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Abstract

Coronary artery anomalies and variants are relatively
uncommon congenital disorders of the coronary artery
anatomy and constitute the second most common
cause of sudden cardiac death in young competitive
athletes. The rapid advancement of imaging techniques,
including computed tomography, magnetic resonance
imaging, intravascular ultrasound and optical coherence
tomography, have provided us with a wealth of new
information on the subject. Anomalous origin of a coro-
nary artery from the contralateral sinus is the anomaly
most frequently associated with sudden cardiac death, in
particular if the anomalous coronary artery has a course
between the aorta and the pulmonary artery. However,
other coronary anomalies, like anomalous origin of the
left coronary artery from the pulmonary artery, atresia of
the left main stem and coronary fistulae, have also been
implicated in cases of sudden cardiac death. Patients
are usually asymptomatic, and in most of the cases,
coronary anomalies are discovered incidentally during
coronary angiography or on autopsy following sudden
cardiac death. However, in some cases, symptoms like
angina, syncope, heart failure and myocardial infarction
may occur. The aims of this article are to present a
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brief overview of the diverse coronary variants and
anomalies, focusing especially on anatomical features,
clinical manifestations, risk of sudden cardiac death and
pathophysiologic mechanism of symptoms, as well as
to provide valuable information regarding diagnostic
workup, follow-up, therapeutic choices and timing of
surgical treatment.

Key words: Ectopic coronary arteries; Coronary artery
anomalies; Coronary fistulae; Coronary artery variants;
Myocardial bridging; Coronary artery anatomy; Sudden
cardiac death

© The Author(s) 2018. Published by Baishideng Publishing
Group Inc. All rights reserved.

Core tip: Coronary artery anomalies and variants are a
diverse group of congenital disorders of the coronary
artery anatomy with a wide variety of clinical mani-
festations. Though relatively uncommon and usually
discovered incidentally during coronary angiography,
they have garnered interest because they are the
second most common cause of sudden cardiac death
in young competitive athletes. Though by no means
entirely exhaustive, this overview aims to act as a guide
for the practicing cardiologist along the complex web
of these disorders and may facilitate the assessment,
investigation, follow-up and treatment of patients
diagnosed with or suspected of having a coronary artery
anomaly.

Kastellanos S, Aznaouridis K, Vlachopoulos C, Tsiamis E,
Oikonomou E, Tousoulis D. Overview of coronary artery variants,
aberrations and anomalies. World J Cardiol 2018; 10(10): 127-140
Available from: URL: http://www.wjgnet.com/1949-8462/full/v10/
110/127.htm DOI: http://dx.doi.org/10.4330/wjc.v10.i10.127

INTRODUCTION

Coronary artery anomalies and variants are a diverse
group of congenital disorders of the coronary artery
anatomy with a wide variety of clinical manifestations.
Though relatively uncommon and usually discovered
incidentally during coronary angiography, they have
attracted interest as they constitute the second most
frequent cause of sudden death in young adults parti-
cipating in competitive sports™?. Though by no means
entirely exhaustive, this overview aims to act as a guide
for the practicing cardiologist along the complex web
of these disorders and may facilitate the assessment,
investigation, follow-up and treatment of patients
diagnosed with or suspected of having a coronary artery
anomaly. The majority of the figures presented are from
our personal dataset.

It is important to have definite morphological criteria
to describe normal coronary arteries. Angelini”® has
suggested criteria of normality of coronary anatomy,
using several morphological features of the coronary
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arteries, such as number of ostia, location, course and
branches. We also need to distinguish between normal
variants of coronary anatomy and proper coronary
anomalies. Anatomical features of the coronary arteries
should be considered variants rather than congenital
anomalies when they are prevalent in more than 1% of
general population™,

NORMAL CORONARY ANATOMY

Before venturing to explore the various coronary anatomy
variations and anomalies, it is worth going through a
brief overview of normal coronary anatomy. Normally
there are two main coronary arteries, which stem from
the sinuses of Valsalva and descend towards the cardiac
apex. The left main stem (LMS) originates from the
left sinus of Valsalva and crosses between the main
pulmonary artery and the left atrial appendage. LMS has
an average length of 2-4 cm and normally bifurcates
into the left anterior descending artery (LAD) and the left
circumflex artery (LCX). The right coronary artery (RCA)
stems from the right sinus of Valsalva. The LAD descends
towards the apex of the heart in the epicardial fat across
the anterior interventricular sulcus. Its length varies
between 10 and 13 cm and gives rise to diagonal and
septal branches. It supplies the anterior wall, the apex
and a significant portion of the interventricular septum.
The LCX has a length of 5-8 cm and crosses the coronary
sulcus on the diaphragmatic cardiac surface. It gives rise
to the obtuse marginal branches and supplies mostly
the lateral wall of the left ventricle. The RCA passes to
the right between the pulmonary artery and the right
auricle, descends across the right atrioventricular sulcus
and continues posteriorly after the acute margin of the
heart. Normal length is 12-14 cm. During its course, it
may give rise to several branches, like the conus branch,
sinoatrial branch, right ventricular branch, atrioventricular
nodal branch, posterior descending branch (PDA) and
posterolateral branch. It can broadly be considered as
the artery that supplies the right side of the heart™®.
According to Angelini*®!, the coronary anatomy falls within
the spectrum of normality when: (1) there are two to
four coronary ostia located at the upper midsection of the
anterior aspect of the right and left sinuses of Valsalva.
This is because sometimes the LAD and LCX may have
separate origins from the left sinus, whereas the RCA
and the conus branch may have separate origins from
the right sinus; (2) a proximal stem bifurcating into
major arteries is present only in the left coronary system
(LMS bifurcating into LAD and LCX); (3) coronary arteries
originate from the aortic wall with an angle of 45°-90°,
follow an extramural (subepicardial) course, provide
adequate branches for the perfusion of myocardium
and terminate at the capillary bed distally; and (4) RCA
perfuses the right ventricular free wall, LAD perfuses
the anteroseptal wall and the obtuse marginal branch of
LCX perfuses the free wall of the left ventricle (essential
perfusion territories).
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Figure 1 Wrap-around left anterior descending artery. A, B: Angiographic views of a large left anterior descending artery that wraps around the apex of the heart and
supplies blood to part of the inferior wall (arrows) in anteroposterior caudal (A) and cranial view (B). From the authors’ personal dataset.

Figure 2 Shepherd’s crook right coronary artery. Arrows show the prominent
ascending course of proximal right coronary artery segment and an equally
prominent, almost 180° switchback turn (left anterior oblique view). Arrowheads
show the sinoatrial branch. From the authors’ personal dataset.

CORONARY ARTERY VARIANTS

Based on the 1% rule mentioned above, frequent
variations of the coronary arteries like those involving
coronary dominance, take-off and course, supply of the
inferior wall, the sinoatrial and atrioventricular nodes as
well as the presence of a separate conus branch, a mmus
intermedius branch and myocardial bridging fall within
the limits of normality. The PDA usually arises from the
RCA, in which case we have right coronary dominance (in
70% of the population); however, it may also arise form
the LCX (left dominance - 10% of cases) or both (co-
dominance - 20%)".

Supply of the inferior wall may also present several
variations. The PDA may be very small or have an early
take-off. In the case of a small PDA, perfusion of the
inferior wall is usually provided by RCA, LCX and obtuse
marginal branches. Occasionally LAD may be a very
long vessel that goes beyond the apex of the heart
and reaches the inferior interventricular groove, thus
perfusing the apical inferior wall of the heart (wraparound
LAD) (Figure 1)®.

The sinoatrial branch supplies the sinoatrial node and
usually arises from the proximal RCA in 60% of cases
(Figure 2). However, it may also arise from the proximal
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LCX or more rarely from the distal segment of either of
these vessels”. The atrioventricular nodal branch that
provides blood to the atrioventricular node usually arises
from the distal segment of whichever artery is dominant,
RCA (more frequently) or LCX"".

Another frequent normal variant is the presence
of a ramus intermedius branch. In this case, the LMS
trifurcates into three branches instead of two as usual,
the LAD, the LCX and the ramus intermedius branch.
This branch usually takes the route of a diagonal or
obtuse marginal branch and supplies the lateral and
inferior walls of the heart™,

Other normal variants include an acute take-off of
the LCX, in which case there is an angle < 45° between
the LMS and the LCX, probably caused by a distal point
of origin of the LCX™". A “shepherd’s crook” RCA, in
which the RCA follows a tortuous and high course with
a prominent ascending course of its proximal segment
and an equally prominent, almost 180° switchback
turn (Figure 2), may comprise a technical challenge
in interventional cardiology due to the poor support
provided by the guiding catheters!”’. Other variants
include separate origin of the conus branch directly from
the right sinus of Valsalval”, presence of a descending
septal branch originating from the RCA that supplies part
of the basal interventricular septum (Figure 3) and high
take-off of a coronary ostium (5 mm or more above the
aortic sinotubular junction), in which case the affected
coronary artery (usually the RCA) takes an intramural
course within the wall of the ascending aorta and is then
externalized at its normal origin site”****,

All aforementioned variants are clinically benign and
pose no threat to patients. Usually they are incidental
findings during coronary angiography performed for
other reasons and do not require any diagnostic work-
up, further investigation or treatment. At most, some
of them, like the shepherd’s crook RCA, may present
technical challenges during coronary intervention for
other issues, due to difficulty in engaging angiographic
catheters and guides. In addition, a descending septal
branch, which originates from the RCA and supplies part
of the interventricular septum, may be used as a target

October 26, 2018 | Volume 10 | Issue 10 |



Kastellanos S et a/. Coronary artery variants and anomalies review

Figure 3 Descending septal branch. A branch of proximal right coronary artery (arrows) providing blood to part of the basal interventricular septum (left anterior
oblique view with shallow cranial angulation). This branch may occasionally have a separate origin from the right sinus of Valsalva. From the authors’ personal

dataset.

Figure 4 Myocardial bridging. A: Anteroposterior view with cranial angulation shows normal appearance of right coronary artery in diastole; B: Complete obliteration
of a short segment of the posterolateral branch in systole (arrows) due to myocardial bridging. From the authors’ personal dataset.

for alcohol septal ablation in symptomatic patients
with hypertrophic obstructive cardiomyopathy whose
basal septum is supplied by this branch of the RCA. In
addition, a descending septal branch from the RCA may
be an important source of collateral retrograde filling of
a proximally occluded LAD.

MYOCARDIAL BRIDGING: ANOMALY OR
VARIANT?

There is some confusion whether myocardial bridges
constitute an anomaly or a normal variation. The preva-
lence of myocardial bridging varies between 0.15%-25%
angiographically and 5%-86% at autopsy, and therefore
its frequency in the general population suggests that
it should be considered a normal variant™>>%, A
myocardial bridge is defined as an atypical course of
a coronary artery intramyocardially, which may result
in compression of the vessel during systole (Figure
4). It must be pointed out that myocardial bridging is
a fixed defect that is entirely different to the dynamic
phenomenon of coronary artery spasm. Coronary spasm
entails intense vasoconstriction of an epicardial coro-
nary artery due to hyper-reactivity of vascular smooth
muscle cells and occasionally some degree of endothelial
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dysfunction in the presence of vasoconstrictor stimuli,
leading to occlusion or near occlusion of the vessel
and symptoms of Prinzmetal angina or acute coronary
syndrome. Myocardial bridging usually involves the
proximal and mid segment of the LAD and the length
of the intramyocardial segment ranges between 10 and
50 mm. Patients with myocardial bridging are usually
asymptomatic and the condition is considered benign™”’.
However, there have been reports of rare cases of
myocardial bridging related to ischemia and atypical
angina. Possible causes are endothelial dysfunction, a
delay in the diastolic reopening of the intramyocardial
segment of the artery that was compressed during
systole and a deeper intramyocardial course of the
bridge, as opposed to the more benign superficial
myocardial bridges'®??". Endothelial dysfunction is
frequent in cases of myocardial bridging and may
be revealed by functional studies, like intracoronary
acetylcholine challenge. Any kind of percutaneous
intervention on myocardial bridges is not supported at
present due to the risks involved (restenosis, crushing
and fracture of the stent)™*?",

The presence of myocardial bridging in patients
with hypertrophic cardiomyopathy (HCM) is a point
of contention both in terms of clinical significance and
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Figure 5 Absence of left main stem. A, B: Separate ostia of left circumflex artery (A, anteroposterior caudal view) and left anterior descending artery (B, shallow
right anterior oblique view with cranial angulation) indicating a congenital absence of left main stem. From the authors’ personal dataset.

therapeutic management. Myocardial bridging is much
more frequent in patients with HCM compared to the
general population, with a prevalence of up to 30%%2.
In HCM patients, myocardial bridging tends to be of the
deep intramyocardial course of the LAD variety, but it
does not seem to affect the prognosis and risk of sudden
death in adults®?%, Therefore, in adult asymptomatic
patients with HCM, myocardial bridging appears to be a
benign condition that does not warrant any treatment.
However, the issue remains open regarding younger
and/or symptomatic patients with HCM. Myocardial
bridging has not been ruled out as a possible cause of
ischemia and sudden death in younger individuals with
HCM and may be associated with angina symptoms
in adult patients. Provided there is a positive test for
functional ischemia in the LAD territory, treatment with
stent implantation, coronary artery bypass surgery
or surgical unroofing via supra-arterial myotomy may
improve quality of life in adult symptomatic patients
with HCM and documented myocardial bridging, as well
as reduce risk of sudden cardiac death and alleviate
symptoms in younger patients™®,

CLASSIFICATION OF CORONARY
ARTERY ANOMALIES

Several classification schemes have been proposed for
coronary artery anomalies. Based on dlinical significance
some authors categorize them as major and minor.
Based on functional relevance they can be classified
as: (1) anomalies that are associated with definite
ischemia (for example, anomalous origin of the LMS
from the pulmonary artery or atresia of a coronary
artery); (2) anomalies that are not associated with
ischemia (for example, separate ostia of LAD and LCX
with absence of LMS, split LAD or split RCA); and (3)
anomalies with exceptional ischemia (like anomalous
origin of coronary artery from the contralateral sinus
and coronary fistulae). However, the most detailed and
accurate classification has been proposed by Angelinit
and is based on anatomical features. According to this
classification, coronary anomalies can be characterized
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as: (1) anomalies of origination and course of coronaries
(separate ostia of LAD and LCX, anomalous location
of coronary ostia within the aortic root, outside the
sinuses of Valsalva or at the contralateral sinus, single
coronary artery); (2) anomalies of intrinsic coronary
anatomy (split RCA/LAD, ostial stenosis/atresia, ectasia,
hypoplasia, intramural course/bridging, absent coronary
artery, ectopic origin of first septal branch, ectopic origin
of PDA from the LAD or a septal branch); (3) anomalies
of coronary termination (mainly fistulas); and (4)
anomalous collateral vessels.

Table 1 summarizes the most common variations,
aberrations and anomalies for coronary anatomy, based
on anomalies of origin, course, intrinsic coronary ana-
tomy and termination.

ANOMALIES OF ORIGINATION AND
COURSE

Absence of LMS

Absence of the LMS (separate ostia of LAD and LCX)
is the most common coronary anomaly, with an inci-
dence ranging between 0.41%-0.67% (Figure 5). It
is a benign anomaly that causes no hemodynamic
impairment or ischemic consequencest**,

Anomalous location of coronary ostia

A coronary ostium may have an anomalous origin but
may be still located within the proper coronary sinus;
in those cases, the coronary ostium may originate from
a higher position or a lower position compared to the
normal site of origin, or may stem from the commissural
level. On the other hand, when the anomalous coronary
ostium is located outside the proper coronary sinuses, it
can present in a wide variety of locations, like the non-
coronary sinus of Valsalva, the ventricles and ectopic
sites in the aorta or the large arteries (ascending or
descending aorta, anonymous artery, carotid arteries),
or even smaller arteries (bronchial arteries, internal
thoracic artery, etc). Anomalous origin of a coronary
artery from the contralateral sinus of Valsalva is
particularly interesting from a clinical point of view,
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Table 1 Classification of coronary artery variants, aberrations

and anomalies

Variations/anomalies of origin and course
1 Separate ostia of LAD and LCX (absent left main stem)
2 Separate ostium of conus branch
3 Anomalous location of coronary ostium
Within sinuses of Valsalva
High, low or commissural
From posterior ("non-coronary") sinus
Outside sinuses of Valsalva
Ascending aorta, aortic arch, innominate artery
Descending aorta
Bronchial arteries
Pulmonary arteries
Anomalous origin from contralateral sinus
4 Single coronary artery
Variations/anomalies of intrinsic coronary anatomy
1 Trifurcation of left main (presence of ramus branch)
2 Wrap-around LAD (supplying apical inferior wall)
3 Descending septal branch from RCA (supplying basal septum)
4 Split RCA
5 Split LAD
6 Hypoplasia of coronary artery
7 Atresia of coronary artery
8 Ectasia of coronary arteries
9 Myocardial bridging
Anomalies of coronary termination
1 Fistulas
2 Small number of arteriolar/capillary ramifications

LAD: Left anterior descending artery; LCX: Left circumflex artery; RCA:
Right coronary artery.

because these anomalies can be associated with sudden
cardiac death, especially when the anomalous coronary
artery crosses interarterially between the aorta and the
pulmonary artery®,

Anomalous origin of coronary ostium from contralateral
sinus

A coronary artery that originates from the contralateral
sinus of Valsalva can follow five potential paths towards
its perfusion territory: (1) pre-pulmonic, anterior to the
right ventricular outflow tract (usually benign, though
rarely associated with angina); (2) retro-aortic, posterior
to the aortic root (no hemodynamic consequences);
(3) trans-septal, with a subpulmonic intramyocardial
course; (4) retro-cardiac, behind the mitral and tricuspid
valves, in the posterior atrioventricular groove; and (5)
inter-arterial, between the aorta and the pulmonary
artery™,

The inter-arterial path has clinical significance, as it
has been associated with an increased risk of sudden
cardiac death, especially in young athletes!***4, The
causes are not clear and several explanations have
been proposed. In some cases, autopsy findings have
shown an acute angle in the take-off of the anomalous
coronary artery with a slit-like lumen and a proximal
course between the aorta and the pulmonary trunk!?.
In other cases, histological examination has also
shown an intramural course of the anomalous coronary
within the aortic wall. It has been proposed that the
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acute angulation and slit-like ostium of the anomalous
coronary vessel predispose to myocardial ischemia.
Exercise-induced expansion of the aortic root and the
pulmonary trunk compresses and exacerbates the
slit-like ostium, resulting in further ischemia®®>>3%, A
scissors-like mechanism that compresses the anomalous
coronary between the aorta and the pulmonary artery
has also been suggested™®. Intravascular ultrasound
studies have demonstrated an intramural proximal intus-
susception of the ectopic artery at the aortic wall for
a variable distance®**”), The intussuscepted segment
of the vessel is smaller in circumference compared to
its more distal segment (circumferential hypoplasia),
and its cross-section is ovoid instead of circular. These
parameters lead to a lateral luminal compression that
is present throughout the whole of the cardiac cycle but
even more pronounced during systole™*”), Furthermore,
the intramural segment has thin inner and outer aortic
wall layers. Therefore, the section of the aorta that is
penetrated by the ectopic artery is a localized weak
spot, prone to more extensive distensibility, which can
further exacerbate stenosis and ischemia™”’.

Ectopic RCA originating from the left sinus of
Valsalva has a frequency of 0.03%-0.92% (Figure 6),
and ectopic LAD arising from the RSV has a frequency
of 0.03% (Figure 7)™, Both of these anomalies may be
associated with an intramural inter-arterial course, in
which case there is an increased risk of sudden cardiac
death. Ectopic origin of the LCX from the right sinus
of Valsalva (Figure 8) or from the proximal RCA is the
second most common coronary artery anomaly, with a
frequency of 0.37%™***** but it is considered benign
and the course of the ectopic LCX is usually retroaortic
or retrocardiac™***,

It must be noted that anomalous origin of a coronary
artery from an opposite sinus of Valsalva is related with
sudden death mostly in young athletes < 35 years old
but less frequently in older patients. Symptoms like
angina, syncope, heart failure and myocardial infarction
may appear in both age groups but are seen more
frequently in older patients. It has been proposed that
stiffening of the aortic wall in older adults is the reason
why sudden death is less frequent in this age group®*.
Diagnosis of anomalous origin of a coronary artery from
the contralateral sinus is often difficult, since most of the
times patients are asymptomatic prior to sudden cardiac
death. However, there have been some reports of
premonitory symptoms like syncope or chest pain prior
to sudden death'*"*?!, Diagnostic workup in patients
with the above symptoms (especially young athletes)
must include electrocardiography, Holter monitoring
and focused expert echocardiography. If at least two
normally located coronary ostia can be identified
with echocardiography, no further investigations are
needed™. However, if echocardiographic findings are
inconclusive, further imaging with computed tomography
or magnetic resonance imaging is recommended®****,
Treadmill evaluation is unfortunately hampered by a
high incidence of false positive and false negative
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Figure 6 Ectopic right coronary artery originating from the left sinus of Valsalva. A, B: Proximal occlusion of anomalous right coronary artery (RCA) (white arrows)
with origin from the left sinus of Valsalva in a patient with inferior wall ST elevation myocardial infarction (A: anteroposterior caudal view; B: right anterior oblique view). The
black arrow in panel B shows a patent proximal left anterior descending artery in non-selective angiography of the left coronary artery (LCA); C, D: Left anterior oblique
view with cranial angulation (C) and anteroposterior cranial view (D) show the LCA and an excellent final angiographic of the anomalous RCA after successful primary
percutaneous coronary intervention. From the authors’ personal data and from Ref.[73] (modified with permission).

Figure 7 Ectopic left anterior descending artery originating from the right sinus of Valsalva. A: Left anterior oblique view with cranial angulation of the left anterior
descending artery (LAD) originating from the right Valsalva sinus in coronary angiogram; B: Reconstructed image from computed tomography coronary angiogram showing
both LAD and right coronary artery arising from the right sinus of Valsalva. From the authors’ personal dataset. LAD: Left anterior descending; RCA: Right coronary artery.

results!***, If the anomaly is confirmed, patients (ratio of the circumference of the intramural segment vs

should undergo nuclear stress testing to evaluate the circumference of the more distal epicardial segment
exercise-induced ischemia and to establish a baseline for of the vessel), the vessel asymmetry score (ratio of
follow-up. Coronary angiography may reveal additional transverse to longitudinal diameter in a cross-sectional
obstructive coronary disease, and intracoronary imaging image from intravascular ultrasound) and the systolic
establishes the severity of the condition™*, Intravascular vs diastolic cross-sectional area of stenosis during a
ultrasound and/or optical coherence tomography findings cardiac cycle at rest and during simulated exercise
that determine the severity of an anomalous origin of a with infusion of saline, atropine and dobutamine (SAD
coronary artery from an opposite sinus include the length test)*), When an anomalous left coronary artery (LCA)
of the intramural segment, the hypoplasia index that with origin from the right sinus of Valsalva is diagnosed
quantifies the severity of the circumferential hypoplasia incidentally during coronary angiography, specific
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Figure 8 Ectopic left circumflex artery originating from the right sinus of Valsalva. A, B: Left coronary artery providing left anterior descending artery, with absence
of left circumflex artery (LCX) (A: anteroposterior cranial view; B: left anterior oblique view with caudal angulation); C, D: Separate origin of right coronary artery (C, left
anterior oblique view) and aberrant LCX from the right sinus of Valsava (D, anteroposterior caudal view). From the authors’ personal dataset.

angiographic anatomical findings help differentiate
between the inter-arterial and the more benign trans-
septal varieties of this anomaly, since in the trans-septal
origin the LMS gives rise to the first septal branch,
presents a mild concentric myocardial bridge effect
at the distal segment and connects with mid-LAD™.
However, computed tomography remains the most
accurate method to characterize the course of ectopic
coronary arteries.

Asymptomatic patients with anomalous RCA arising
from the left sinus of Valsalva with a negative nuclear
stress test need regular follow-up only. Symptomatic
patients and asymptomatic patients with a positive
nuclear stress test must be further assessed with intra-
coronary imaging with intravascular ultrasound or optical
coherence tomography, and if a significant stenosis or
high risk features are found, percutaneous coronary
intervention with stent®***® or surgical repair should be
offered. Patients with anomalous LMS arising from the
right sinus of Valsalva should undergo surgical repair
regardless of symptoms, if younger than 35 years old.
Older patients should undergo surgery if they develop
symptoms or if they have a positive nudear stress test™.
Surgical options include osteoplasty (creation of a new
ostium at the end of the ectopic artery’s intramural
segment), direct reimplantation of the ectopic artery at
the aortic root (a challenging procedure) and unroofing
of the intramural segment (excising of the common
wall located between the aorta and the anomalous
coronary)“3*%31U_ Currently, unroofing is the most
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favored of these procedures. Bypass surgery with an
internal mammary artery is not preferred, because of
the high risk of regression of the graft lumen due to
competitive flow'*>>>%,

Anomalous origin of coronary arteries outside the aortic
root

The most dramatic clinical appearance in this group of
congenital coronary anomalies occurs when the ectopic
coronary arises from the pulmonary artery. The RCA
originates from the pulmonary artery in 0.002% of
the general population. In this anomaly, blood flows
from the LCA to the RCA via collaterals and further
back into the pulmonary artery. Most patients with this
anomaly are asymptomatic; however, sudden cardiac
death, heart failure and syncope have been occasionally
reported!*>*,

Anomalous origin of the LCA from the pulmonary
artery (ALCAPA) is called Bland-White-Garland syn-
drome and has a low prevalence of 0.008%. The RCA
is dilated and provides extensive collaterals to LCA.
This condition may coexist with aortic coarctation and
a patent ductus arteriosus. Most patients (about 85%)
develop symptoms of myocardial ischemia and heart
failure in infancy (Figure 9) and die within the first year
of life. However, a minority of patients may remain
asymptomatic and survive into adulthood, probably
because of adequate blood flow to the LCA territory
from the RCA collaterals (Figure 10). Treatment is
surgical and reimplantation of the LMS onto the aorta is
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Figure 9 Anomalous origin of the left coronary artery from the pulmonary artery in infant. A: Cardiomegaly in chest X-ray; B: Aortogram showing only right coronary
artery (RCA) originating from the aortic sinuses (arrowhead) but no left coronary artery; C: Selective angiography of RCA shows extensive collaterals from the RCA
backfilling the left system and the pulmonary artery (arrows). Reproduced from ref. [74].

Figure 10 Anomalous origin of the left coronary artery from the pulmonary artery in adult. A: Three-dimensional reconstruction of computed tomography images
showing prominent collaterals from right coronary artery to the left anterior descending artery (LAD), while LAD originates from the pulmonary artery; B: Coronary bypass
grafting with a saphenous vein graft to the LAD. Reproduced from ref. [75]. SV: Saphenous vein; RC: Right coronary; LAD: Left anterior descending.

the preferred method. However, the procedure is more
technically challenging in adults due to the frailty of the
coronary artery. Ligation of the LCA ostium and coronary
artery bypass grafting with venous or arterial grafts is a
viable alternative in these cases (Figure 10)!**?>5+>],
The LAD arises from the pulmonary artery extremely
rarely in 0.0008% of the general population and is
associated with myocardial ischemia and sudden cardiac
death™**®), There have also been reports of all coronary
arteries originating from the pulmonary artery. Patients
die within the first month of life, and the condition
frequently coexists with patent ductus arteriosus and
other major congenital cardiac anomalies™®*®, Finally,
cases of accessory coronary arteries arising from the
pulmonary artery have been documented. The most
frequent artery involved is the conus branch, and this
anomaly has no clinical significance™*.

Single coronary artery

There have been several reports of presence of a single
coronary artery with a variety of anatomies. A single
coronary artery may originate either from the left or the
right Valsalva sinus and may sometimes coexist with
other congenital anomalies'.. Lipton et a*”’ proposed
an anatomical classification of single coronary arteries
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based on location of the ostium (R: right Valsalva sinus,
L: left Valsalva sinus), anatomical distribution ( I : single
coronary artery following course of normal left or RCA, 11 :
a coronary artery with abnormal origin from the proximal
segment of the other coronary artery, Ill: single coronary
artery with a origin from the right Valsalva sinus, with the
LAD and LCX originating separately from the common
trunk) and course of the transverse trunk (A: anterior
course to the great vessels, B: between the aorta and
the pulmonary artery, P: posterior course, S: septal
course, C: combined type).

When the single coronary artery has an origin from
the left sinus, the RCA may originate from the proximal
or mid segment of the LAD and follows a course anterior
to the pulmonary artery or between the aorta and the
pulmonary artery towards the right atrioventricular
groove (Figure 11). The prevalence of this anomaly is
around 0.024%-0.066% in the general population™>%*),
This anomaly is usually benign, provided that the course
of the anomalous RCA is not inter-arterial. If, however,
the anomalous RCA crosses between the aorta and the
pulmonary artery, myocardial ischemia and sudden
cardiac death may occur®>®%°®" Rarely, the RCA may
be supplied by the distal LCX (Figure 12).

When the single coronary artery originates from
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Figure 11 Single coronary artery from the left sinus. A, B: Angiographic images showing the origin (arrows in A, anteroposterior cranial view) and course (arrows in B,
left anterior oblique view) of the right coronary artery from the mid segment of left anterior descending artery. From the authors’ personal dataset and from Ref. [76] (modified

with permission).

Figure 12 Single coronary artery from the left sinus. Angiographic images
showing the origin and course (arrows) of the aberrant right coronary artery from
the distal segment of left circumflex artery (left anterior oblique view). From the
authors’ personal dataset.

Figure 13 Single coronary artery originating from the right sinus. Common
trunk from the right sinus (arrowhead) providing right coronary artery, left anterior
descending artery, left circunflex artery and ramus intermedius. From the authors’
personal dataset. RCA: Right coronary artery; LAD: Left anterior descending;
LCX: Left circunflex artery; RI: Ramus intermedius.

the right sinus (Figure 13), the LCA follows an anterior
or inter-arterial path towards its perfusion territory.
Prevalence is around 0.02%-0.05%, and this condition
is associated with sudden cardiac death more frequently
than an anomalous single coronary artery originating
from the left sinus. The anterior variant is usually - but
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not always - benign, whereas the inter-arterial variant is
the potentially most threatening one**%%,

ANOMALIES OF INTRINSIC CORONARY
ANATOMY

Split RCA

A split RCA is the most common type of coronary artery
anomaly, with a frequency around 1% in the general
population. It is a benign anomaly in which the RCA
has a split PDA (Figure 14). The split RCA is divided
early into an anterior and posterior branch. The anterior
branch runs through the free wall of the right ventricle
and supplies a PDA that follows the distal posterior
interventricular groove, whereas the posterior branch
follows the right atrioventricular groove and leads to
a PDA that runs through the proximal segment of the
posterior interventricular groove!**°,

Split LAD

There have been reported four types of split LAD. In
types 1-3, the LAD branches into two subdivisions, a
short one that terminates high in the anterior interven-
tricular groove and a longer one that branches off the
proper LAD, descends on the left (type 1) or the right
(type 2) ventricular side of the anterior interventricular
groove or intramyocardially (type 3) and finally reenters
the anterior interventricular groove distally. Sometimes
in type 3 the intramyocardial LAD never emerges but
instead provides septal branches to the apical septum.
Type 4 is an entirely different entity, in which a short
LAD originates from the LMS and terminates high in
the anterior interventricular groove, while a duplicated
LAD arises from the RCA and follows a pre-pulmonic,
septal or inter-arterial course towards the distal ante-
rior interventricular groove. This anomaly is relatively
benign; however, it may complicate significantly surgical
intervention”*%¢”),

Atresia of LMS
True atresia of the LMS is an extremely rare congenital
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Figure 14 Split right coronary artery. Right coronary artery is divided early
into two branches, both of which supply posterior descending arteries. From the
authors’ personal dataset.

Figure 15 Coronary fistula. Opacification of the left ventricle during injection
of the left coronary artery (arrows) indicate the presence of a fistula. From the
authors’ personal dataset.

disorder in which there is neither left coronary ostium
nor LMS. The LAD and the LCX connect but end blindly
proximally. The left system receives blood retrogradely
via collaterals from the RCA, but in most cases blood
flow is inadequate for the needs of the perfusion
territory, resulting in symptoms of myocardial ischemia
and an increased risk of sudden cardiac death. This
condition often coexists with supravalvular aortic
stenosis and other congenital cardiac defects. Patients
usually become symptomatic during infancy or early
childhood, but there have been reports of patients who
remained asymptomatic during childhood and young
adulthood and developed symptoms later in life. Due
to poor prognosis, atresia of the LMS requires surgical
intervention with coronary artery bypass grafting and
an internal mammary artery graft to the LAD in adults,
whereas in children surgical reconstruction of the LMS
with a baffle of ascending aorta may be preferable!*®,

Hypoplasia of coronary arteries

Congenital hypoplasia of coronary arteries presents as
a narrowed luminal diameter (less than 1.5 mm) in
one or two of the three main coronary arteries with no
compensatory branches. Limitations to blood flow caused
by the narrow lumen lead to symptoms of myocardial
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ischemia and sudden cardiac death. Most frequent
variants in reported cases are hypoplasia of both LCX
and RCA and hypoplasia of the LAD. Treatment options
are extremely limited. Transmyocardial revascularization
and implantable cardioverter-defibrillator have been
suggested in the literature!****74,

ANOMALIES OF CORONARY
TERMINATION

Coronary fistulae are defined as abnormal connections
between the termination of a coronary artery or its
branches and a low-pressure vascular space, like a
cardiac chamber or a great vessel (Figure 15). They
may present as small discrete fistulae or more complex
arteriovenous malformations. Reported prevalence is
0.3%-0.87% in the general population. Most patients
are asymptomatic; however, there have been reports
of symptoms of myocardial ischemia, heart failure,
arrhythmia and sudden cardiac death, pulmonary hy-
pertension, rupture and endocarditis, usually after the
age of 50.

Several mechanisms for the causes of these symp-
toms have been proposed. Fistulae draining into the
right heart chambers (60% of cases) function as left
to right shunts and may cause right ventricular volume
overload. Termination in a low pressure space causes
enlargement and tortuosity of the fistulous coronary
artery that leads to vascular wall degeneration, ane-
urysmatic dilatation and predisposition to rupture.
Furthermore, the dilatation of the involved coronary
artery may cause distortion of the aortic root and
aortic valve disruption and regurgitation. Myocardial
ischemia may result from two separate mechanisms:
(1) a persistent or episodic steal of blood flow from the
normal coronary branches to the competing fistulous
low-pressure tract; and (2) stenosis and obstruction of
side branches secondary to thrombus formation related
to ulceration and atherosclerosis in the aneurysmal
coronary artery. Indications for closing a coronary
fistula are not well established. Symptomatic patients
should definitely be treated as well as patients with a
pulmonary to systemic flow ratio that exceeds 1.5 and
patients with severe aneurysmal degeneration. Available
options are surgical closure at the drainage site or
catheter-based repair with catheter occlusion devices.
It is generally recommended to intervene before adul-
thood, since negative postoperative remodeling of
the fistulous artery is much more common in children
compared to adults'*>*7%73,

Furthermore, we have recently described a fistulous
tract from the left ventricle to the Thebesian venous
network of the myocardium?. Thebesian veins are
small valveless veins in the walls of all four heart
chambers that act as an alternative channel of nutrition
to the myocardium or as venous drainage conduits.
They are more prevalent in the right heart chambers,
but they can also appear in the left ventricle. We descri-
bed the case of inadvertent angiography of a large
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Figure 16 Inadvertent cardiac phlebography through the Thebesian network. A, B: Right anterior oblique views in systole (A) and diastole (B) during left
ventriculography show a minor subendocardial staining (arrowhead) and opacification of a posterior interventricular vein (arrows), due to opening of a 'functional’
fistula between the left ventricle and the cardiac vein through the Thebesian network. From the authors’ personal dataset and from Ref. [72] (with permission).

posterior interventricular cardiac vein during a left
ventriculogram. This happened because the end-hole
of the angiographic catheter inadvertently engaged the
endocardial opening of a small Thebesian vein, leading
to retrograde opacification of the cardiac vein through
the Thebesian network (Figure 16)7%.

CONCLUSION

It becomes apparent that the term “coronary artery
anomalies” covers a very wide spectrum of anatomical
entities with diverse clinical manifestations and varying
degrees of severity. Coronary artery variants have a
prevalence of at least 1% in the general population
and are mostly clinically benign. On the other hand,
coronary artery anomalies are much more uncommon,
and their clinical significance varies from benign without
ischemic consequences to ischemia-related symptoms
and arrhythmias leading to an increased risk of sudden
cardiac death. Anomalous origin of a coronary ostium from
the contralateral sinus is the anomaly most frequently
associated with sudden cardiac death, in particular in
the case of anomalous LCA from the right sinus or if
the anomalous coronary artery has a course between
the aorta and the pulmonary artery or other high-risk
features. Other coronary anomalies, like anomalous origin
of the LCA from the pulmonary artery or atresia of the
LMS, have also been associated with extensive ischemia
and high risk of sudden cardiac death early in infancy or
in early adulthood. Accurate diagnosis, risk-assessment
and appropriate choice of treatment are of utmost
importance, since coronary artery anomalies constitute
the second most common cause of sudden cardiac death
in young competitive athletes. The rapid advancement of
imaging techniques, including intravascular ultrasound,
optical coherence, computed tomography and magnetic
resonance imaging, have provided us with a wealth of
new information on the subject as well as more accurate
diagnostic criteria regarding the severity of these
conditions that allow risk-stratification for sudden cardiac
death and provide guidelines for optimal treatment.
Consultation of focused experts by individual cardiologists
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in cases of suspected or diagnosed coronary artery
anomalies and systematic referral of diagnosed patients
to specialized centers play a significant role in timely
diagnosis, appropriate management and successful
prevention of sudden cardiac death.
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