coronary artery arising from 
the pulmonary artery).

Children under 6 months of age or those that 
are very sick often can be managed without pre-
medication as this can be deleterious under some 
circumstances.

Many drugs are available for premedication; 
the most commonly used are ketamine, mid-
azolam, fentanyl, and morphine. 
Dexmedetomidine, a new centrally acting alpha 
2-adrenoceptor agonist, has been used in the set-
ting of cardiac operations safely with good 
results.

The choice of the drug alone or in combina-
tion must be decided by the anesthesiologist after 
assessment of the patient and according to local 
experience and protocols.

 Sedation and Anesthesia

General anesthesia and invasive monitoring is the 
only choice for cardiac surgical procedures and 
can be administered according to the preopera-
tive condition [2].

Pathophysiology of any cardiac lesion 
should be discussed beforehand with the car-
diac surgeons to reduce the risk of anesthesia 
delivery, although modern anesthesia drugs 
have reduced impact on cardiovascular system 
(Table 21.1). Sevoflurane, a volatile anesthetic, 
has very little effects on systemic pressure and 
heart rate.

Midazolam is safely used to maintain seda-
tion, usually in combination with fentanyl or 
morphine.

The use of muscle relaxants that permit to 
keep the patient ventilated under general anesthe-
sia is nowadays safe, because the introduction of 
many newer agents with low rate of adverse 
effects, as well as the combination of modern 
volatile anesthetics and modern muscle relax-
ants, has reduced to very rare event the incidence 
of malignant hyperthermia.

Cisatracurium, a non-depolarizing muscle 
relaxant, a cis-isomer of atracurium, is indicated 
in pediatric anesthesia because of the absence of 
histamine release; its half-life is 22–29 min and it 
is eliminated through the Hoffman metabolism, 
so it can be used safely in patients with poor renal 
function.

Table 21.1 Anesthetic drugs

Drug Induction Maintenance
Ketamine 0.5–2 mg/kg 0.01–0.05 mcg/kg/min
Midazolam 0.1–0.3 mg/kg 1–3 mcg/kg/min
Propofol 1–2 mg/kg 3–5 mg/kg/h
Sevoflurane 3–5% 1–2%
Fentanyl 3–5 mcg/kg 1–2 mcg/kg/min
Morphine 0.1 mg/kg 1–2 mcg/kg/min
Cisatracurium
Rocuronium

0.1–0.2 mg/kg
0.6–1.2 mg/kg

1–2 mcg/kg/min
1–1.2 mcg/kg/min

Dexmedetomidine 1 mcg/kg 0.2–1.4 mcg/kg/h
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Rocuronium, as cisatracurium, is indicated 
also in pediatric anesthesia: it has a short onset 
(1–2  min), while the half-life is longer 
(60–70 min).

Rocuronium can be antagonized by 
Sugammadex (not indicated in children under 
2 years age).

 Monitoring in ICU

 Electrocardiogram

Electrocardiogram is used for continuous moni-
toring of heart rate, rhythm, and ST changes 
throughout the pre-, intra-, and postoperative 
period.

 Blood Pressure

Systemic blood pressure may be monitored non-
invasively during the most common procedures 
by an automated oscillometric technique.

During cardiac operations, it is necessary to 
monitor invasive blood pressure by arterial 
cannulation.

Central venous lines insertion and arterial 
cannulations can be technically difficult or 
impossible to perform in particular in those 
patients that are submitted to multiple proce-
dures in their clinic history, so that is important 
to consider the use of Ultrasonogaphy-guide 
approaches to vascular access to reduce the 
risk of vessels demage and related complica-
tions (i.e., pseudoaneurysm, arterial on venous 
occlusion, arterial dissection).

 Pulse Oximetry

It provides a continuous and noninvasive monitor 
of oxygen saturation, which is mandatory during 
both sedation and general anesthesia in pediatric 
cardiac patients, who are at risk of developing 
hypoxia.

 Capnometry

Is a continuous and noninvasive method of mea-
surement of expired carbon dioxide and is very 
useful to monitor the adequacy of ventilation dur-
ing general anesthesia or to detect malfunction or 
failure of the anesthesia machine. Moreover, it 
provides a useful information related to the qual-
ity of pulmonary perfusion and can reflect hemo-
dynamic changes.

 Temperature Monitoring

Temperature monitoring is extremely important 
especially in the newborns, who are at risk for 
hypothermia because of their relatively large sur-
face area and the inefficiency of their thermoreg-
ulatory mechanisms. Cutaneous temperature may 
be monitored by adequate probes. Central tem-
perature, if required, can be measured using a 
nasogastric probe.

In order to avoid hypothermia in children, it is 
important to warm the environment and the inha-
latory gases by a humidifier. Warming of intrave-
nous fluids may be needed. The use of heating 
blankets is also recommended especially in the 
newborn [3].

 ScvO2 (Continuous Mixed Venous 
Oxygen Saturation) Monitoring

Pediatric and adult patients with severe cardiac 
disease, who undergo cardiac operations, can be 
monitored with respect to cardiac output. In con-
genital heart disease patients, it is usually either 
not possible or desirable to insert a pulmonary 
artery catheter designed for output measurement. 
Currently central venous catheters with oximetry 
are available to continuously monitor venous 
saturations. These catheters are usually inserted 
into the right jugular internal vein like a normal 
central venous line, with the same dimension and 
length (PediaSat and PreSep catheters—Edwards 
Lifesciences, Irvine, CO) (Fig. 21.1).
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a b

Fig. 21.1 (a, b) PediaSat catheter (pediatric) (a) and PreSep catheter (adult) (b) (Courtesy of Edwards Lifesciences)

Fig. 21.2 NIRS monitoring

The continuous monitoring of venous satura-
tion can help to identify sudden changes in hemo-
dynamic status, rapidly changing when cardiac 
output decreases or increases.

This parameter is included also in the manage-
ment of the early goal-directed therapy (EGDT) 
for critically ill patients [4, 5].

 Near-Infrared Spectroscopy (NIRS) 
Monitoring

Another tool of hemodynamic monitoring is 
near-infrared spectroscopy (NIRS) (Fig.  21.2). 
NIRS is used in many clinical situations to con-
tinuously monitor cerebral and splanchnic 
 perfusion and has the potential to provide infor-
mation on the adequacy of systemic oxygen 
delivery. Some authors have demonstrated a good 
correlation between NIRS and ScvO2, but NIRS 
cannot precisely predict ScvO2 value, though it 
can be used for trend monitoring.
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 Pulmonary Artery Pressure 
Monitoring

Bedside inserted pulmonary artery Swan-Ganz 
catheter gives the physician the capability of 
direct intracardiac measurements in adult 
patients. Pulmonary artery catheters allow direct, 
simultaneous measurement of right atrial, right 
ventricular, pulmonary arterial, and pulmonary 
capillary wedge pressure. Moreover, pulmonary 
artery catheters can be used to estimate the car-
diac output via thermodilution technique. It also 
allows the diagnosis of oximetric fluctuations 
and the monitoring of mixed venous oxygen 
saturation.

 Cardiac Output (CO) Monitoring

Adequate tissue oxygen delivery (DO2) must be 
ensured in any intensive care patient [6]. The 
components of DO2 include cardiac output, 
blood hemoglobin concentration, and the s of 
oxygen saturation of the hemoglobin molecule.

DO2 = Cardiac output × 1.34 × hemoglobin 
concentration × oxygen saturation

There are several methods of CO monitoring 
based on thermodilution, Fick’s principle, 
Doppler, pulse contour analysis, and bioimped-
ance. CO monitoring methods are classified as 
invasive (pulmonary artery thermodilution), min-
imally invasive (pulse contour analysis or lithium 
dilution and esophageal Doppler), or noninvasive 
(thoracic bioimpedance, transthoracic Doppler, 
and plethysmography).

 Postoperative Management

 Ventilation Strategies

General anesthesia with positive pressure ventila-
tion provides a secure airway and control of 
Paco2, but increased intrathoracic pressure may 
alter hemodynamic parameters.

However, general anesthesia or deep sedation 
in ICU with positive pressure ventilation requires 
a correct approach to the patient and to the patho-

physiology of the underline cardiac disease; in 
some particular case is better to avoid high PEEP 
(Positive End Expiration Pressure), and use cor-
rect I:E time (Inspiration/Expiration ratio) is nec-
essary to have a less impact on venous return, 
mainly in patients with right heart failure, hypo-
volemia, or Fontan physiology.

The effect of pulmonary pressure on pulmo-
nary venous flow depends on the relative filling 
state of the pulmonary circulation.

During hypovolemic condition lung volume 
increase reduces venous return to the left ventri-
cle, while in a condition of fluid overload, lung 
volume increase would shift blood, thus increas-
ing pulmonary venous flow to the left ventricle.

Change in lung volume can alter the diastolic 
compliance of the left ventricle because of direct 
compression of the chamber and also due to ele-
vated right ventricular pressure that results in a 
conformational change of the interventricular 
septum.

As well as good ventilator setting is funda-
mental, the optimal Endotracheal Tube place-
ment is very important: displacement in right or 
left main bronchus or placement upon the 
Tracheal Carina can alter the hemodynamic 
parameters.

 Fluid Management

Appropriate fluid resuscitation is perhaps the 
most important hemodynamic intervention in the 
immediate postoperative period and should be 
first-line therapy for early hemodynamic 
instability.

Hypovolemia might be present at the begin-
ning of the procedure, particularly in small 
infants and children, secondary to dehydration 
occurring during prolonged periods of preopera-
tive fasting (NPO).

Hypovolemia is particularly important in very 
young, cyanotic, erythrocytotic, or shunt- 
dependent patients.

In these circumstances, it is preferable to 
administer intravenous (IV) isotonic fluids to 
maintain hydration during the fasting period prior 
to operations.
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Careful attention to blood loss is particularly 
important in neonates who have a small blood 
volume and in cyanotic patients.

Blood transfusion is mandatory to maintain 
normal level of hematocrit that should be 40–45% 
in newborn.

Cyanotic patients that experience blood loss 
may require red cell transfusions despite relative 
normal level of hematocrit.

In this case, it is very important to asses DO2 
(Oxygen Delivery) and Lactates levels to address 
the best fluid therapy.

Volume overload can occur during ICU stay 
and is less tolerated in patients with congestive 
heart failure or shunt lesions.

Fluids restriction and diuretics administration 
is required in this case.

 Hemodynamic Management

Hemodynamic lability is the rule in the early 
postoperative period. Virtually, all patients have 
postoperative myocardial dysfunction and 
decreased ventricular compliance, intravascular 
hypovolemia, and vasodilation. It is critical to 
appropriately manipulate preload, afterload, and 
inotropic support.

Causes of functional impairment include 
microcirculatory disturbances, hypertensive heart 
disease, congestive heart failure due to coronary 
artery disease, hypertrophic obstructive and non-
obstructive cardiomyopathy, and dilative 
cardiomyopathy.

The following surrogate parameters are pos-
sible indicators of a cardiocirculatory failure:

• ScvO2 < 60% with SaO2 98%.
• Mean arterial pressure < 60 mmHg.
• Urine output <0.5  mL/h, existing for longer 

than an hour.
• Plasma lactate >2.0 mmol/L.
• Peripheral vasoconstriction, delayed capillary 

refill and cool extremities.

Desired hemodynamic goals are a key element 
of the OR to ICU handover and may be adapted 
to individual patient characteristics or clinical 

scenarios. Commonly targeted hemodynamic 
variables include blood pressure, indices of pre-
load (cardiac filling pressures), and assessments 
of cardiac function and output. The overall goal 
of hemodynamic management is to maintain ade-
quate organ perfusion and oxygen delivery. There 
is increasing interest in “goal-directed therapy” 
(GDT) protocols, which place a premium on 
optimizing cardiac output and systemic oxygen 
delivery to meet patient-specific perfusion goals.

Hemodynamic management of postoperative 
cardiac patients requires integration of hemody-
namic, clinical, and laboratory data and interpre-
tation of those data within the overall clinical 
context.

 Inotrope and Vasopressor Support

Ventricular and vascular dysfunctions are fre-
quent after cardiac surgery, and many patients 
require inotropic or vasopressor support upon 
separation from CPB [7].

There are few data guiding choice of vasoac-
tive agents, and huge variability exists in their 
use.

Inotropes and vasopressors are included in 
different drug classes, together with catechol-
amines, phosphodiesterase inhibitors (PDEIs), 
and hormonal analogs, each with specific 
characteristics.

Commonly used inotropic catecholamines 
include epinephrine, norepinephrine, dopamine, 
and dobutamine.

PDEIs have attractive systemic and pulmo-
nary vasodilatory properties and may be particu-
larly useful in the settings of right heart failure 
and pulmonary hypertension. PDEIs are inodila-
tors and frequently require a concomitant vaso-
pressor to maintain adequate MAP.

PDEIs have longer half-lives than catechol-
amines, ranging from 30 to 60 min (milrinone) to 
3.5 h (amrinone).

This long half-life, along with well-described 
effects on platelet function and number, is an 
important consideration with PDEIs, in particular 
Enoximone. There is emerging interest in the cal-
cium sensitizer levosimendan. However, avail-
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able data do not yet support a beneficial effect of 
levosimendan on mortality.

Vasopressors are useful either in the face of 
excessive vasodilation or inodilator-induced 
hypotension. Typical agents are norepinephrine 
and the hormone vasopressin. At low doses 
(0.02–0.04  U/min), vasopressin is effective at 
treating postoperative vasodilation and 
vasoplegia.

Despite their invaluable role in the manage-
ment of postoperative cardiac patients, caution is 
required with inotropes and vasopressors. 
Inotropes increase myocardial oxygen demand 
and are arrhythmogenic; dopamine seems to be 
the worst drug in this regard. The use of inotropes 
after cardiac surgery may be independently asso-
ciated with postoperative myocardial infarction, 
stroke, renal dysfunction, and increased 
mortality.

Titrating vasopressors to achieve a higher 
MAP does not necessarily indicate an increase in 
cardiac output. Indeed, the increase in afterload 
may be at the expense of stroke volume and 
 systemic perfusion. Furthermore, high doses can 
cause ischemia in peripheral and splanchnic vas-
cular beds. Thus, the use of inotropes and vaso-
pressors should be judicious.

Vasodilators are commonly used to control 
blood pressure, reduce cardiac preload (venodila-
tors) or afterload (arterial vasodilators), maxi-
mize stroke volume, and prevent native and graft 
coronary vasospasm. Vasodilators are frequently 
used in combination with inotropes to minimize 
afterload and optimize cardiac output. In a hyper-
tensive or normotensive patient, reduction of 
afterload can dramatically increase cardiac out-
put and spare inotropic agents.

 Intra-Aortic Balloon 
Counterpulsation

The intra-aortic balloon counterpulsation 
(IABP) is today routinely used in cardiac sur-
gery for cardiovascular support in left ventric-
ular failure. Its employment in postoperative 
low cardiac-output syndrome due to an intra- 

or postoperative myocardial infarction follow-
ing aorto-coronary bypass operation or heart 
valve intervention is the classic indication in 
heart surgery patients. The IABP is usually 
implanted intraoperatively to facilitate wean-
ing from the CPB or postoperatively in the 
intensive care unit when the hemodynamic sit-
uation is deteriorating, and revascularization is 
not optimal.

The classic indications for the implantation of 
an IABP include a persistent or worsening LCOS, 
despite treatment with high-dose inotropes or 
vasoactive substances, ST- elevation, or new 
hypokinesia in the TEE, where surgical or inter-
ventional reversal is not possible and/or where 
surgical anastomoses are known to be problem-
atic and coronary revascularization was not 
complete.

IABP should only be used after cardiac sur-
gery when hemodynamic stabilization is not pos-
sible despite the use of high-dose positive 
inotropic agents and catecholamines.

 Venoarterial ECMO

ECMO support has become the preferred device 
for short-term hemodynamic support in patients 
with cardiogenic shock or difficult weaning from 
cardiopulmonary bypass (CPB), in particular in 
neonates and children (Fig. 21.3).

Nowadays, ECMO is increasing also in adult 
population.

VA-ECMO is used to restore adequate sys-
temic perfusion. Pump flow depends on the size 
of the vascular accesses, venous circuit resis-
tance, and the pump itself.

The blood is diverted from the systemic 
venous circulation to a pump that generates the 
suction and the propelling force. An external 
drive unit, controlled by a console, drives the 
pump that pushes blood inside a membrane 
oxygenator.

Centrifugal pumps are the most widely 
employed: they are preload and afterload depen-
dent as native heart, they act in a self-controlled 
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Fig. 21.3 A patient on ECMO with full monitoring

mode, and they have been implemented in the 
easy-to-use and easy-to-transport characteristics.

Membrane oxygenator is an artificial lung 
made of micro-fenestrated hollow fibers: blood 
flows outside the fibers, while, inside, an air mix-
ture allows gas exchange. Blood is rich in oxygen 
and removed by carbon dioxide (moved by a par-
tial pressure gradient) as normally happens inside 
alveolar-capillary membrane.

V-A ECMO provides both cardiac and lung 
functions so that native ventilation must be 
adjusted to trans-pulmonary flow: protective ven-
tilation (4–6  mL/kg) could be safely used, pre-
venting ventilator-induced lung injury (VILI).

ECMO requires anticoagulation, and bleeding 
and thrombosis are both faces of the same coin. 
Balancing these two aspects is large part of the 
ECMO job.

Unfractioned heparin (UFH) is the most 
widely used anticoagulant: empowering anti-

thrombin (AT) activity, it slows thrombin 
formation.

Direct Thrombin Inhibitors (DTI), as 
Bivalirudin and Argatroban, are going to be the 
first-choice anticoagulant in some large volume 
ECMO centers, to treat or prevent  heparin- induced 
thrombocytopenia (HIT), a rare form of 
thrombosis.

 Management of Bleeding 
and Transfusion Strategies

Bleeding is expected after cardiac surgery, but 
some patients experience significant hemorrhage 
[8, 9].

Perioperative bleeding in patients undergoing 
cardiac surgery is common. It may be insignifi-
cant and not require treatment or may be serious 
and life threatening.
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Bleeding is frequently treated with allogeneic 
blood product transfusion: packed red blood cells 
(PRBCs), fresh frozen plasma (FFP), or platelet 
concentrates (PC).

Although transfusion is recognized to 
adversely affect early and late outcomes, it 
remains common after cardiac surgery despite 
improvements in transfusion medicine and 
system- based protocols.

Although allogenic blood products transfu-
sions account for about 60% of cardiac surgical 
patients, there is an increasing use of plasma-
derived pro-coagulant factors (i.e., fVIIa, fibrino-
gen, prothrombin complex concentrate) 
according to different point-of-care tests (i.e., 
thromboelastography, platelet function tests) to 
minimize the side effects of multiple blood prod-
ucts transfusions, among witch stands out for 
gravity the Transfusion Related Lung Injury 
(TRALI) that is correlated to longer mechanical 
ventilation time, ICU stay and hospital stay, and 
increased mortality rate.

Management of postoperative bleeding and 
transfusions should be done according to interna-
tional specific guidelines and internal protocols, 
to minimize excessive bleeding damage and 
related huge transfusions.

 Postoperative Outcome

Surgery for coronary anomalies is safe with a low 
incidence of operative deaths and morbidity and 
usually is related to bad preoperative conditions.

Increased risk of heart failure, LCOS, and 
death is highly correlated to ALCAPA syndrome, 
in particular in those neonates with severe preop-
erative LV failure.

In this case, it is desirable to shift from CPB 
directly on ECMO those patients in operating 
room, to reduce the possible systemic adverse 
effects of high-dose catecholamines to treat 
LCOS.

V-A ECMO support, in fact, allows the possi-
ble recovery from surgery of LV dysfunction, 
using high dose of inodilators as Milrinone or 
Levosimendan reducing the risk of excessive 
vasodilatation enabling excellent perfusion of the 

splanchnic organs and the brain; in this way, the 
risk of kidney failure and brain damage should be 
minimized as these are the most critical adverse 
events correlated to LCOS.

Kidney failure alone, with the necessity of any 
kind of renal replacement therapy (RRT), 
accounts up to 50% of mortality risk in ICU.

Brain damage as consequence of LCOS can 
become a severe form of disability in the future 
of patients, especially for infants and children 
[10].
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22Postoperative Complications 
and Outcomes After AAOCA Repair

Anusha Jegatheeswaran

 Introduction

A variety of coronary artery anomalies exist, cat-
egorized as anomalies of the origin, course, or 
termination of the coronary artery. The variants 
of anomalous aortic origin of a coronary artery 
(AAOCA), while primarily categorized by their 
origin, often also include anomalies in the course 
of the vessel. Fortunately, the majority of these 
variants do not have any clinical implications. 
The challenge that clinicians face is in predicting 
which of the many variants of AAOCA do not fit 
this general paradigm and can have adverse out-
comes, such as unexpected sudden cardiac arrest 
or death. In those where the risk of adverse events 
is felt to be greater than the risk of surgery (some-
thing which still remains difficult to predict), sur-
geons are given the task of repairing these lesions 
in order to mitigate these risks. Historically, the 
impression was that many of these repairs were 
relatively simple low-risk cases, with the primary 
benefits of surgery considered to be eliminating 
the risks of sudden cardiac events and putting at 
ease both the families and patients who are often 
diagnosed incidentally.

The purpose of this chapter is to provide a cur-
rent understanding of the complications that can 

arise from surgery and the longer-term outcomes 
of repair for AAOCA. In recent years, as AAOCA 
has continued to be a hot topic, we are finally 
beginning to accrue adequate outcomes data, 
from both single center and multi-institutional 
cohorts, to not only have a clearer understanding 
of risk stratification, but to analyze and under-
stand the complications and outcomes of the vari-
ous repairs for AAOCA.

 Anatomy

AAOCA occurs when one or more coronary 
arteries arise from their non-usual sinus, or even 
an abnormal position within their usual sinus, or 
from a location above the sinotubular junction. 
Variations are defined based on which coronary 
artery is anomalous (most frequently right 
AAOCA (AAORCA), left AAOCA (AAOLCA), 
but may also more rarely be the left anterior 
descending, circumflex, or multiple vessels), the 
details of the origin (high, slit-like, stenotic, 
hypoplastic, and intramural), and the course the 
vessel takes (interarterial, intraconal (intrasep-
tal), prepulmonic, retroaortic, or retrocardiac). 
The anatomical variants of AAOCA result in het-
erogeneous risk profiles, which lead to a lack of 
clarity regarding how individual variants should 
be managed. A recent evolution in the perception 
of the anatomy, is that an interarterial course is 
no longer felt to be one of the main culprits of 
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ischemia, as the majority of patients with 
AAOCA in the CHSS study evaluating features 
of ischemia were found to have this anatomical 
variant [1].

 Balancing the Risk of Surgery 
with the Risk of Complications

One of the reasons why there has been interest 
in evaluating the complications resulting from 
AAOCA repair and the outcomes related to 
these repairs, was that it was thought to be sim-
ple and benign. This resulted in many patients 
rightly or wrongly undergoing surgery, with lit-
tle understanding of the implications of repair. 
Especially when little was understood about the 
natural history of leaving these patients unre-
paired. It remains that there is a significant 
amount of institutional and surgeon preference 
regarding how to proceed when presented with a 
patient with AAOCA. While the indication for 
repair is clear when a patient has presented with 
a sudden cardiac event, it is less clear when a 
patient presents incidentally. The current expert 
consensus guidelines recommend that those 
who have had chest pain or syncope due to ven-
tricular arrhythmias, or aborted sudden cardiac 
death, be activity restricted and undergo surgery 
(Class I), in addition to those with AAOLCA 
with an interarterial course (Class I), while 
those with an AAORCA should be evaluated for 
inducible ischemia prior to determining whether 
to undergo surgery [2]. While this recommends 
that essentially all patients with AAOLCA 
undergo surgery, in comparison, the protocol 
from Texas Children’s recommends that all 
patients undergo rigorous testing, and that 
asymptomatic AAOLCA patients only undergo 
surgery if they have high-risk anatomy, while 
for AAORCA patients with high-risk anatomy, 
the decision should be made in conjunction with 
the family [3]. Finally, the ACC/AHA adult con-
genital heart disease guidelines give a Class I 
indication for AAOLCA or AAORCA to 
undergo surgery in the setting of ischemic 
symptoms or ischemia, but this drops to IIa in 
AAOLCA patients without this, and IIa in 

AAORCA patients without this who have ven-
tricular arrhythmia, and IIb in AAORCA 
patients without ventricular arrhythmia [4].

 Postoperative Complications

At present, there is still very little data examining 
the complications and outcomes of patients fol-
lowing AAOCA repair. One of the issues is that 
most of the studies in the literature are single cen-
ter and have minimal follow-up. Complications 
following AAOCA repair from both short- and 
mid-term studies include those pertaining to all 
cardiac surgery, and those specific to the AAOCA 
repair itself. General complications reported in 
the literature include postoperative bleeding, 
wound infection, and pericardial effusions [5, 6]. 
Surgery specific complications include new or 
residual coronary ostial stenosis, new aortic 
insufficiency, new abnormal ejection fraction, 
and new arrhythmias or sudden cardiac death. 
The rate of complications reported in the litera-
ture has varied widely ranging from 4% to 67% 
depending on the patient group or study [5–11]. 
However, this large range is likely secondary to 
numerous factors including small sample sizes, 
lack of standardization in post operative assess-
ment, lack of follow-up, and the definitions used 
for specific complications (e.g., the degree of 
aortic insufficiency considered to be a new 
finding).

 Surgery-Specific Complications

One of the primary studies evaluating complica-
tions following AAOCA repair is the study by 
Jegatheeswaran and colleagues using the 
Congenital Heart Surgeons’ Society (CHSS) 
AAOCA cohort [5]. This study evaluated 395 
patients who underwent surgery from a cohort of 
682 patients from 45 centers, with a median age 
of surgery of 12.9 years (range 0.01–30.6 years), 
and a median follow-up of 2.8  years. Primary 
repairs in this study were dominated by unroof-
ing in 87% (344/395). Repair types also included 
6% each of patch ostioplasty (25/395), reimplan-
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tation (24/395), and pulmonary artery transloca-
tion (22/395). This was followed by neo-ostial 
creation in 3% (11/395), and both aortocoronary 
window creation and bypass grafting in 1% 
(3/395) each. Note that this does not add to 100% 
(total = 122%), as multiple strategies may have 
been used to address an individual patients’ anat-
omy. For example, this is often the case for 
patients with an intramural segment, where 
unroofing may be used in addition to another 
strategy such as reimplantation or an aortocoro-
nary window if unroofing alone does not relocate 
the vessel to the proper sinus. Of note, 26% 
(104/395) of all repairs included commissural 
manipulation as an adjunct.

This study evaluated a range of surgery spe-
cific morbidities. It found that 2% of patients 
developed new abnormal ejection fraction, that 
2–8% developed new aortic insufficiency (2% if 
moderate, 8% if mild), and that 2–4% developed 
new postoperative ischemia (2% if at their last 
investigation, or 4% if at any investigation fol-
lowing surgery). Of note, new mild or greater 
postoperative aortic insufficiency was associated 
with commissural manipulation during surgery. 
This suggests that techniques, which avoid com-
missural takedown and/or resuspension, may 
decrease the risk of developing aortic insuffi-
ciency postoperatively. Overall, when all surgical 
adverse events were considered, 7–13% of 
patients had one or more of coronary- related 
reoperations, new abnormal ejection fraction, 
new abnormal aortic insufficiency, new postop-
erative ischemia, and/or death. The range is due 
to whether one considers the occurrence of mild 
or moderate aortic insufficiency, in addition to 
whether one considers postoperative ischemia at 
any time or at the last evaluation.

Figure 22.1 demonstrates this data in a format 
useful to clinicians evaluating specific patient 
subgroups. The subgroups evaluated included 
patients with AAOLCA, AAORCA, those with 
patients with preoperative ischemia, those with-
out preoperative ischemia, those who underwent 
isolated unroofing, those who underwent unroof-
ing with commissural manipulation, and those 
who underwent strategies other than unroofing. It 
demonstrates that subgroups with a higher 

adverse event rate in comparison to the overall 
cohort rate of 7–13% include those with unroof-
ing with commissural manipulation (7–15%), 
surgical repair other than unroofing (12–19%), 
left AAOCA (14–20%), and most importantly 
those with preoperative ischemia (21–33%). In 
comparison, those subgroups with a decreased 
adverse event rate in comparison to the entire 
cohort include those without preoperative isch-
emia (4–9%), those undergoing isolated unroof-
ing without commissural manipulation (5–9%), 
and those with right AAOCA (4–10%). It should 
be noted that these are rough numbers, which do 
not incorporate a time-dependent component, but 
should simply be used as a rough guide to see 
trends. These data suggest that risk increases dra-
matically when all but a straightforward unroof-
ing without commissural manipulation is done in 
a patient with AAORCA who does not have pre-
operative ischemia. It should also be noted that 
risk depends on a combination of features spe-
cific to an individual patient, and patients may 
have one or more of the features described above, 
which would alter these estimates.

Other studies have reported varying rates of 
postoperative aortic insufficiency. Nees et  al. 
reported that during follow-up of 54/60 patients 
with a median of 1.6 years, it was found that 8/54 
(17%) patients had mild or greater AI, while 1 
also had moderate supravalvar aortic stenosis [6]. 
Wittlieb-Weber and colleagues reported that in 
their series of 24 patients with a median follow-
 up of 63 months (range 12–110 months), 4 (17%) 
developed mild aortic insufficiency [8].

The Columbia group also reported that, of 
53/60 (88%) patients with symptoms preopera-
tively, only 34/53 (64%) had complete postopera-
tive resolution of symptoms [6]. In comparison, 
when this was evaluated in the multi-institutional 
study by Jegatheeswaran and colleagues, it was 
found that a large proportion of patients did not 
undergo pre- or postoperative testing (which 
would be required to truly evaluate this), but that 
of 64 patients with confirmed ischemia preopera-
tively, 13 remained positive, and 23 did not have 
postoperative evaluation at the time of last fol-
low- up. It should also be noted that of 130 
patients who were negative preoperatively, 7 
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Fig. 22.1 Primary findings related to the surgical risks of 
AAOCA repair from the Congenital Heart Surgeons’ 
Society Study of outcomes following repair. Ranges for 
surgical adverse events based on calculation using occur-
rence of new mild or new moderate AI associated with 
commissural manipulation and new postoperative isch-
emia based on any or last postoperative ischemia test. 
AAOCA anomalous aortic origin of a coronary artery, AI 
aortic insufficiency, EF ejection fraction, AE adverse 
event, AAOLCA anomalous aortic origin of a left coronary 
artery, AAORCA anomalous aortic origin of a right coro-

nary artery. Figure  3 reprinted from The Journal of 
Thoracic and Cardiovascular Surgery, Volume 160 (3), 
from the article by Jegatheeswaran A, Devlin PJ, Williams 
WG, Brothers JA, Jacobs ML, DeCampli WM, Fleishman 
CE, Kirklin JK, Mertens L, Mery CM, Molossi S, 
Caldarone CA, Aghaei N, Lorber RO, McCrindle BW 
titled Outcomes after anomalous aortic origin of a coro-
nary artery repair: A Congenital Heart Surgeons’ Society 
Study, pages 757–771, copyright 2020 with permission 
from Elsevier [5]

were positive postoperatively. In this evaluation, 
the presence of ischemia could have been due to 
symptom-based criteria, the occurrence of a cor-
onary reoperation, or death after elective surgery. 
See Fig. 22.2.

 General Complications and Surgical 
Outcomes

In addition to the surgery specific complications 
described above, the study by Jegatheeswaran 
and colleagues also reported non-AAOCA 
surgery- specific complication rates including 1% 
stroke (3/395), 1% wound infection requiring 
antibiotics (3/395), 4% post-pericardiotomy syn-
drome requiring medical therapy (14/395), 1% 

chest tube insertion for pleural effusion (2/395), 
and 2% chest tube insertion for pneumothorax 
(6/395) [5]. It should be noted that these numbers 
were obtained from documents sent to the CHSS 
Data Centre by individual sites, including dis-
charge summaries and clinic notes, as opposed to 
primary data collection. As such, these rates may 
be an underestimation. Nees and colleagues simi-
larly reported low rates of general complications 
including transient arrhythmia in 7% (4/60), 
superficial wound infection in 2% (1/60), pneu-
mothorax requiring chest tube placement in 2% 
(1/60), and eventual wound revision in 3 patients 
(5%). Following discharge, they also reported 
that 18% (11/60) developed post-pericardiotomy 
syndrome (2 required pericardiocentesis). 
Wittlieb-Weber and colleagues reported that a 
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Fig. 22.2 Sankey diagram of preoperative and postoper-
ative ischemia status from the Congenital Heart Surgeons’ 
Society study of outcomes following repair. Presence of 
ischemia is based on ischemia testing, symptom-based 
criteria, coronary reoperation, or death following an elec-
tive surgery. To be classified as negative for ischemia, 
patients need to have undergone ischemia testing with a 
negative result. Unclassified patients did not undergo 
ischemia testing. Figure 1-A reprinted from The Journal 
of Thoracic and Cardiovascular Surgery, Volume 160 (3), 
from the article by Jegatheeswaran A, Devlin PJ, Williams 
WG, Brothers JA, Jacobs ML, DeCampli WM, Fleishman 
CE, Kirklin JK, Mertens L, Mery CM, Molossi S, 
Caldarone CA, Aghaei N, Lorber RO, McCrindle BW 
titled Outcomes after anomalous aortic origin of a coro-
nary artery repair: A Congenital Heart Surgeons’ Society 
Study, pages 757–771, copyright 2020 with permission 
from Elsevier [5]

total of 16/24 patients experience one or more 
postoperative morbidities, with 1 patient requir-
ing reoperation for aortic dehiscence, 11 (46%) 
patients had pericardial effusion (1 with tampon-
ade), and 2 (8%) had wound infection managed 
with antibiotics [8]. Finally, a thorough summary 
presented by Penalver et al. in 2012 reviewed the 
complications in 15 studies of both children and 
adults, which included additional complications 
such as complete heart block, heart failure, and 
even heart transplantation [11].

Mortality has generally been reported to be 
low, with 3/395 deaths following elective surgery 
(2 asymptomatic, 1 symptomatic), and an addi-
tional patient death after surgery following pre-
sentation in extremis in the paper from the CHSS 
[5]. In addition, there was a larger than expected 
number of coronary-related reoperations. 

However, it was found that of the 13/395 (3%) 
surgical patients underwent 15 coronary-related 
reoperations. This is in comparison to no mortal-
ity at last follow-up as reported by Nees and col-
leagues (however 1 patient had aborted sudden 
cardiac death), with 5% (3/60) reoperation (all 
patients had AAOLCA, 1 underwent reoperation 
for moderate AI with left ventricular dilation and 
2 had restenosis) [6].

 Problems Understanding Outcomes 
and Guidelines

One of the primary unexpected findings from the 
CHSS study evaluating surgical complications 
was that a significant number of patients were not 
managed based on the most recent guidelines and 
did not have the required follow-up investiga-
tions both before and after surgery to determine 
whether they had ischemia [5]. Understanding 
whether patients have preoperative ischemia in 
the setting of an incidental diagnosis, and resid-
ual ischemia is extremely important as it allows 
us to understand whether surgical therapy has 
had the desired outcome. The current expert con-
sensus recommendations include having a fol-
low- up appointment with cardiology at 7–10 days 
and at 4–6 weeks, at which times patients have 
both an electrocardiogram (ECG) and an echo-
cardiogram, in addition to an appointment at 
3  months for activity clearance at which time 
patients undergo exercise stress testing with 
imaging [2]. This evaluation for activity clear-
ance is extended to 12  months if patients pre-
sented with sudden cardiac arrest, and in both 
cases, patients should only resume competitive 
athletics following this. Lastly, at 6  months, 
patients should again have a follow-up with an 
ECG and cardiac magnetic resonance imaging 
(MRI) (where available). Cardiac MRI is often 
favored as a form of follow-up for patients due to 
the lack of radiation. With respect to long-term 
follow-up, patients should be seen annually by 
Cardiology, and undergo an ECG, echocardio-
gram, and exercise stress test every 1–3  years 
based on activity level (often annually if involved 
in competitive or high-level recreational sports). 
This should be accompanied by nuclear perfu-
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sion, stress echocardiogram, and Holter testing if 
the patient has new symptoms. With respect to 
medication, the expert consensus guidelines 
 recommend indefinite therapy with baby aspirin 
following surgery [2]. For patients undergoing 
repairs, which include the coronary orifice such 
as unroofing and direct reimplantation, this fol-
lows the logic used in adult coronary procedures. 
For patients undergoing repairs such as reimplan-
tation with a button (as in transposition of the 
great arteries) and pulmonary artery transloca-
tion, the indication may not be as clear.

 Conclusions

A diagnosis of AAOCA can create significant 
anxiety and fear, not only for the patient and their 
family, but also for the practitioner tasked with 
providing a recommendation regarding the best 
course of action. This recommendation, is in what 
at times seems to be an unpredictable lesion even 
when there are no high-risk markers. Despite all 
the advances we have made with respect to 
improved imaging, provocative testing modali-
ties, and even computational models that evaluate 
various physiologic scenarios, there are many 
gaps in our knowledge regarding which patients 
should proceed to surgery, because the risk of a 
sudden event is greater than the risk of surgery. 
This is especially true in those with incidental 
presentations or rare anatomic variants. The evi-
dence presented demonstrates that surgery is not 
without risk, and could perhaps even be extrapo-
lated to suggest that these repairs should be per-
formed at Centers of Excellence well versed in the 
nuances of these lesions and the subtleties of the 
repair techniques. Due to the occurrence of post-
operative complications and the lack of resolution 
of ischemia or its recurrence, patients should be 
counseled that they require lifelong follow-up. 
While we are still awaiting long-term follow-up 
data from multicenter initiatives and single cen-
ters with large cohorts of patients, patients and 
families need to be aware that what was once 
thought to be an innocuous procedure no longer 
appears to be benign. This should be a consider-

ation of paramount importance when taking inci-
dentally diagnosed asymptomatic patients to the 
operating room.
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