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Part 1
HISTORICAL BACKGROUND

Interest in coronary anatomy and the nature of the coro-
nary vessels was cautiously aroused in the 16th century,
when inquisitive Renaissance scholars began to perform ana-
tomic investigations in the early European medical schools.
Until then, anatomic knowledge had been heavily influenced
by the philosophical and theological teachings of the ancient,
rediscovered masters of the Greek and Arabic schools. Aris-
totle (384-322 BC), the philosophical interpreter of nature,
and Galen of Pergamum (129-199 AD), the great physician,
were the main authorities whose theories continued to domi-
nate the medical schools of Salerno, Bologna, Padua, and
eventually Louvain, Paris, and London during the Renais-
sance.

Leonardo da Vinci (1452-1519), a lone, ingenious spirit,
examined a few animal hearts (probably of oxen) and also
briefly touched on coronary anatomy while exploring the
arcane viscera of the chest.’*! His main interest seemed to
be in applying the principles of hydraulic physics to cardio-
vascular function. Leonardo tended to rely on instinctive
curiosity rather than organized, formal methods. He left us
only brief notes, accompanied by precise, faithful sketches
of the coronary anatomy, including the aortic trifoliate valve,
the right and left coronary ostia, and the proximal course of
the right and left coronary arteries (Fig. 4.1). He noted that
the coronary arteries become progressively smaller as they
progress toward the cardiac apex.>*! He also accurately de-
scribed the coronary veins and the coronary sinus; his obser-
vation of the arrangement of these structures supported his
assumption that an artery is always accompanied by a
vein.”*! Leonardo’s approach exemplified the new method
of critical, direct observation, which a little more than a
century later would allow better-trained, more-disciplined
scientists to understand how the circulation works.>!
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The presence of a pulmonary circulation organized in se-
ries with the systemic circulation had been postulated by
isolated early researchers: Ibn-na-Nafis, a 13th-century Arab
physician working in Damascus; Miguel Serveto, a passion-
ate 16th-century Spanish theologian; and Cesalpino, a 16th-
century anatomist from Padua, who coined the term *‘pulmo-
nary circulation.”’*?® Nevertheless, it was not until 1628 that
William Harvey (1578—-1657), a physician trained in Padua
but later active in London, and Cambridge, propounded a
clear, complete, organized concept of the circulation, thereby
founding the discipline of physiologic anatomy. Discovery
of the systemic capillary network awaited the introduction
of the microscope. It was Marcello Malpighi (1628-1694),
operating mainly in Bologna, who first described the circula-
tion of blood through the peripheral capillary network.>2¢

Regarding the coronary arteries in particular, the founder
of descriptive anatomy, the great Flemish anatomist Andreas
Vesalius (1514-1564), produced a series of fundamental ta-
bulae anatomicae (Venice, 1538), that were followed by his
comprehensive treatise ‘‘De Humani Corporis Fabrica Libri
Septem’’ (Basel, 1543), which became the basic textbook
of anatomy for generations of physicians throughout Europe.
Interestingly, one famous tabula anatomica showed the right
coronary artery (RCA) originating from the left coronary
artery (LCA) and coursing anterior to the pulmonary outflow
tract (Fig. 4.2). Similarly, a single coronary ostium was men-
tioned by Fallopius (Venice, 1562).°°® Not until 1761, did
G. P. Morgagni accurately and definitively describe the two
main coronary vessels.”*® During the ensuing centuries, var-
ious investigators published occasional descriptions of pe-
culiar or unusual coronary anatomic features: the work of
A. C. Thebesius and R. Vieussens was especially note-
worthy.5%8

With the advent of the 20th century, physicians became
increasingly aware of the complexity and variability of the
coronary anatomy. In 1926, this concept was reinforced and
put into a biologic prospective by Grant and Regnier,'*® who
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FIGURE 4.1. Leonardo da Vinci's drawings of the heart after removal of the pulmonary trunk above the valve (left drawing:
lateral view; right drawing: frontal view). The two coronary arteries are clearly represented, one coursing on each side of the
pulmonary outflow tract. The pulmonary sinuses are also precisely and correctly drawn in relation to the aortopulmonary contact
point. (Courtesy of The Royal Collection©, Her Majesty Queen Elizabeth II.)
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FIGURE 4.2. The coronary vessels (detail), as drawn in the
“Six Tables” of Vesalius and Kalkar, from which Vesalius
taught during his early years as professor of anatomy in
Padua (see text). (Literary source, Vesalius A, Kalkar JS
[1538]. Tabulae Anatomica, P.D. Bernard, Venice. Photo
courtesy of the Blocker History of Medicine Collections,
Moody Medical Library, The University of Texas Medical
Branch, Galveston, TX.)

described the comparative anatomy of the coronary vessels
in the different animal species. During the middle decades
of the 20th century, several anatomists and surgeons made
valuable contributions to the descriptive anatomy of the cor-
onary arteries in humans. Particularly notable contributions
were made by M. J. Schlesinger, J. E. Edwards, G. Baroldi,
T. N. James, and W. C. Roberts.

The explosive popularization of selective angiography, as
introduced by Mason Sones®’® in 1962, made cardiac spe-
cialists highly aware of the great variability of the coronary
anatomy, even in the normal heart. Since then, thousands of
short series and individual cases of coronary anomalies have
been reported in the literature, eliciting not only widespread
interest but also great frustration because of the complexity
of the subject matter.

In 1967, Baroldi and Scomazzoni presented an excellent
monograph summarizing the current knowledge of normal
coronary anatomy.>®® During the 1960s, other investigators
at the Armed Forces Institute of Pathology, in Washington
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DC, undertook the pioneering project of describing congeni-
tal coronary anomalies in a coordinated, conceptual form.*?
Because their approach was based on clinical significance,
they proposed to use the terms ‘ ‘minor and major’’ as organ-
izing parameters in referring to coronary anomalies.*? They
further noted that some anomalies (such as seen in pulmo-
nary atresia with intact ventricular septum and aortic atresia)
were secondary consequences of congenital heart defects.
This classification system became popular with several later
authors, who simply added data from individual centers or
unusual new cases to the same nosologic scheme. Another
style that the Armed Forces group inaugurated (or indulged
in) was to elaborate an embryogenetic theory based on ana-
tomic observations of coronary anomalies. This theory as-
sumed that the early embryonic coronary arteries were al-
ready present in the common undivided truncus, before any
subdivision occurred, and that abnormal spiral septation of
the truncus would cause ectopic origination.*> Today we
know that both assumptions (coronary origination from the
undivided truncus and abnormal spiral subdivision of the
truncus in cases of coronary anomalies) are erroneous, but
the basic intuition that congenital anomalies have an embry-
ogenic relevance was essentially correct and important. Un-
fortunately, as later authors came to realize, a morphogenetic
explanation may not be so conveniently available in the ab-
sence of basic facts of normal descriptive embryology.?®

An alternative classification device was introduced by
Ogden, 828 who proposed to organize coronary anomalies
according to anatomic morphologic parameters: anomalies
of origin, course, and termination. Obviously, this approach
was more comprehensive and rational than a system based
only on clinical relevance, which depended on the evolution
of medical opinion and practice.

Major contributions to the nosologic interpretation of cor-
onary anomalies came from the most experienced centers
and the most active pathologists, including J. E. Edwards,
William C. Roberts, S. Bahrati, H. N. Neufeld, R. Virmani,
and Hugh A. McAllister, Jr. More recent progress in the
field of coronary artery interpretation has resulted from a
more pointed approach aimed at (1) identifying the clinical
relevance of certain apparently innocent morphologic var-
iants by studying large populations, especially young per-
sons dying suddenly of unclear causes, and (2) objectively
documenting the claim of myocardial ischemia, especially
by means of nuclear myocardial perfusion studies and provo-
cation tests in the catheterization laboratory.

CORONARY ARTERY ANATOMY:
WHAT IS NORMAL?

The only branches of the ascending aorta are the coronary
arteries. They supply the heart and are two in number, right
and left, arising near the commencement of the aorta imme-
diately above the free margin of the semilunar valves. . ..
The right coronary artery runs along its posterior surface as
far as the posterior interventricular groove, where it divides
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into two branches, one of which (transverse) continues on-
ward in the groove between the left auricle and ventricle. . . .
The other (descending) courses along the posterior interven-
tricular furrow. (Gray’s Anatonry, 1901 edition®"?)

Since the beginning of this century, when the preceding
passage was published in a leading textbook of human anat-
omy, there has been a continuously expanding awareness of
the great variability of the coronary anatomy and the diffi-
culty of defining normal coronary arteries. This expanding
awareness has mainly been the result of the introduction of
selective coronary angiography, coronary bypass surgery,
and catheter-based angioplasty. A growing number of coro-
nary features have become clinically relevant, and an in-
creasing number of variants have become apparent. Today,
discussions of this subject are far more detailed than would
have been considered relevant just a few decades ago. More-
over, as further developments occur, discussions can be ex-
pected to become even more complex in the future.

So far, the rich literature on coronary anomalies has been
marred by a recurrent, inconclusive debate about the defini-
tion of coronary normality: What is normal (or unusual but
normal) as opposed to atypical, abnormal, aberrant,?*#23%-
505 anomalous, accessory, ectopic, incidental,'® a variant,*!*
or a less common variant? What is a major or minor**!!"
anomaly or a clinically?**!? or hemodynamically?*7-?*! sig-
nificant anomaly? At a time when confusion still governs
the terminology and concepts related to coronary anomalies,
we would like to propose a method of study and a discipline
that may promote a more rational organization of the subject
matter. In this method, coronary anomalies are defined by
exclusion, on the basis of a description of the normal coro-
nary anatomic features. This fundamental organizational
concept, which one of us (PA) proposed in 1989,*° seems
to have been widely validated since that time.?>!0%-302 Only
by means of a feature-by-feature description of the normal
coronary anatomy can coronary anomalies be defined. Some
features, such as the presence or absence of a common main
trunk of the left coronary artery (LCA), are dichotomous;
in these cases, normal is easily defined (*‘normal is to have
a common trunk’’). Other features are better described on
the basis of a continuous spectrum of quantitative data,
which can be assessed with a normal, or Gaussian, distribu-
tion curve observed in large populations. In such cases,
“normal’’ should probably be defined as the interval be-
tween two standard deviations from the mean value, as com-
monly used in biologic studies. Additionally, the terminol-
ogy used to distinguish normal and abnormal coronary
arteries should be based solely on morphologic grounds and
should avoid the issue of clinical relevance. Clinical or func-
tional repercussions of coronary anomalies are obviously
important, and they will be discussed at the end of this chap-
ter (see Pathophysiologic Mechanisms and Clinical Implica-
tions of Coronary Anomalies). Unfortunately, some ques-
tions cannot yet be resolved on the basis of currently
available knowledge; in these cases, one can only propose
certain criteria to be tested in further studies or certain empir-

ical solutions to be temporarily adopted by common agree-
ment.

METHODS FOR STUDYING CORONARY
MORPHOLOGY

Traditional descriptions of coronary morphology are
based on anatomic observations in necropsy specimens. The
primary tools are gross inspection and fine dissection with
the aid of magnifying loupes. Injection/corrosion methods
involve both injection of a semisolid gelatin mass or of
chemical fibers (which tend to solidify in response to
changes in temperature) and corrosion induced by changes
in the chemical environment. Injection of radiopaque media,
followed by radiography, is also a well-established method
for evaluating autopsy specimens. Each of these observa-
tional methodologies has its indications, advantages, and
limitations.

Gross Anatomic Inspection

Gross anatomic inspection—obviously the simplest, most
readily available method for examining autopsy speci-
mens—is often quite adequate. It is preferred for studying
the coronary ostial anatomy, because it is well suited for
describing the location of the ostia with respect to aortic root
reference structures (the semilunar leaflets, commissures,
and sinotubular junction). Gross anatomic inspection (some-
times with the aid of magnifying lenses) is also preferred
for describing the intrinsic anatomic features of the proximal
coronary anatomy (for example, slitlike ostial ridges in coro-
nary arteries that originate tangentially with respect to the
aortic wall). For evaluating a coronary artery’s course, distal
distribution, and termination (as in cases of small anomalous
fistulous communications), the gross anatomic approach is
less appropriate: it is not as precise as injection-corrosion
or radiographic methods.

The great value of gross anatomic inspection lies in its
convenience and negligible cost. Its most obvious limitation
is its reliance on necropsy material. Indeed, because of the
widespread clinical introduction of precise diagnostic imag-
ing methods (such as computerized axial tomography, nu-
clear magnetic imaging, echocardiography, and angiogra-
phy), necropsy studies are currently performed with
decreased frequency.

Injection-Corrosion Techniques

Injection-corrosion techniques are quite satisfactory for
showing coronary distribution patterns.'¥>*31-5%8 At their
most sophisticated level of execution, these techniques can
allow visualization of even the finest collateral network.
However, because this approach depends on corrosion tech-
niques to better delineate the coronary luminal spaces, it is
inadequate for determining the relationship between coro-
nary arteries and their adjacent structures (such as the depen-
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dent myocardial segments). Moreover, injection-corrosion
techniques are delicate, time-consuming, and expensive, re-
quiring special technical knowledge on the part of the inves-
tigator. In recent decades, these techniques have largely been
replaced by radiologic methods.

Radiologic Visualization

Radiology may be performed in vivo, as well as in cadav-
eric specimens. In recent decades, in vivo selective coronary
angiography has become an unparalleled tool for studying
coronary anatomy,2#8:122,186.355.370.442 Becange of this meth-
od’s safety, its capacity for precise stereoscopic imaging
(achieved by combining multiple simultaneous or sequential
projections), and its excellent rendition of coronary anatomic
details in motion (by means of enhanced radiologic tech-
niques, digital enhancement, and electronic magnification),
it is currently used in some 2 million patients per year world-
wide. Moreover, it has been used in the great majority of
recent investigational studies of coronary anatomy.

In cadavers, radiologic single-plane coronary angiography
introduces a serious artifact, related to superimposition of
the different planes (the cardiac free walls, septa, atria, and
ventricles). This artifact tends to negate the advantage of
greater detail during visualization of the fine coronary anat-
omy in a nonbeating heart. To overcome this technical prob-
lem, Schlesinger*>! proposed an ‘‘unrolling technique’” by
which the ventricular septum and both atrial walls are elimi-
nated, transforming the cadaver heart into a flat surface. Ob-
viously, this technique introduces other artifacts and pre-
cludes examination of certain relevant cardiac structures.
Nevertheless, it is an expedient means of studying, for exam-
ple, coronary dominance.

Newer Imaging Techniques

Because of its high cost, coronary angiography is not ap-
propriate as a primary screening test for ruling out coronary
anomalies. For this purpose, noninvasive clinical imaging
techniques are safer, more convenient for the patient, and
more cost-efficient—particularly echocardiography®12313!-
331 but also nuclear magnetic resonance imaging®®-197-222.412.
460:462,463 and computerized axial tomography at rapid rates
of image acquisition. These methods can document the pres-
ence of a coronary anomaly or at least greatly raise the level
of suspicion. For providing a thorough anatomic description,
however, they are inferior to coronary angiography, not only
because of their intrinsic physical characteristics but also
because their basic approach is tomographic (whereas the
coronary arteries do not lie in a single plane). Doppler signal
interrogation can greatly enhance ultrasonographic imaging
by facilitating vessel identification and providing flow ve-
locity data. Echocardiography, magnetic resonance imaging,
and computerized axial tomography can frequently allow
diagnosis of the larger coronary fistulas and anomalous orig-
ination of a coronary artery from the pulmonary artery. Orig-

ination of a coronary artery from an anomalous aortic loca-
tion or from the anomalous course of a proximal coronary
artery can also be reliably identified with echocardiogra-
phy,*S especially using the transesophageal approach.***:
482 On the contrary, the distal coronary anatomy cannot be
adequately visualized with these methods.>1%-2!

Questions related to myocardial perfusion, especially
those aimed at ruling out myocardial ischemia in the pres-
ence of coronary anomalies, can best be resolved by nuclear
myocardial perfusion scintigraphy coupled with exercise or
pharmacologic stress testing or by metabolic radioactive
tracers coupled with positron emission tomography. In the
near future, these testing modalities will become more rele-
vant: they will be used to definitively and categorically es-
tablish the clinical relevance of certain coronary anomalies
that are still unclear and to guide the management of individ-
ual patients, based on objective evidence of reversible seg-
mental ischemia.

NORMAL CORONARY ARTERIES IN HUMANS:
DESCRIPTIONS AND DEFINITIONS

A coronary artery is defined as any artery or arterial
branch that carries blood to cardiac parenchyma (i.e., any
structure located within the pericardial cavity). The cardiac
parenchyma includes not only the myocardium but also the
semilunar and atrioventricular valves, the great vessels (the
proximal aorta, the pulmonary trunk, and a short segment
of the superior vena cava), and the visceral pericardium or
epicardium. The parietal pericardium should not be included,
so the pericardial arteries should not be considered coronary.

The name and nature of a coronary artery or branch is
defined by that vessel’s distal vascularization territory, not
by its origin. A coronary artery that arises from the right
anterior sinus of Valsalva and that branches into the left
anterior descending (LAD) and circumflex territories is not
a right coronary artery (RCA) but, rather, a left main trunk
with an ectopic origin. Similarly, the different sinuses of
Valsalva are identified not by the coronary arteries that orig-
inate from them but, rather, by their own topographic loca-
tion.

When considering the spectrum of coronary morpho-
logies, ‘“‘normal’’ should mean ‘‘what is commonly ob-
served,”” 3%%*80 and the terms abnormal or anomalous
should be used for any form observed in less than 1% of the
general human population.**® This criterion is proposed as
the dividing line between (1) normality, which would in-
clude the more frequent variations (normal variants), and
(2) abnormality, which would consist of relatively infrequent
variations (anomalies).

In essence, a useful convention is all that, on purely ana-
tomic grounds, distinguishes a normal coronary artery pat-
tern from an abnormal variant. Only certain anomalies (such
as a coronary aneurysm) predispose the patient to a morbid
state, and very few anomalies (such as anomalous origina-
tion of a coronary artery from the pulmonary artery) consti-
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tute, in themselves, a disease state. Pathophysiologic and
clinical considerations should be clearly distinguished from,
and subordinate to, anatomic description.

With respect to its basic reference framework, the coro-
nary artery anatomy should be related to the aortic sinuses
at one extreme and the dependent myocardium at the other.
The essential reference for describing the origination of the
coronary arteries is the aortic root. Anatomically, the aortic
root consists of three equal-sized®®” semilunar leaflets, three
intercuspal spaces, and three sinuses of Valsalva, as well as
the sinotubular junction, which separates the aortic root from
the ascending aorta (Fig. 4.3). In a normal human heart, the
aortic valve is situated posterior to—and slightly to the right

of—the pulmonary valve, just anterior to the recess between
the tricuspid and mitral annuli (Fig. 4.4). The posterior wall
of the aortic root is the anterior wall of the sinus transversus
pericardii, a liquid-filled pericardial space that separates the
aorta from the right and left atria (Fig. 4.4).

The aortic and pulmonary valves have a single adjacent
contact point, which is the consistent remnant of the em-
bryologic aortopulmonary septum (Fig. 4.4). This point is a
useful reference for describing the semilunar cusps and si-
nuses. Indeed, the circumference of each semilunar valve
is normally divided into three equal 120° sectors, and the
aortopulmonary contact point is easily and consistently lo-
catable and helps identify the site of one (joining or adja-

FIGURE 4.3. A and B. Diagrammatic representation of the aortic root in cross-
section (grossly sagittal, view A) and in rectified form (unrolled root, view B), after
excision of the semilunar cusps to reveal the implantation line of the cusps (view B,
arrows). The aortic root is limited distally by the sinotubular junction. The sinuses
of Valsalva are limited distally by the sinotubular junction and proximally by the
implantation line of the cusps. The bottom section of each cusp is shadowed to
indicate the underlying muscular septum (view B, solid circle). The intercuspal trian-
gles or spaces (view B, asterisk), have different wall constituents depending on the
specific location. View A: AF = anterior fascicle of the bundle of His; AsAO =
ascending aorta; IVS = interventricular septum; LA = left atrial wall; M = section
of mitral valve; MS = membranous septum; NC = so-called noncoronary sinus;
PF = posterior fascicle of the bundle of His; R = right sinus; STJ = sinotubular
junction; TS = transverse septum. View B: ICS = intercuspal space or triangle;
IVS = interventricular septum; L = left sinus; MS = membranous septum; MV =
anterior leaflet of the mitral valve; NC = so-called noncoronary sinus; R = right
sinus; STJ = sinotubular junction; SV = sinus of Valsalva. C. Relationship between
the aortic root and the right ventricular cavity. AO = aorta; AP = anterior papillary
muscle of the tricuspid valve; AR = anterior right pulmonary cusp; C = crista supra-
ventricularis; MB = moderator band; P = posterior pulmonary cusp; R = raphe of
the right ventricular outflow tract (a residual sign of the fusion line between the
embryologic conal ridges); RA = right atrial anterior wall; SM = crista septo-margin-
alis. Shaded area = membranous ventricular septum.
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FIGURE 4.4. Schematic representation of the base of the
heart (coronal plane) after removal of the atrial walls and the
ascending aorta/pulmonary artery. At site 1 the pulmonary
annulus is adjacent to the aortic annulus, representing a rem-
nant of the aortopulmonary embryologic septum; This is the
consistent site of the anterior commissure of the aortic valve
and the posterior commissure of the pulmonary valve. Site 2
indicates the position of the membranous septum. Site 3
shows the relationship between the aortic annulus and the
mitral and tricuspid annulus, as well as mitral-aortic continuity.
The interrupted lines indicate the approximate positions of
the left and right ventricular cavities. AO = aorta; M = mitral
valve; PA = pulmonary valve; T = tricuspid. The shaded
area represents the sinus transversus pericardii.

cent) aortic and pulmonary commissure (Fig. 4.4). In the
normal aortic valve, this commissure is termed anterior or
left anterior; in the pulmonary valve, however, the adjacent
commissure is called posterior or right posterior.

The two aortic sinuses that adjoin the aortopulmonary
contact point are the site of origin for the great majority of
the coronary arteries, whether their anatomy is normal or
abnormal. The right and left anterior sinuses are called the
“facing sinuses,”’ because they face the pulmonary artery.
According to traditional teaching, coronary arteries never
originate from the sinus opposite the aortopulmonary contact
point (the nonadjacent, nonfacing, or right posterior sinus).
Therefore, this aortic sinus is also referred to as ‘‘noncoro-
nary.”’ In reality, however, coronary origination from the
noncoronary sinus has been observed in a few rare cases
(see page 46), some of which have been reported in the
literature.

The three aortic valve cusps and sinuses have been varia-
bly labeled. In Nomina Anatomica (1989),>*° the aortic valve
leaflets and sinuses are called posterior, right, and left. How-
ever, the terms noncoronary, right (coronary), and left (cor-
onary), are in widespread clinical use. We encourage the
use of topographic descriptive terminology: right posterior,
right anterior, left anterior, and right posterior (so-called
noncoronary). In this approach, the relative location of the
cusps is determined with respect to the orthogonal planes,
in the coronal plane of the heart (Fig. 4.4). Especially when
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describing the coronary anatomy by means of angiography,
one would also consider the vertical (superoinferior) axis.
In this orientation, the aortic sinuses are not all located at
the same level; instead, the left anterior sinus is slightly
higher than the others, and the right posterior sinus is slightly
lower. Indeed, the anterior commissure of the aorta (which
adjoins the aortopulmonary contact point) is the highest
point of the aortic valve annulus (Fig. 4.5). The (embryologi-
cally conjoined) planes of the aortic and pulmonary valves
are slightly different, and they are oriented not horizontaily
but obliquely, with an anterior lift that causes the pulmonary
valve to be slightly higher (more cephalad) than the aortic
valve (Fig. 4.5). In any given case, the anatomy of the aortic
root should be specifically analyzed and mentioned, never
just assumed to be normal, especially when one is describing
a coronary anomaly.l‘”’165’176’194’202’227’348’390’440

The compact myocardium, which forms during initial em-
bryologic development, from an earlier myocardial structure
characterized by a mostly trabecular spongy architecture,
cannot grow and function in the absence of a coronary artery
system (see Chapter 2). On full development, each myocar-
dial fiber is surrounded by a close network of arteriolar and
capillary branches.*”® In the normal human heart, most of
the myocardial mass belongs to the left ventricle, and both
coronary arteries (left and right) primarily serve the left ven-
tricular mass. Myocardial organization is the fundamental
determinant of the anatomy of the distal coronary artery tree.
In any coronary anatomic pattern, the potentially modifiable
features generally relate to the proximal coronary segments
(which have a conductive function) rather than the arteriolar
segments (which have a resistance-modulating function) or
the capillary segments (which have a nutritive function). For
this reason, the following discussion deals essentially with
the conductive segments.

FIGURE 4.5. Relationships between the aortic sinuses and
the pulmonary sinuses, as seen in the right anterior oblique
projection. The aortic valve annulus is oriented obliquely
(tilted anteriorly and superiorly), as is the pulmonary annulus.
1 = the contact point between the aortic and pulmonary si-
nuses. The left aortic sinus (L) is higher than the right (R) and
the noncoronary (NC) sinuses. The antero-left (AL, nonadja-
cent) pulmonary sinus is located at a higher level than the
anterior right (AR) and posterior (P) pulmonary sinuses (the
adjacent or facing sinuses). AO = aorta; inf = inferior; PA
= pulmonary artery; post = posterior.
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Origination of the Coronary Ostia

Normally (i.e., in more than 1% of individuals), the human
coronary arteries have two or three coronary ostia.*?!
Whereas two ostia (the right and left) are typically present,
it is also normal to see a separate aortic ostium for a conal
or infundibular branch, or third coronary artery,>° which is
present in 23 to 51% of normal hearts.!913515%8 [ ess fre-
quently, separate origination of the LAD and circumflex ar-
teries from the aorta, in the absence of a common left main
trunk, produces a third (or fourth) coronary ostium. This
condition was studied by several anatomists, and the re-
ported frequency of absent left main trunk varied from 0.4
to 8.0%, depending on the criteria used by the different in-
vestigators >4 192:351,391.413.508 Tf the defining criterion is min-
imal evidence of a common left main trunk, however rudi-
mentary, like a common aortic niche, the lower estimates
are correct. In contrast, if the criterion is absence of a clearly
individualized common trunk, the higher estimates are cor-
rect. The question of whether an absent left main trunk is
an anomaly or a normal variant will be discussed again later
in this chapter.

The coronary ostia are normally located in the middle of
the right anterior and left anterior sinuses, just above the
upper free margin of the semilunar leaflets (in the open posi-
tion) and just below the sinotubular junction. This general
rule applies to cases involving two, three, or even four coro-
nary ostia. As already suggested in the literature,!*2%227:413
480 3 specific, detailed anatomic study needs to be undertaken
with the aim of establishing, in a large human population
with normal hearts, the spectrum of coronary ostial distribu-
tion in both the horizontal plane (oriented along the circum-
ference of the aortic annulus) and the vertical plane (oriented
along the longitudinal axis of the ascending aorta). Only
after a precise description becomes available can the stan-
dard deviations in the two axes be determined and anomalies
be exactly defined (Fig. 4.6).

Normally, the proximal segment of a coronary artery
arises at a nearly orthogonal angle from the aortic wall

FIGURE 4.6. Schematic representation of the aortic root and
the ascending aorta, showing the conceptual pattern of distri-
bution of the right (R) and left (L) coronary ostia in the vertical
(for the right) and horizontal (for the left) planes (vp and hp,
respectively). See text.

FIGURE 4.7. Cross-sectional view of the right coronary cusp,
showing four examples of variant coronary origination: 1, nor-
mal, grossly orthogonal to the aortic wall; 2, uplifted; 3, down-
ward with a tangential path (in a case of ectopic origination
from the ascending aorta); 4, horizontal (in a case of low,
ectopic origination).

(Fig. 4.7). This angle has never been precisely studied in
a large population, and the normal range has never been
established, but it is important that distinctly unusual angles
of coronary origination be recognized, especially during se-
lective catheterization in clinical studies. Coronary ostia that
originate ectopically are consistently associated with acute
(“‘tangential’’) arterial origination from the aortic wall, and
only rarely does acute angulation occur in the context of a
normal ostial location.

In size, the coronary ostia are typically equal to, or larger
than, the proximal segment of the related coronary artery.>®!
As the coronary arteries produce side branches and progress
downstream, they gradually decrease (but never increase)
in diameter.

The course of the coronary arteries is mostly epicardial,
at least in humans, although the proximal LAD is intramural
in 5 to 25% of cases, producing a systolic narrowing or
milking effect when observed angiographically (see Intra-
mural Coronary Artery). The coronary arteries normally ter-
minate in the capillary network via arteriolar segments,
which are responsible for most of the coronary tree’s hemo-
dynamic resistance (see Overview of Coronary Physiology).
Direct coronary artery communications with the cardiac cav-
ities or with veins are considered generically abnormal (see
Anomalies of Termination: Coronary Fistulas).

Although an ideal ‘‘coronary luminal size/dependent
myocardial mass ratio’’ no doubt exists, its normal range
has been difficult to define, 175-205:230,233,247.281,301.408,428.499
It is important that this ratio be clarified, however, to better
elucidate anomalies such as coronary ectasia, coronary aneu-
rysm, coronary hypoplasia, or absent coronary artery. The
current open debate about how to define these entities stems
from the lack of universally accepted parameters of normal
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coronary size. Indeed, the absolute coronary artery diameter
increases with age?*’ and is greatly influenced by the pattern
of “‘coronary dominance.”” Use of the criterion of relative
diameter ratio (>150% of the diameter of the neighboring
“normal’’ segment of the same artery>’") to define coronary
ectasia presupposes that a normal segment is present and
recognized, which is not always true in a given case.”® A
more practical, acceptable approach to defining normal coro-
nary size may be based on measurements of coronary flow
velocity at rest and after maximum vasodilation, since it is
clinically impractical or impossible to obtain an anatomic
quantitative description of the distal capillary bed. Gould'*’
proposed that a given flow velocity at rest and a maximal
flow reserve (ability to increase blood flow with maximal
vasodilation) of x4 to x5 with respect to baseline is evidence
of normal epicardial coronary size (flow velocity) and arteri-
olar vasodilatory capacity (functional reserve), respectively.
Before valid general statements can be made, however,
larger studies must be performed in this regard. Gould’s
approach would imply that a coronary segment with a de-
creased flow velocity suggests coronary ectasia, while an
increased flow velocity would suggest either a localized ste-
nosis or a hypoplastic segment (congenital stenosis?). Mild
forms of coronary hypoplasia (at any level), involving a di-
minished maximal flow reserve (but a normal flow at rest),
may indeed exist as a substrate accounting for some cases of
the poorly defined entity known as syndrome X (myocardial
ischemia without coronary stenosis). A similar mismatch has
been proposed as the mechanism for cardiomyopathy in an
experimental model of chronic ventricular overload.'* De-
finitive studies need to be undertaken in this regard (see
also Coronary Hypoplasia). Generally, we can state that ir
is normal for all myocardial segments to have a congenilally
adequate arterial circulation with respect to basal and exer-
cise requirements, and any apparent deviations (such as ‘“ab-
sent”” coronary artery) should generally have an alternative
cause—either ectopic origination of a vessel, which can be
difficult to demonstrate angiographically, or acquired vascu-
lar occlusion in the absence of demonstrable collaterals (see
Absent Coronary Artery).

The normal anatomic features of each coronary artery and
its main branches are detailed in the following pages.

Right Coronary Artery

Normally, the RCA arises from an ostium located just
below the sinotubular junction, in the middle of the right
anterior sinus of Valsalva, and courses into the right atrio-
ventricular groove. 1f the right anterior cusp has more than
one ostium, the additional ostium—and there may be more
than one>*®—is related to a conal (or more precisely, infun-
dibular) branch. In terms of a minimal identifying descriptor,
the RCA is defined as that vessel which courses in the right
atrioventricular groove and provides nutrient branches to
the right ventricular free wall. (In cases of congenital atrio-
ventricular discordance or situs inversus, the right atrioven-
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tricular groove is the groove related to the anatomic right
ventricle). In the absence of preexisting literature on this
subject, we propose that the artery in the right atrioventricu-
lar groove be named the RCA if it reaches the acute margin
of the heart. On the other hand, if it produces only a few
anterior right ventricular branches and does not reach the
acute margin of the heart, the lone right-anterior-cusp artery
should be called the infundibular (or conal) branch. Such a
condition is usually associated with a large left coronary
system, in which the left circumflex artery reaches the acute
margin from the posterior aspect of the heart and provides
the coronary circulation for most of the heart. In this case,
one is dealing with a single coronary artery originating from
the left anterior sinus, with the RCA arising ectopically from
the distal circumflex artery and an independent conal or in-
fundibular branch originating from the right coronary cusp
(see Single Coronary Artery).

In defining the essence of the RCA in these terms, one
cannot expect to exhaust the subject of its anatomic variance:
this artery may stop at the acute margin of the heart or may
continue to the crux or the left atrioventricular groove, end-
ing in the posterolateral left ventricular branch or even the
ramus medianus or the diagonal branch and occasionally
extending up to the LAD. What is the ‘‘normal’” maximal
extension of the RCA? Because of a lack of prospective ad
hoc studies in large populations, a “‘very dominant’” RCA,
terminating in a left posterolateral branch short of the obtuse
margin of the heart should be considered the extreme (larg-
est normal) variant. An RCA that provides branches to the
obtuse margin (and beyond) should be considered abnormal,
and this condition should be called ‘‘anomalous origination
of the circumflex artery from the distal RCA.”” It is also
normal for an RCA to provide a posterior descending branch
that follows the posterior atrioventricular groove as far as
the apex of the heart but not beyond.

In summary, the dependent territory of the normal RCA
may vary: at one extreme, the artery may just reach the acute
margin of the right ventricle; at the other extreme, the artery
may stop just short of providing an obtuse marginal branch
(Fig. 4.8).

Descriptions of the right and circumflex arterial patterns
have usually been limited to defining the dominant versus
nondominant variants, depending on the origin of the poste-
rior descending branch. Indeed, in classifying normal RCA
patterns, Baroldi and Scamazzoni®*® included a *‘type-II"’
pattern, in which the RCA produces not only the posterior
descending but also the obtuse marginal branch. Unfortu-
nately, these authors failed to define the circumflex artery,
leaving room for inconsistency. Currently, it would seem
crude and inadequate to describe the RCA anatomic spec-
trum in terms of simple dominance alone, especially in light
of practical considerations related to anatomic-physiologic
correlations (using echocardiography and nuclear myocar-
dial scintigraphy) and therapeutic interventions (bypass sur-
gery and catheter angioplasty). Ideally, a map of the left
ventricular myocardial mass, including the interventricular
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FIGURE 4.8. Horizontal cross section of the heart showing the myocardial segments supplied by the
LAD (black), RCA (white), circumflex (triangles), and ramus medianus (squares) in cases of dominant
RCA (A) and dominant circumflex (B). The numbered circles around the sections represent the location
of individual coronary branches: 1 = LAD; 2 = second diagonal; 3 = first diagonal; 4 = obtuse marginal
(case A) or ramus (case B); 5,6 = further obtuse marginal branches; 7 = posterior descending artery;
8 = acute marginal; 9 = anterior right ventricular branch. The section of the papillary muscles is shown

inside the left ventricular cavity.

septum, should be constructed to indicate the respective ter-
ritories of the RCA, LAD, and circumflex artery (Fig. 4.8).
For clinical angiographic purposes, we support the policy
of describing the coronary artery patterns and distributions,
including detailed mention of the main secondary branches
(as small as about 1.5 mm in diameter), according to their
territorial distribution (Fig. 4.8). In most cases (about 90%
in humans), the RCA is ‘‘dominant,”’ meaning that it gener-
ates a posterior descending branch, which provides blood
flow mainly to the posteroseptal left ventricular myocar-
dium, past the proximal, predominantly conductive section
of this vessel, which gives off only small branches to the
free wall of the right ventricle. One of the RCA’s terminal
branches, which originates at the crux of the heart, provides
nutrient flow to the atrioventricular node. That terminal
branch may facilitate angiographic location of the interven-
tricular septum, as the atrioventricular node is situated in
the cephalad, posterobasal portion of the interventricular
septum, just underneath—and in front of—the coronary si-
nus’s opening into the right atrium (Eustachian valve).

Normally, the RCA does not provide branches that cross
the anterior interventricular sulcus into the left ventricular
territory. A small septal (interventricular) branch may origi-
nate from the proximal RCA or directly from the right ante-
rior cusp by means of an independent ostium.

Of the multiple small, highly variable atrial branches that
may arise from the RCA, the sinus node artery is the one
most commonly recognized. Nevertheless, its origin and
course vary widely. In 50% of cases, the sinus node artery
arises from the proximal RCA. In the remaining cases, it
branches from the proximal circumflex or mid RCA192-508

The other atrial branches have a highly variable, unpredicta-
ble morphology. Individually, they are generally considered
unimportant for clinical purposes, with the possible excep-
tion of a branch that follows the crista terminalis (the line
of separation between the smooth posterior section of the
right atrium and the highly trabeculated anterior portion).

Left Coronary Artery

The LCA originates from the middle portion of the left
anterior sinus of Valsalva, just above the level of the free
edge of the open aortic cusp and just below the sinotubular
junction. The exact site of the left coronary ostium varies.
Specific studies should be undertaken to identify the value
of two standard deviations in the distribution curve of the
left coronary. ostial site, as proposed in the case of the RCA
(Fig. 4.6). The left coronary ostium is usually single, so it
is normal to see a common LCA trunk. In an ad hoc review of
1950 consecutive selective coronary angiograms (see pages
38-43), the authors documented absence of a left main coro-
nary trunk (with double orifices, and separate origination of
the circumflex and LAD arteries) in less than 1% of cases,
a finding that defines this condition as a coronary anomaly.
A proximal coronary vessel originating from the left ostium
is called the left main stem or trunk only if it gives rise to
both the LAD and the circumflex artery. In anomalous cases,
in which one of these arteries does not originate from the
LCA, the trunk that arises from the left anterior sinus should
be called not the left main but the proximal LAD or circum-
flex artery, whichever is appropriate.

Because the left main coronary trunk arises orthogonally
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A

FIGURE 4.9. Schematic views of left coronary variants, in
the frontal (A) and horizontal (B) planes, showing different
orientations of the left main trunk: in A, inferior tilt (A1), normai
orthogonal tilt (A2), and superior tilt (A3); in B, anterior tilt
(B1), normal orthogonal tilt (B2), and posterior tilt (B3).

from the aortic sinus, it usually lies in the coronal plane of
the heart. Occasionally, the left main trunk may be oriented
more anteriorly or posteriorly, superiorly or inferiorly (Fig.
4.9). Again, specific studies are needed with regard to the
spectrum of normal variation in left main trunk orientation.

Because the left main trunk is only a short (conductive)
arterial segment, from which the circumflex and LAD arter-
ies normally spring, and because the latter vessels are the
two main nutrient components of the LCA, some experts
have proposed that the LAD and circumflex be termed “‘ar-
teries’’ and that the farther, secondary ramifications, such
as the diagonal or medians, be called branches or rami.>*®

Despite the great variability in the morphology of the LCA
system, the following fairly consistent rules may be set forth.

o The LAD courses in the anterior interventricular groove,
the circumflex artery in the left atrioventricular groove.

e The LAD gives off branches to both the septum and the
anterolateral wall of the left ventricle, including the anter-
olateral papillary muscle, and the circumflex artery pro-
duces branches to the posterolateral wall of the left ventri-
cle, usually including the posteromedial papillary muscle
(Fig. 4.8).

e The LAD terminates at the cardiac apex, or 1 to 2 cm
before or after the apex.

o The anterior septal branches (perforators) originate from
the LAD, at the anterior interventricular sulcus, at a
grossly perpendicular angle with respect to the cardiac
surface; these branches immediately become intramural,
coursing within the ventricular septum.

e The LAD seldom produces sizable branches (i.e., large
enough for bypass surgery or angioplasty) that extend to
the free wall of the right ventricle, but it does frequently
produce smaller branches, which are directed toward the
anterior wall of the right ventricle. These branches may
become more prominent if collateral circuits are estab-
lished between the LAD and RCA, involving both the
proximal segment (Vieussens’ circle) and the distal seg-
ment of the LAD. In the latter case, the collaterals connect
the anterior ventricular or acute marginal branches of the
RCA with the distal LAD.349-351
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e The diagonal branches, which, in human adults have a
luminal diameter of >1.5 mm, consist of one to three
independent vessels that arise from the LAD at variable
downward angles and course over the anterolateral free
wall of the left ventricle. Anatomists and angiographers
customarily call ‘“first diagonal’’ the first branch that
arises from the LAD in its downstream course. Con-
versely, surgeons prefer to use the term *‘Diag-1"" for the
first branch encountered lateral to the LAD and ‘‘Diag-
2" for the next branch, which has a more lateral course
(Fig. 4.10). In the future, this nomenclature should be
rendered uniform by a universal agreement.

e The terms ‘‘ramus medianus,”” ‘‘intermedius,’” or ‘‘inter-
mediate branch’’ refer to a coronary branch that covers a
variable extent of the free wall of the left ventricle, poste-
rior to the territory of the diagonal artery and anterior to
the first obtuse marginal branch of the circumflex artery.
Therefore, the ‘ ‘ramus medianus’’ is defined as the inter-
mediate vessel between the first diagonal and first obtuse
marginal branches. In some hearts, no sizable vessel fits
this definition. The origination site does not define the
nature of the ramus medianus, because this vessel may
occasionally arise from the proximal LAD or directly from
the left main or proximal circumflex artery. The obtuse
margin of the heart is neither a precise anatomic feature
(Fig. 4.8) nor an angiographically recognizable entity but
a useful approximate term for identifying a point or line
in the free wall of the left ventricle. Moreover, unlike the
anterior or posterior interventricular groove, the obtuse
margin is not a consistent site for a large epicardial coro-
nary branch. Therefore, one occasionally has trouble de-
termining which branch to call the ramus medianus, and in
a sizeable number of cases (30%?), experienced observers
will agree that this vessel is missing.

A B

FIGURE 4.10. The alternative nomenclatures generaily used
by angiographers and anatomists (A) or by surgeons (B).
See text. D, = first diagonal branch; D, = second diagonai
branch; L = LAD.
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e The circumflex artery runs along the left atrioventricular
groove, descends beneath the left atrial appendage, and
courses downward toward the crux of the heart for a vari-
able distance. An LCA that has a circumflex artery that
does not reach the crux of the heart is customarily called
“‘nondominant.”’ An LCA that has a circumflex artery that
reaches the crux and produces the posterior descending
branch, along the posterior interventricular groove (Fig.
4.8), is called ‘‘dominant.”’ In reality, however, ‘‘right
and left dominance’’ is a poor term because, as James'?
noted, the LCA is larger than the RCA in most normal
hearts, even when the RCA provides the posterior de-
scending branch. Current terminology referring to domi-
nance should be replaced by nomenclature that describes
the posterior interventricular septum’s blood supply or its
distribution, avoiding any reference to literal ‘‘domi-
nance.”’ In addition, it is important to realize that the cir-
cumflex artery and the RCA are not the only arteries that
can participate in vascularizing the posterior third of the
interventricular septum; another possible participant is the
LAD, which may not end at the apex but, rather, may turn
around it and then follow the posterior interventricular
groove for a variable length. For further discussion of this
point, see page 58.

e It is probably useful to define the ‘‘minimal circumflex
artery’’ as that vessel which provides at least one branch
to the territory of the obtuse margin. In cases in which
the LCA’s territory does not extend to the obtuse margin,
one would expect the circumflex artery to originate ectopi-
cally (usually from the RCA), and the LCA would be
considered an LAD in the absence of a common left main
trunk.

¢ Atrial branches commonly originate from the circumflex
artery (especially those branches directed to the left
atrium, but sometimes also those directed at the right
atrium and the sinus node’s territory). Such branches less
frequently arise from the left main trunk, and they never
arise from the LAD. In some 40% of normal hearts, the
artery to the sinus node originates from the proximal cir-
cumflex artery.'9>% The atrioventricular node artery may
originate from the circumflex artery, but only if the latter
artery reaches the cardiac crux, usually with a dominant
pattern.

In considering the wide spectrum of epicardial coronary
artery patterns in normal human hearts, one can arrive at the
following basic conclusion: in all hearts, any left ventricular
myocardial segment has essentially the same amount of arte-
rial supply (measured by capillary density) as any other seg-
ment, but the proximal arterial vessels can be organized into
a great number of alternative patterns. A proper, uniform,
widely accepted system of nomenclature must be established
to promote reliable interobserver communication, which is
especially important from the clinical standpoint.

INCIDENCE OF CORONARY
ANOMALIES: ANGIOGRAPHIC
ANALYSIS OF 1950 CASES

The recent literature contains several reports about the
incidence of coronary anomalies, either in the general patient
population or in patients with clinical evidence of myocar-
dial ischemia. These reports involve both angiographic and
autopsy series. Some of them specifically concern the inci-
dence of coronary anomalies in young persons,33-100:241 ath-
letes,2>+514-518.534 ¢o]diers,2*> patients recovering from an
acute myocardial infarction,*”'#>#2* those suffering sudden
death,**-13520 or those studied by angiography for sus-
pected coronary artery diSCaSC.213’76’77’196’197'206’406’430’437
Unfortunately, the entry criteria and methodology used by
the different investigators are poorly described and variably
defined, yielding unreliable figures that are not strictly com-
parable.

A higher incidence of coronary anomalies has been con-
sistently observed in young victims of sudden death than in
adults undergoing routine autopsy examination (incidence:
4 to 15% versus about 1%, respectively). The medical com-
munity still hesitates to accept these differences at face
value, however, because the reporting centers tend to have
a particular, well-recognized interest in congenital coronary
anomalies; therefore, the incidence of these rare entities is
probably artifactually heightened because of a referral bias.
In addition, the results depend on whether certain relatively
common entities such as muscular bridges are specifically
investigated and counted as coronary anomalies.

To help clarify the incidence of coronary anomalies, our
group at the Texas Heart Institute evaluated selective coro-
nary angiograms obtained from 1950 consecutive patients
with documented or suspected coronary artery obstructive
disease and otherwise normal hearts.

Patients and Methods
Materials and Techniques

Coronary angiograms performed in 2000 consecutive
cases between January and May 1989 were retrieved from
the archives of St. Luke’s Episcopal Hospital’s cardiac cath-
eterization laboratories and were prospectively reviewed ac-
cording to the criteria described herein. Fifty angiograms
were excluded because they either were nonselective or did
not adequately show all of the expected coronary vessels.
The remaining 1950 angiograms were technically satisfac-
tory and, therefore, were included in the study. The popula-
tion included adult patients (1369 men and 581 women) with
an average age of 56.7 years (Table 4.1).

In the great majority of cases, multiple projections had
been obtained by means of the Judkins technique, using pre-
formed right and left coronary catheters. In a minority of
cases, alternative catheters (mainly the Multipurpose or Am-
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TABLE 4.1. Demographics of the patient population
(Total n = 1950)

Patient group Number Percentage

Patients with coronary 1290/1950 66
artery disease

Patients without coronary 660/1950 33
artery disease

Men 1369/1950 79

Women 581/1950 21

Men with coronary artery 1019/1369 74.4
disease

Women with coronary 271/581 46.6

artery disease

platz right or left coronary preformed curves) were used after
the primary catheters failed to allow selective catheteriza-
tion. Such failure occurred with greatly increased frequency
in cases of coronary anomalies, especially when the coronary
ostium was juxta-commissural or tangentially oriented with
respect to the aortic wall. Although the brachial approach
entailed less frequent need for a secondary catheter, even in
the presence of anomalous coronary origination, this ap-
proach was used in less than 10% of cases.

In almost all cases, Renografin® or Hypaque-76® was in-
jected as a contrast medium. Unlike the currently more popu-
lar low-osmolar media, Renografin and Hypaque have
slightly better contrast characteristics. They cause more se-
vere transient bradycardia, allowing better definition of the
myocardial blush phase of coronary angiography and, there-
fore, better definition of the dependent myocardial terri-
tory.2%*

Criteria for Describing the Angiographic Anatomy of the
Coronary Tree (Fig. 4.11)

We specifically and systematically studied the following
coronary angiographic features:

Origin

To elucidate the relationship between the coronary ostia
and the aortic sinuses, we examined the morphology of the
coronary sinuses (best seen in the right anterior oblique ori-
entation with a 30° cranial tilt or in the left anterior oblique
orientation with a 30° caudal tilt); the vertical level of the
coronary ostia in the aortic root, with respect to the bottom
of the aortic sinus and to the sinotubular junction or ridge;
and the orientation of the proximal coronary stems (variants:
normal, tangential). To adequately describe these features
angiographically, it was often greatly advantageous to dis-
pose of nonselective injections at the cusp. (Such injections
are not routinely performed in clinical studies.) In most cases
of coronary anomalies, however, some nonselective contrast
injections were necessary because of the initial difficulty
of selectively cannulating unusual, unexpected ostia with
routine preformed angiographic catheters.

Proximal Coronary Trunks

When the proximal trunks of the RCA, LAD, and/or cir-
cumflex artery were combined into a single vessel, they were
called mixed trunks and were labeled as follows: RCA-cir-
cumflex, RCA-LAD, RCA-LAD-circumflex, LAD-RCA, or
LAD-RCA-circumflex.

Course

In describing anomalies of origination, the proximal
course of a coronary artery is frequently an open question.
Therefore, the relationship between the coronary arteries and
other cardiac structures (mainly the atrioventricular and sem-
ilunar valves) was studied by inference, and the coronary
courses were observed in different angiographic projections
to reconstruct their tridimensional anatomy.'®® In some
cases, a catheter was positioned in the pulmonary artery for
reference. In complex cases, simultaneous right and left ven-
triculography, or at least biplane aortography, was available.

Coronary Patterns

The myocardial territories of distribution of the coronary
branches were studied by inference. The examination fo-
cused on the following main features:

1. Left main trunk. The presence or absence of a left main
trunk was defined by the presence or lack of visualiza-
tion of the circumflex or LAD during injection of the
ostium of the opposite artery (the LAD or circumflex,
respectively). Angiograms were excluded if they in-
volved excessive subselective positioning of the catheter
in any of the two left branches. Some reflow in the aortic
sinus was necessary to rule out artifactual studies.

2. The LAD branch was identified by its anterior course
and multiple septal penetrating branches, not necessarily
by its diagonal branches. The diagonal arteries were de-
fined as secondary branches that typically, but not nec-
essarily, originated from the proximal segment of the
LAD and spread over the anterior and lateral wall of
the left ventricle, next to the anterior interventricular
groove artery (the LAD). The diagonal artery may also
have originated from the left main trunk, the circumflex,
or the ramus medianus.

3. The posterior descending branch was identified on the
basis of its multiple posterior septal penetrating
branches.

4. The atrioventricular node artery was noted as an indica-
tor for the posteroinferior edge of the interventricular
septum (the location of the atrioventricular node). By
itself, however, this branch was not considered capable
of identifying the dominant artery, which was assumed
to be the vessel(s) that supplied the posterior descending
arteries with their posterior septal branches (Fig. 4.12).

5. Specific attention was dedicated to the blood supply
of the intraventricular septum during the late phase of
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FIGURE 4.11. Relationship between coronary arteries and cardiac structures as seen in the
frontal (A), right anterior oblique (B), and left anterior oblique (C) projections. AO = aorta; LV =
left ventricle; M = mitral valve; PA = pulmonary artery; RV = right ventricle; T = tricuspid valve.
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FIGURE 4.12. Right (A) and left (B) anterior oblique views of the main coronary branches and related
cardiac structures. Abbreviations: AM = acute marginal artery; Ao = aorta; AV = atrioventricular; CN
= conal branch; Cx = circumflex artery; LA = left anterior fascicle of the left bundie branch; LAD =
left anterior descending artery; LP = left posterior fascicle of the left bundle branch; PD = posterior
descending branch; PA = pulmonary artery; RB = right bundle; RCA = right coronary artery; SN =
sinus node.
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coronary angiography, when myocardial blushing is fre-
quently seen, especially in the left anterior oblique pro-
jection, during angiography of both the LCA and the
RCA.
. The obtuse margin of the heart (left ventricle) was iden-
tified by recognizing the border of the heart in the left
anterior oblique projection (at about 45°; see Figures
4.8 and 4.11). The circumflex artery was identified as
the vessel that coursed in the left atrioventricular groove,
crossing the obtuse margin of the heart. The larger lat-
eral wall branches, starting from the obtuse margin and
moving posteriorly toward the posterior descending ar-
tery, were labeled the obtuse marginal 1 (OM1), obtuse
marginal 2 (OM2), and obtuse marginal 3 (OM3).

. Right coronary branches. We used the following nomen-

clature for right coronary branches:

a. ‘‘Infundibular (or conal) branch’’ (Fig. 4.12) was
used to designate branches that serve the anterior free
wall of the right ventricular outflow tract (grossly
the 3- to 5-cm segment of myocardial territory below
the pulmonary valve). These branches may have di-
rect independent aortic origination. Because infun-
dibular branches that originate separately are usually
smaller than the tip of the diagnostic catheter, selec-
tive catheterization of such independent branches
was rarely observed.

b. ‘‘Right ventricular branch’ was used to designate
branches that serve the free wall of the inlet and the
apical portion of the right ventricle. We tried only
to identify the acute marginal branch as the artery
that lies closest to the acute margin of the heart. The
acute margin of the heart was identified angio-
graphically as the lowest point in the *“‘C’” described
by the RCA in the left and right anterior oblique
views (Fig. 4.12).

c. “‘Posterior descending branch’” was used to desig-
nate the branch that follows the posterior interven-
tricular groove and is angiographically identified by
the posterior septal penetrating branches (Fig. 4.12).
Compared with the anterior septal penetrating
branches, the posterior ones are shorter, frequently
being similar in length to the penetrating branches
in the free wall of the left ventricle. For this reason,
our favored means of identifying the posterior de-
scending branch (and, hence, the dominant artery)
was the myocardial blush phase during coronary an-
giography in the left anterior oblique projection, es-
pecially with a caudal tilt, when available. We used
the term ‘‘codominant circumflex and RCA” for
cases in which two branches, one from each of these
arteries, coursed into the posterior descending
groove, providing septal perforators (Table 4.2).

d. “‘Posterolateral’” was used to designate branches that
provide flow to some portion of the posterolateral
wall of the left ventricle, extending as far as the ob-

TABLE 4.2. incidence of coronary anomalies and patterns,
as observed in a continuous series of 1950 angiograms

Variable Number Percentage
Coronary anomalies (total) 110 5.64
Split RCA 24 1.23
Ectopic RCA (right cusp) 22 1.13
Ectopic RCA (left cusp) 18 0.92
Fistulas 17 0.87
Absent left main coronary 13 0.67
artery
Circumflex arising from right 13 0.67
cusp
LCA arising from right cusp 3 0.15
Low origination of RCA 2 0.1
Other anomalies 3 0.27
Coronary dominance patterns
Dominant RCA 1641 89.1
Dominant LCA (circumflex) 164 8.4
Codominant arteries (RCA, 48 25

circumflex)

LCA = left coronary artery; RCA = right coronary artery.

tuse margin and sometimes including the posterome-
dial papillary muscle (Fig. 4.8).

Correlations (Table 4.3)

After identifying the variant anatomic patterns, we related
them to the following variables: sex, the presence of coro-
nary disease (criterion: >50% obstruction of vessel with
a lumen larger than 1.5 mm), the presence of a primary
cardiomyopathy (myocardial systolic dysfunction in the ab-
sence of coronary disease and/or a clinical history of myocar-
dial infarction able to justify contractile dysfunction). Coro-
nary anomalies were classified according to the scheme

TABLE 4.3. Correlations

Variable Number  Percentage
Men with coronary anomalies 66/1369 4.82
Women with coronary anomalies  44/581 7.6
Patients with CAD and coronary 63/1290 4.96
anomalies
Patients without CAD and 57/1950 8.6
coronary anomalies
Patients with aortic valve 75/1950 3.8
anomalies
Patients with aortic valve 20/75 26.7
anomalies and coronary
anomalies
Patients with cardiomyopathy 96/1950 4.924
Patients with cardiomyopathy 5/96 5.2ab
and coronary anomalies
Patients without cardiomyopathy  105/1854 5.7°
but with coronary anomalies
2p = 90 (NS)
bp = .85 (NS).

CAD = coronary artery disease
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described in the section entitled Coronary Anomalies, as
summarized in Table 4.4 in the Coronary Anomalies section.

Results (Tables 4.1 through 4.3)

Coronary artery obstructive disease was present in 1287
patients (66%) (Table 4.1). The incidence was greater in
men (78%) than in women (40%) (P < .0001). Coronary
variants were identified in 110 individuals (5.6%) (Table
4.2). Such variants were more common in women (7.6%)
than in men (4.8%; P = .008) (Table 4.3). Primary myocar-
dial impairment (hypokinesia in the absence of obstructive
coronary lesions) was not observed more frequently in pa-
tients with coronary anomalies (5.2%) than would be ex-
pected in the general population. Seventy-five patients
(3.8%) had aortic valve disease that was probably of congen-
ital origin, based only on asymmetry of the aortic sinuses.
In 20 (27%) of these cases, coronary variants or anomalies
were also present. The incidence of coronary variants was
significantly higher than that encountered in the patients with
coronary artery obstructive disease (4.9%; P <.0001I') or in
the series as a whole (5.6%; P <.0001). The incidence of
coronary anomalies seemed to be mildly increased in the
patients without coronary disease (8.6%; P = .001) com-
pared to those with coronary disease. A dominant RCA pat-
tern was present in 89.1% of the general population. The
circumflex artery was dominant in only 8.4%, and codomi-
nance (RCA, circumflex) was observed in 2.5% (Table 4.2).

Discussion

The most frequent coronary variants (Table 4.2) were split
RCA or double posterior descending artery (1.23%) and
anomalous origination of the RCA from an ectopic site close
to, or at, the right anterior aortic sinus (1.13%) (Table 4.2).
These were the only two variants that were present in more
than 1% of the cases. According to the ‘‘more than 1% inci-
dence’’ criterion, these morphologies should be considered
normal variants.

Because absence of a common left main trunk was ob-
served in only 0.67% of the cases, this pattern should be
considered a coronary anomaly, at least as defined by our
angiographic criteria. Coronary fistulas were seen in 0.87%
of the cases: these were usually small, multiple fistulas that
opened into the left ventricle. Admittedly, many of the ci-
neangiograms had too short a running time to identify some
of the smaller fistulas. Ad hoc prospective studies may indi-
cate that small coronaro-cameral fistulas (see pages 60—63)
are present in more than 1% of normal hearts.

A similar case may be made with regard to muscular
bridges. In our series, such bridges were encountered in only
five cases (0.003%), but this variant is detected with much
increased frequency when more precise, prospective angio-
graphic and anatomic techniques are used (see pages 56—57).
Specific angiographic studies intended to rule out myocar-
dial bridges should include multiple views of the LAD (at
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least) after intracoronary nitroglycerin administration,!!
which was not routinely done in our series.

In previous angiographic studies reported in the literature,
the total incidence of coronary anomalies has ranged from
0.2 to 1.5%, and the frequency of individual anomalies has
varied, mainly because of the use of different methods and
study criteria.”®%6-206435 The fact that we detected coronary
anomalies on 5.6% of our angiograms was primarily related
to the meticulous, prospective quality of our analysis.

Our study had two main intrinsic limitations. First, coro-
nary angiography does not always allow the accurate detec-
tion (or exclusion) of some anatomic features that may be
relevant for describing normal human coronary arteries. We
especially allude to the exclusion of certain associated con-
genital heart anomalies that may affect the coronary mor-
phology to a greater or lesser extent. Whereas coronary angi-
ography can reliably exclude major congenital defects such
as transposition of the great vessels or common truncus arte-
riosus, this modality may fail to detect minor aortic valve
anomalies.??” We were especially interested in identifying
abnormal aortic valves, as there is a notable association be-
tween anomalies of the aortic sinuses and those of coronary
origination.??’3*® We elected to analyze the coronary pat-
terns in patients who had structurally normal hearts, but
minor congenital anomalies of the aortic valve may have
been overlooked.

The study’s second limitation was that, in our patient pop-
ulation, the usual indication for coronary angiography was
clinical evidence of coronary artery obstructive disease or
presumption of such disease. It is theoretically possible that
congenital anomalies indeed predispose patients to coronary
artery disease; if so, our population did not represent the
general population. For this reason, we separately analyzed
the incidence of coronary artery disease in both the subset
with coronary anomalies and the larger population with nor-
mal coronary patterns. Despite these limitations, we thought
that an angiographic ad hoc analysis was the only practical
way to assess the frequency of coronary anomalies in a large
clinical series. Autopsy studies of a large series would have
been quite difficult and expensive to carry out.

As seen in Table 4.2, less frequent anomalies were also
encountered in our series: some of these and other anomalies
observed by the authors over the last several years are the
object of the angiographic atlas of coronary anomalies that
accompanies the following systematic discussion.

CORONARY ANOMALIES

Table 4.4 presents a list of coronary anomalies that aims
at being comprehensive and rational but is yet historical and
nontheoretical. Additional coronary anomalies could poten-
tially occur, but we have never encountered such anomalies
and are unaware of any descriptions of them. Examples
could include (1) anomalous origination of the LAD from
a posterior septal perforator and (2) anomalous course of a
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TABLE 4.4. Ciassification of coronary anomalies in (normal) human hearts

A) Anomalies of origination and course

1) Absent left main trunk (split origination of LCA)

2) Anomalous location of coronary ostium within aortic
root or near proper aortic sinus of Valsalva (for each
artery):

a) High
b) Low
c) Commissural

3) Anomalous location of coronary ostium outside normal
“coronary” aortic sinuses
a) Right posterior aortic sinus
b) Ascending aorta
c) Left ventricle
d) Right ventricle
e) Pulmonary artery Variants:

1) LCA arising from posterior facing sinus
2) Cx arising from posterior facing sinus
3) LAD arising from posterior facing sinus
4) RCA arising from anterior right facing sinus
5) Ectopic location (outside facing sinuses) of any
coronary artery from pulmonary artery
» From anterior left sinus
* From pulmonary trunk
« From pulmonary branch
f) Aortic arch
g) Innominate artery
h) Right carotid artery
i) Internal mammary artery
j) Bronchial artery
k) Subclavian artery
I) Descending thoracic aorta

4) Anomalous origination of coronary ostium from oppo-
site, facing “coronary” sinus (which may involve joint
origination or adjacent double ostia). Variants:

a) RCA arising from left anterior sinus, with anoma-
lous course:
1) Posterior atrioventricular groove* or retrocar-
diac
2) Retroaortic®
3) Between aorta and pulmonary artery?
4) Intraseptal®
5) Anterior to pulmonary outflow? or precardiac
6) Posteroanterior interventricular groove?
b) LAD arising from right anterior sinus, with anoma-
lous course:
1) Between aorta and pulmonary artery
2) Intraseptal
3) Anterior to pulmonary outflow or precardiac
4) Posteroanterior interventricular groove

c¢) Cxarising from right anterior sinus, with anomalous
course:
1) Posterior atrioventricular groove
2) Retroaortic
d) LCA arising from right anterior sinus, with anoma-
lous course:
1) Posterior atrioventricular groove? or retrocar-
diac
2) Retroaortic?®
3) Between aorta and pulmonary artery?
4) Intraseptal®
5) Anterior to pulmonary outflow? or precardiac
6) Posteroanterior interventricular groove?
5) Single coronary artery
B) Anomalies of intrinsic coronary arterial anatomy
1) Congenital ostial stenosis or atresia (LCA, LAD, RCA,
Cx)
a) Coronary ostial dimple
b) Coronary ectasia or aneurysm
2) Absent coronary artery
3) Coronary hypoplasia
4) Intramural coronary artery (muscular bridge)
5) Subendocardial coronary course
6) Coronary crossing
7) Anomalous origination of posterior descending artery
from anterior descending branch or septal penetrating
branch
8) Absent PD (split RCA)
Variants:
a) (Proximal + distal) PDs, both arising from RCA
9) Absent LAD (split LAD). Variants:
a) LAD + first large septal branch
b) LAD, double
10) Ectopic origination of first septal branch
C) Anomalies of coronary termination
1) Inadequate arteriolar/capillary ramifications?
2) Fistulas from RCA, LCA, or infundibular artery to:
a) Right ventricle
b) Right atrium
c) Coronary sinus
d) Superior vena cava
e) Pulmonary artery
f) Pulmonary vein
g) Left atrium
h) Left ventricle
i) Multiple, right + left ventricles
D) Anomalous collateral vessels

2 If a single, common ostium is present, the pattern is considered to represent “single” coronary artery.
Cx = circumflex; LAD = left anterior descending coronary artery; LCA = left coronary artery; PD =

posterior descending branch; RCA = right coronary artery.

coronary artery inside the atrial septum. Our proposed classi-
fication scheme is based on our own experience as angiogra-
phers and a thorough review of the pertinent literature. It
stresses a meticulous, orderly approach in which each
feature of the normal coronary anatomy is viewed as a crite-
rion for potential anomalies. We prefer to combine the tradi-
tional headings ‘‘anomalies of origin’’ and ‘‘anomalies of

course,”” 115287 because a coronary artery’s proximal course
can be abnormal only if that artery’s origin is abnormal (ex-
cept in the case of intramural or subendocardial coronary
arteries). Rather than favoring alphabetical-numerical list-
ings, we prefer descriptive, clear terminology that identifies
each anomaly. Moreover, we prefer to avoid labeling an
anomaly with the name of its purported discoverer.
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In this section, most of the descriptions of coronary anom-
alies are followed by case presentations that illustrate the
anomalies’ typical features. Because our institution has a
limited collection of anatomic specimens, the illustrations
are primarily angiographic. Additionally, relevant clinical
and functional correlations are presented. A general discus-
sion of the clinical and functional consequences of coronary
anomalies is included at the end of this chapter.

The clinical features of major coronary anomalies that
tend to manifest in the pediatric age group are described in
Chapter 5, which also discusses the surgical treatment of
those anomalies.

INDIVIDUAL ANOMALIES OF ORIGINATION
AND COURSE

Absent Left Main Trunk (Split Origination of the
LCA)

Isolated absence of a left main trunk is defined as that
condition in which both the LAD and the circumflex artery
originate directly from the center section of the left sinus
of Valsalva, without having a common trunk.>**! In 2000
consecutive autopsies, Vlodaver and associates*'? found this
anomaly in 1% of the cases. In a prospective analysis of a
continuous series of 1950 angiograms (see pages 38-43),
researchers at the Texas Heart Institute concluded that the
incidence of absent left main trunk (as thereby defined) was
only 0.55%, suggesting that this entity is properly classified
as an anomaly. The left main trunk should also be considered
to be absent when the LAD or circumflex artery originates
ectopically, outside the left coronary sinus (this condition is
known as secondary absence of a left main trunk). On the
contrary, when both the LAD and the circumflex artery origi-
nate ectopically, an ectopic left main trunk may be present if
the LAD and circumflex arteries share a proximal, conjoined
stem of any length (see pages 50—-54). The clinical relevance
of isolated absence of a left main trunk appears to be lim-
ited,**® as this anatomic pattern, per se, cannot be expected
to produce any functional ischemic effect. In cases involving
an absent left main trunk, special techniques must be used
for selective catheterization and angiography, as mentioned
earlier (page 39); moreover, angioplasty of either the LAD
or the circumflex artery may necessitate certain technical
adaptations. The coronary ostia are usually smaller than
would be expected in the presence of a common left main
trunk, and the routine preformed guiding catheter may sub-
selectively cannulate the target vessel, resulting in its ob-
struction. Typically, the Judkins left coronary catheter will
selectively cannulate the LAD, and the Amplatz left coro-
nary catheter will tend to cannulate the circumflex artery.
In contrast to patients who have a left main trunk, those with
an absent left main trunk cannot develop left main stenosis,
the most severe form of coronary disease.

(See Case Report 4.1 in the Atlas of Case Reports)
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Anomalous Origination of a Coronary Ostium at or
Near the Normal Aortic Sinus of Valsalva

As discussed earlier, an exact definition of normal versus
abnormal coronary origination from the aortic root would
depend on the completion of studies in large populations,
which could be done only from an anatomic standpoint.
Meanwhile, it seems safe to state that coronary arteries
which arise above the sinotubular ridge or junction and/or
which are located next to the aortic commissures?>**% are
anomalous, even when located in the vicinity of the expected
sites in the proper sinus of Valsalva (Fig. 4.6). A ‘‘commis-
sural’’ coronary ostium should probably be defined as an
ostium located less than 5 mm away from an aortic valve
commissure (or apex of the intercuspal triangle). In this
group of anomalies, ‘‘high’’ origination tends to overlap
with ectopic origination from the ascending aorta. We pro-
pose that ostia located less than 1 cm ‘‘above normal’” be
included in this group; this classification would be especially
valuable for angiographic purposes, since the sinotubular
junction often cannot be precisely identified.

A more subtle variation, which usually goes unrecog-
nized, is anomalously low origination within the proper coro-
nary sinus (Fig. 4.7). This condition is recognizable anatomi-
cally and angiographically because the involved ostium is
located close to the lower rim of implantation of the aortic
cusp. Preformed coronary catheters often fail to allow selec-
tive cannulation because they are designed to be aimed spe-
cifically at the mid portion of the right and left aortic sinuses
and, more importantly, because the proximal stems of these
ectopic coronary arteries may be tangential’*®—rather than
orthogonal—with respect to the aortic wall. Angiographic
studies of such anomalies frequently require the use of more
than one catheter, multiple injections of a contrast medium
(including initial subselective injections to locate the anoma-
lous ostium), and a prolonged catheter manipulation and flu-
oroscopy time.

In these cases, selective catheterization is especially im-
portant, because tangential origination of such ectopic arter-
ies leads to an increased incidence of ostial coronary stenosis
(involving atherosclerosis and/or congenital ostial ridges or
fibrous thickening), as seen in Case Report 4.3, below. Mul-
tiple angiographic projections may be necessary for proper
visualization of such ostial stenoses. Tangential origination
seems to be a definite anatomic risk factor for coronary ar-
tery obstructive disease. Otherwise, this anomaly apparently
causes no clinical repercussions except for difficult cannula-
tion during coronary angioplasty. However, because aortic
valve replacement is usually accomplished via an aortotomy
just above the sinotubular junction of the ascending aorta,
high origination of the RCA may interfere with this surgical
approach. Implantation of the ring of an aortic valve pros-
thesis should not be hindered if these anomalies are recog-
nized beforehand (especially in cases involving low origina-
tion of the RCA).

(See Case Reports 4.2 Through 4.7 in the Atlas of Case
Reports)
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Anomalous Location of a Coronary Ostium Outside
the Normal ‘‘Coronary’’ Aortic Sinuses

Ectopic Coronary Ostium Located at or near the Right
Posterior Aortic Sinus (Noncoronary)

The right posterior coronary sinus is commonly termed
‘‘noncoronary’’ because coronary ostia are only rarely, if
ever, observed in this sinus.”7-219-285435,526,527.529 A fi1nda-
mental condition for including a case in this category is the
presence of a normal, trifoliate aortic valve. Some of the
patients reported in the literature have had, or could have
had, substantial anomalies of the aortic valve, mainly of the
bicuspid kind. In most true cases of these anomalies, the
ectopic ostium has a commissural location: usually it is the
LCA ostium that is located next to the posterior left commis-
sure. In itself, this anomaly is benign unless it involves a
tangential origin (as it frequently does), in which case it may
carry an increased risk of ostial stenosis and/or enhanced
spasticity. During coronary angiography, this anomaly
causes difficult cannulation as a result of its unexpected loca-
tion and its tangential or slitlike nature. When this anomaly
is suspected after initial unsuccessful attempts to cannulate,
biplane aortography is recommended. The right anterior
oblique and straight lateral projections are the most contribu-
tory ones for establishing posterior origination of the LCA.
The relationship between the ostium and the aortic sinuses
should be documented, preferably using the right anterior
oblique projection with a cranial tilt and selective injections.
For selective catheterization, the operator must be highly
skilled and patient.!7%-219300.52% The Amplatz or Multipur-
pose curved catheters offer the best chance of success. Alter-
natively, the Sones catheter, advanced from the brachial ar-
tery, offers a favorable approach. In addition, intravascular
ultrasound has recently been used to identify this anomaly
(Fig. 4.13).5%

This anomaly should be ruled out when selective cannula-
tion cannot be achieved with Judkins left-sided catheters
and nonselective angiography shows a longer than usual left
main trunk. The anomaly is generally considered benign,'*
186411 and the literature contains only one case in which
origination of the left main artery from the noncoronary
sinus led to a clinical event, namely the occurrence of a
large, fatal anterior myocardial infarction in a 12-year-old
girl.>** The mechanism of coronary occlusion in this case
was probably clot formation in the slitlike ostium of the
anomalous vessel.

In the presence of this anomaly, angioplasty of any LCA’s
branches would also offer unusual difficulties because of
precarious selective cannulation and back-up support.

(See Case Reports 4.8 and 4.9 in the Atlas of Case Re-
ports)

Ectopic Coronary Ostium Arising Outside the Aortic
Root, in the Ascending Aorta

An ectopic coronary ostium located outside the aortic root,
in the ascending aorta, can be present at different levels but

FIGURE 4.13. A. Intraaortic ultrasound image showing the
left main coronary artery (LM, white arrow) originating from
the square coronary sinus. B. The artery courses posteriorly
around the left coronary sinus and gives rise to the left anterior
descending artery (LAD, white arrow). The ulirasound trans-
ducer’s position (in the left coronary sinus in view A and the
right coronary sinus in view B} is indicated by the dark central
square with the surrounding bright halo of ring-down artifact.
The imaging field is scaled by 8-mm divisions. LCC = left
coronary cusp; NCC = noncoronary cusp; RCC = right coro-
nary cusp; RVOT = right ventricular outfiow tract. (From Lo
et al. Anomalous origin of left main coronary artery from the
noncoronary sinus: an intravascular ultrasound observation.
Cathet Cardiovasc Diagn 1997;42:431. Reprinted with per-
mission.)

usually involves the anterior/left surface of the aorta.!80201.
234344.390 Tp the rare cases reported in the literature, the site
of coronary origination has ranged from just above the sino-
tubular junction to the origin of the innominate artery, sev-
eral centimeters above the aortic valve. This condition dif-
fers from the previously discussed milder anomalies (page
45) in that, here, the ostium is clearly located above the
sinotubular region of the aortic root; the ectopic coronary
arteries frequently have slitlike orifices and a tangential
proximal course along the aortic wall, on which they lie,
loosely attached to the aortic tissue. Occasionally, the proxi-
mal coronary segment is intramural, inside the aortic wall,
and is intussuscepted for 0.5 to 5.0 cm.**> Once the ectopic
coronary artery reaches the epicardial surface, it regains a
normal location and course. The RCA is the most frequently
ectopic artery, but the LCA (or, separately, the LAD and
circumflex artery) may also originate ectopically. Although
an ectopic proximal artery course is not a pathologic condi-
tion in itself, the artery may be predisposed to have a more
active atherosclerotic buildup, especially at the ostium, per-
haps because of theologic factors and unusual shear stress.*®

Angiography of this type of anomaly is frequently chal-
lenging and incomplete. The basic initial condition that
should alert the angiographer is the absence of a coronary
ostium at the expected site. In such cases, the first step is
to rule out ostial atresia or occlusion, as suggested by retro-
grade filling of the distal ‘‘missing’” artery from the contra-
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lateral ostium or a conal branch. The second step is to rule
out necrosis of the dependent myocardium, in which case
occlusion without collateral filling could be hypothesized.
It is frequently necessary to obtain a biplane aortogram to
visualize the anomalous vessel, even though nonselectively.
On the basis of biplane aortographic data, the ascending
aorta, especially the anterolateral segment, should be probed
with special catheters to identify and selectively cannulate
the ectopic ostium. The most helpful catheters for this pur-
pose are the Sones, Multipurpose, and Amplatz models (es-
pecially the left, with its shorter curve) and only occasionally
the routine Judkins catheters. Once the anomalous coronary
artery has been selectively cannulated, angiography must be
carried out in multiple projections, with special emphasis on
those that show tangential views of the proximal segment,
to rule out ostial stenosis.

Angioplasty of these vessels can be quite difficult, be-
cause of the unusual ostial features (intrinsic obstruction, a
slitlike orifice, and a tangential proximal course),”* which
render selective catheterization with the larger guiding cath-
eters unfeasible. During cardiac surgery, coronary arteries
of this type may create unexpected problems if the anomaly
is unsuspected. To avoid damaging the anomalous artery,
the aortotomy should be carried out, after careful dissection
of the ectopic vessel, at a higher level than usual, especially
during aortic valve replacement.

Because congenital aortic valve anomalies are associated
with an increased risk of coronary ectopia (see also Chapter
3), adequate preoperative evaluation by means of selective
angiography is mandatory for such aortic valve anomalies,
even in the absence of clinical evidence of coronary obstruc-
tive disease. Routine echocardiography will rarely identify
such anomalies.

(See Case Report 4.10 in the Atlas of Case Reports)

Ectopic Coronary Ostium Arising from the Left
Ventricle

To our knowledge, there have been only a few reports®":
289.464 of origination of the RCA from an otherwise normal
left ventricle, just below a congenitally insufficient and/or
stenotic aortic valve, in adults (Fig. 4.14). This condition
should be strictly defined as origination of a nutrient coro-
nary vessel (providing flow to the myocardium) from the
left ventricle. This definition excludes unrelated anomalies
such as aorto-left ventricular tunnel and sinusoidal-coronary
collaterals. Only in the presence of severe congenital steno-
sis or atresia, within the spectrum of left ventricular hypopla-
sia,’03477496 4o the latter anomalies tend to occur, constitut-
ing a venting mechanism for the overloaded left ventricle,
as occurs in the right ventricle in cases of pulmonary atresia
with intact ventricular septum.?®* In such cases, communica-
tion between left ventricular intertrabecular spaces and nor-
mally originating epicardial coronary arteries (which may
be stenotic or atretic) represents congenital collateral or vi-

/ 47

R %
\ 2
/
O\~~~
a =
— —
~ -
~ —_— —
~ — —_—
< s —
- — ~—
/’ / —~——
= - t
—
~ é \
P
- = o
7
@, - N

FIGURE 4.14. Schematic diagram showing anomalous origi-
nation of the right coronary artery (RCA) from the subvalvular
left ventricular outflow tract. This anomaly probably repre-
sents the most extreme degree of caudal migration of the
right coronary ostium (see Fig. 4.7).

carious circulation*®* and, therefore, should be regarded as
a different entity from primary ectopia of the coronary artery.

Especially in the absence of significant aortic insuffi-
ciency, the anomalous artery that originates from the left
ventricle will be seen to have diastolic flow into the left
ventricle, in the presence of collateral flow from the oppo-
site, normally originating coronary artery. In such cases, se-
lective catheterization of the ectopic ostium is expected to
be quite problematic. An ischemic effect on the dependent
myocardium may be demonstrable, especially by means of
nuclear scintigraphy.

Ectopic Coronary Ostium Arising From the Right
Ventricle (see Chapter 6)

“‘Origination of a coronary artery from the right ventri-
cle’’ is usually a misnomer for a complex congenital heart
condition in which pulmonary atresia and an intact ventricu-
lar septum coexist with multiple right ventricular sinusoids,
which functionally drain during systole into the neighboring
coronary vessels;>1-12%163 during diastole, however, these si-
nusoids drain coronary blood to the right ventricle, in compe-
tition with nutrient flow to the myocardium (see Chapter
6). This condition has never been observed in an otherwise
normal heart.
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Ectopic Coronary Artery Arising from the Pulmonary
Artery

As a major coronary anomaly that commonly manifests
in the pediatric age group,**1%* ectopic coronary artery origi-
nating from the pulmonary artery is more thoroughly dis-
cussed in Chapter 5. The present chapter covers general ana-
tomic and nosologic considerations regarding this condition.

Anomalous origination of a coronary artery from the pul-
monary artery is defined as that condition in which a coro-
nary artery carrying nutrient flow anatomically arises from
the pulmonary main trunk.** Indeed, a coronary artery is
also connected to the main pulmonary artery (or its branches)
in some cases of coronary fistulas.?® To further confuse this
issue, anomalous origination of a conal branch from the main
pulmonary artery may result in a condition that resembles
a coronary fistula both angiographically and anatomically.
Interestingly, in anomalous origination of a coronary artery
from the pulmonary artery, the direction of the fistulous flow
is toward the pulmonary artery, 8113:306318:339452 54 geen in
coronary-to-pulmonary fistulas. Nevertheless, in the present
condition, blood flow originates from the contralateral, nor-
mally originating, coronary artery; whereas in coronary-to-
pulmonary fistulas, flow originates from the coronary aortic
ostium of the artery that has the fistulous communication.

The following forms of ectopic origination of one or more

coronary arteries from the pulmonary artery have been re-
ported.”3197:277.278.426

e Anomalous LCA arising from the posterior facing sinus
of the pulmonary artery or from the pulmonary trunk or
branches (the most common form, abbreviated as AL-
CAPA)*7

o (Isolated) circumflex artery arising from the pulmonary
artery (posterior facing sinus) or one of its branches®”7*
169,292

o (Isolated) LAD arising from the posterior facing sinus of
the pulmonary artery®®

e RCA originating from the anterior facing sinus of the
pulmonary artery or from the pulmonary trunk or its
brancheleZ,ZS1,264,378,420

¢ Simultaneous RCA and L.CA arising from the pulmonary
artery>?8:431465474 (sometimes originating in a single com-
mon trunk®’3)

e Small (right infundibular or conal) branch arising from
the anterior facing sinus of the pulmonary artery

Occasionally, ostial stenosis involving a ridge or fibrous
buildup is observed in the pulmonary arterial wall.>>* This
condition may significantly decrease fistulous flow.

Anomalous origination of the entire LCA from the pulmo-
nary artery (ALCAPA) has distinct clinical features that are
discussed in Chapter 5. In the literature and in clinical prac-
tice, several taxonomic classification criteria have been pro-
posed, mainly in response to the clinical need for distinguish-
ing between subtypes of ALCAPA that have different
prognostic and therapeutic implications. This anomaly’s

clinical manifestations and anatomophysiologic forms are
not adequately characterized by the terms ‘‘infantile’” or
““adult’’ or similar fuzzy descriptors (see Chapter 5) but,
rather, require a more complex terminology.

ALCAPA varies greatly with respect to clinical presenta-
tion, prognostic implications, and the optimal choice and
timing of therapy. Its treatment depends on multiple ana-
tomic, functional, and clinical variables, including the fol-

lowing factors:

e The coronary dominance pattern (the larger the RCA, the
better the results of simple ligation of the ectopic vessel
and the overall prognosis)

e Obstruction of the ectopic ostium (the more severe the
obstruction, the better the natural prognosis)

¢ The extent of acquired coronary artery obstructive disease
(the more extensive the disease, the more severe the myo-
cardial ischemia)

e Epicardial versus intramural collateral patterns (the for-
mer pattern promotes fistulous flow, and the latter one
favors nutrient flow)

e The myocardial oxygen demand (which is related to left
ventricular dilation, diastolic volume overload secondary
to a left-to-right shunt and mitral regurgitation, and sys-
temic vasoconstriction)

* The pulmonary artery pressure (the higher the pressure,
the lower the fistulous flow)?’®

¢ Body weight and lifestyle factors

Less common, clinically different conditions—anoma-
lous origination of the RCA, LAD, or circumflex artery from
the pulmonary artery—are presented here, as they are usu-
ally compatible with prolonged, frequently asymptomatic,
survival in the adult age group].

Anomalous Origination of the RCA, LAD, or Circumflex
Artery From the Pulmonary Artery

Each of these three anomalies has different pathophysio-
logic consequences and clinical presentations. Origination
of the RCA from the pulmonary artery has been described
in several recent isolated case reports.!!7:130214.226,251.252,
264,312,378,387.400.416:420 Tn most instances, the ectopic ostium
was described as being located at the anterior right pulmo-
nary cusp, and the RCA was dominant, with a posterior de-
scending branch. In such cases, collateral circulation be-
tween the LCA and the RCA follows the patterns seen in
atherosclerotic occlusion of the coronary arteries: the atrial,
infundibular, right anterior, and septal branches may contrib-
ute to variable degrees in individual cases (Fig. 4.15A). The
septal branches are usually the dominant source of collateral
flow (from the LAD to the posterior descending artery).
These enlarged vessels, with their fistulous flow, are promi-
nently displayed not only during angiography but also during
echocardiography with Doppler interrogation (Fig. 4.15). In
adults, the condition is typically recognized because of a
heart murmur or when angiography is performed for ac-
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quired coronary obstructive disease, but some patients report
angina®'* (frequently atypical) or have silent ischemia, as
manifested by a positive stress test without angina.'*® Only
in occasional cases does myocardial impairment cause
congestive heart failure in patients of pediatric age.**®® Most
adult patients with anomalous origination of the RCA from
the pulmonary artery have normal left and right ventricular
function, and there are no reports of sudden death related to
this anomaly. Surgical treatment is similar to that for AL-
CAPA; in fact, the first surgical reimplantation into the aorta
of an ectopic coronary artery originating from the pulmonary
artery involved an anomalous RCA (see Chapter 5). Loca-
tion of the ectopic coronary ostium in the anterior cusp,
adjacent to the aorta (Fig. 4.15B), greatly expedites surgical
correction (see Chapter 5), and extracorporeal circulation is
frequently not required.

An isolated circumflex artery may
originate anomalously from the pulmonary artery. These
anomalies are quite rare but are well recognized in the litera-

57.74,169,292 or LAD98,309
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FIGURE 4.15. Anomalous origination of the RCA in a 36-year-old woman. A
strictly systolic murmur was present on precordial auscultation. A. Angiogram of
the LCA in the right anterior oblique projection (late frame). Residual contrast
material is seen in the LCA. The mildly enlarged right coronary artery (R) drains
into the pulmonary artery (arrow). LAD = left anterior descending artery. B.
Transesophageal echocardiogram showing the three aortic valve sinuses (AO),
next to the pulmonary artery (AP), from which the right coronary artery (RCA)
originates from an anterior-right position. LA = left atrium; RA = right atrium.
C. Color Doppler image of the ventricular septum in a four-chamber view, showing
several sites of high-velocity (fistulous) flow (arrows) within the interventricular
septum (IVS). LV = left ventricle; RV = right ventricle. (Photos courtesy of Dr.
J. Veselka of Prague, Czech Republic.)

ture. Each condition is an instance of absent common left
main trunk, and only one of the two left-sided arteries is
ectopic. Therefore, with respect to its clinical presentation,
this condition is much less severe than ALCAPA: the terri-
tory at risk for ischemia is more limited, and the sources of
collateral flow are more abundant. Indeed, both the RCA
and the normally originating left coronary branch provide
collateral and fistulous flow. In most cases, the clinical pre-
sentation is benign. With LAD originating from the pulmo-
nary artery, only one case of clinical ischemia resulting in a
myocardial infarction has been reported.”® Clinical findings
typically include a heart murmur (usually only systolic, but
possibly also continuous), atypical angina, and an unexpect-
edly abnormal stress test or angiogram. Although there are
no reports of sudden death related to these anomalies, such
an event is surely a possibility, especially during strenuous
exertion. The anomalous LAD ostium is commonly located
in the posterior left sinus, next to the aorta (in the facing
cusps), and can usually be transferred surgically into the
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aorta with the aid of extracorporeal circulation and transec-
tion of the pulmonary artery (see Chapter 5). The ectopic
circumflex artery more typically originates from a pulmo-
nary branch (the proximal right or left), and reimplantation
necessitates careful dissection.

Unlike in ALCAPA, the ratio of fistulous to nutrient flow
seems to favor nutrient flow, so that myocardial ischemic
manifestations tend to be more limited and to occur only
with maximal exercise. Frequently, a relatively obstructive
ectopic coronary ostium will also limit the fistulous flow.
The amount of absolute flow probably perpetuates an intrin-
sic mechanism of progressive enlargement of the involved
vessels.'®

Although ectopic origination of a coronary artery from
the pulmonary artery is routinely subjected to surgical repair,
the need for repair has not been well established.!® In the
absence of major clinical manifestations (recurrent angina,
myocardial infarction, ventricular arrhythmias, syncope, or
aborted sudden death), anomalous origination from the pul-
monary artery may not, in itself, be an automatic indication
for surgery, especially if the anomalous vessel is a smaller
one such as a nondominant RCA or a circumflex artery. In
such cases, stress testing is frequently negative for reversible
ischemia in adult patients, although mild fixed myocardial
uptake defects are frequently found on nuclear images, be-
cause of old scar tissue and/or a rich collateral network,
which replaces myocardial tissue.!?>?%* Progressive enlarge-
ment of the dilated coronary vessels, with the risk of intimal
changes, mural thrombosis, and/or accelerated atherosclero-
sis, is a possibility in these cases, just as in primary coronary
fistula. This factor tends to encourage early intervention
(during childhood or the patient’s teen years), because other-
wise the extremely dilated vessels with increased flow would
be transformed, by surgical correction during adult life, into
aneurysmatic vessels with normal flow, yielding a persis-
tently poor prognosis because of the risk of mural thrombo-
sis. After correction of this anomaly, coronary ectasia may
undergo reversal in young patients but will not generally do
so in older ones. The survival of untreated older patients is
an indication, if not proof, of the benign nature of the anom-
aly in such instances. Moreover, the surgical risks may be
substantially greater and the potential benefits fewer in older
patients, causing many physicians to prefer continued medi-
cal treatment and some surgeons to prefer simple ligation
(versus the more complex reimplantation) of the ectopic
vessel.

(See Case Report 4.11 in the Atlas of Case Reports)

Ectopic Coronary Ostium Arising from the Aortic Arch,
Innominate Artery, Right Carotid Artery, Internal
Mammary Artery, Bronchial Artery, Subclavian Artery,
or Descending Thoracic Aorta

The literature contains rare reports of extracardiac origina-
tion of the coronary arteries from the aortic arch,®® innomi-
nate artery,®® right carotid artery,®® internal mammary ar-
tery,??>3° bronchial artery,> subclavian artery,>** or

descending thoracic aorta®® in humans. Most of these reports
mention accompanying major congenital heart defects 53330
In such cases, the proximal coronary trunk’s ectopia repro-
duces, in humans, the normal coronary pattern seen in var-
ious animals (see Chapter 1). Reports of bronchial origina-
tion of a coronary artery (see also Coronary-Bronchial
Fistula, page 62) should be examined critically: because both
the bronchial and the coronary arteries are normally subject
to the same systemic pressure, no flow could be expected
in the absence of a congenital coronary obstruction or a su-
prasystemic pulmonary pressure with an inverted patent duc-
tus arteriosus (usually in the presence of a hypoplastic left
heart syndrome). In cases of uncomplicated extracardiac
origination of the coronary arteries from the systemic circu-
lation, no myocardial ischemic effects are generally ex-
pected.

Anomalous Origination of a Coronary Artery from the
Opposite, Facing Sinus of Valsalva

As stated earlier, the right, left, LAD, and circumflex coro-
nary arteries are defined by virtue of their territory of distri-
bution, not by their origination.'*” When a coronary artery
arises anomalously from the opposite-from-normal sinus of
Valsalva, the artery’s intrinsic name and nature (or function)
remain unchanged, and only its origin and proximal course
are anomalous.?®® Of necessity, the artery’s proximal course
is abnormal in these cases, as the artery connects with the
contralateral, in situ vascular network. Because these anoma-
lies are characterized by abnormal origination of an other-
wise ‘‘normal’’ coronary artery from the opposite sinus of
Valsalva, it is important that the essence of a coronary artery
(in contradistinction to, and independently of, its origin) be
clearly defined.

Indeed, conceptually the human heart has not two, but
three, coronary arteries: the RCA, LAD, and circumflex. The
essence of each of these arteries was discussed previously
(pages 35-38), and it becomes clear in light of the spectrum
of possible variations described in this section.

The RCA is essentially that artery that courses in the right
atrioventricular groove and provides nutritive branches to
the free wall of the right ventricle. Branches that supply
the right ventricular infundibulum, or conus, often originate
directly from the right aortic sinus and are not an essential
part of the RCA. The same is true of the sinus or atrioventric-
ular nodal arteries and the posterior descending branch:; all
of these branches may originate anomalously without chang-
ing the nature of the RCA.

Similarly, the LAD is essentially that artery that courses
along the anterior interventricular groove and provides per-
forating branches to most of the anterior ventricular septum.
It is not essential that the LAD provide a diagonal branch
(although it usually does) or reach the apex, but it is essential
for the LAD to course mostly in the anterior subepicardial
space. Cases in which a large, entirely intramyocardial first
septal artery provides most of the anterior perforating
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branches in the absence of an anterior subepicardial artery
are regarded as anomalous.

Finally, the circumflex artery is essentially that artery that
follows the left atrioventricular groove and provides
branches to the free wall of the left ventricle, supplying the
obtuse margin of the heart. The precise extent of the essential
territory of the circumflex artery is a matter of conventional
agreement, and no authoritative (empirical) decision has yet
been made in this regard.

In any case of anomalous origination of a coronary artery
from the opposite sinus of Valsalva, specific attention should
be devoted to the ostial location and anatomy, crossing path-
way(s), and pathophysiologic and clinical consequences.

Ostial Location and Anatomy

The anomalous coronary artery originating from the con-
tralateral sinus of Valsalva may arise directly from the aorta.
Alternatively, the anomalous artery may arise jointly, by way
of a mixed trunk,*'® with the coronary artery that normally
originates from that cusp. In such a case, a single coronary
artery is generally present. When the anomalous coronary
artery has an independent aortic ostium, usually it is adjacent
to the ostium of the coronary artery that normally arises
from that sinus; moreover, the independent additional ostium
frequently has a slitlike appearance®®> and an increased like-
lihood of intrinsic pathology (Fig. 4.16).%4532 Occasionally,
intussusception of the anomalous proximal trunk into the
aortic wall is also observed.340-3%

Crossing Pathways

After artsing from the contralateral sinus of Valsalva, an
anomalous coronary artery can take one of at least five (or
six) crossing pathways—not four, as sometimes stated in the
literature.**® Each of these paths has a peculiar, consistent
topographic anatomy*?2°** (Fig. 4.17).

Path 1 may be labeled ‘‘retrocardiac’’ to differentiate it
from the ‘‘retroaortic’’ one (both paths being generically
““posterior’”). The retrocardiac path is located behind the
tricuspid and mitral valves, at the posterior atrioventricular
groove. It frequently goes unrecognized***?*327 but is an
important alternative route. When an anomalous RCA takes
this course, it constitutes the terminal branch of a superdomi-
nant circumflex artery, which reaches the right ventricular
infundibulum. This condition is usually classified as ‘‘single
LCA,” since no RCA originates from the right sinus of Val-
salva. We object to this nomenclature, because it erroneously
suggests that these patients have no RCA. In reality, how-
ever, the RCA is perfectly developed, although it has an
anomalous pattern (see Case Report 4.16 in the Atlas of Case
Reports).

When the circumflex artery®®® originates from the right
sinus of Valsalva jointly with the RCA and has a posterior
course (behind the atrioventricular valves), the anomalous
trunk that extends to the crux of the heart is indeed a mixed
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FIGURE 4.16. A. Gross view of a cross-section of the as-
cending aorta at upper levels of aortic valvular insertions. The
right (RC) and left (LC) coronary arteries each arise from the
right aortic sinus (RS). As the left coronary artery proceeds
toward the patient’s left, it makes an oblique angle with the
aorta and creates a flap (F) in relation to its ostium. B. Section
through the same plane as that shown in view A, showing
the wall of the right aortic sinus from which arise the right and
left coronary arteries. The oblique course of the ectopically
arising left coronary artery creates, along with the aortic wall,
a flap (elastic tissue stain, original magnification x5). L, P,
and R = left, posterior, and right aortic cusps, respectively.
(From Mahowald et al. Ectopic origin of a coronary artery from
the aorta: sudden death in 3 of 23 patients. Chest 1986;89:
669. Reprinted with permission.)

trunk, not a simple RCA.>*! Similarly, the coronary artery
that arises from the left cusp is indeed the LAD, not a true
LCA, and the left main trunk is absent. Therefore, in such
an instance, the diagnosis is absent left main trunk with
anomalous origination of the circumflex artery from the dis-
tal RCA.

Similarly, the whole LCA may arise from the right ante-
rior sinus jointly with the RCA and have a posterior course
behind the atrioventricular valves. In such a case, the proxi-
mal trunk is a mixed one, not a ‘‘single RCA.”” The trunk
distal to the crux of the heart is indeed an LCA that gives
rise first to the circumflex-obtuse marginal and then to the
LAD systems. Again, this condition is usually referred to
as single RCA, and the above-mentioned objections to this
terminology apply (see Single Coronary Artery).

Path 2, the retroaortic anomalous path (Fig. 4.17), is the
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FIGURE 4.17. Conceptual diagram showing most of the possible paths (1 through 5) by which the
RCA, LAD, and circumflex artery (Cx) can potentially connect with the opposite coronary cusps. Paths:
1, retrocardiac; 2, retroaortic; 3, preaortic, or between the aorta and pulmonary artery; 4, intraseptal
(supracristal); 5, prepulmonary (precardiac). The aortic and pulmonary cusps are labeled according to
their position in space: AL = antero-left; AR = antero-right; P = posterior; M = mitral valve; T =
tricuspid valve.

path most commonly associated with this type of anomaly,
specifically involving origination of the circumflex artery
from the right sinus of Valsalva.*!*343%5 This anomaly’s
incidence in the general population ranges from 0.1 to
0.9%,2'*4! including cases in which the circumflex artery
has a separate origin, adjacent to the RCA ostium, and those
in which the circumflex artery arises jointly with the RCA
from a common short, mixed trunk. The anamalous retroaor-
tic circumflex path courses just next to the posterior wall of
the aorta, in the sulcus between the atria and the aorta (the
transverse sinus), and finally reaches a normal location in
the left atrioventricular groove, providing pathognomonic
angiographic features.*! Cardiac surgeons should be espe-
cially aware of this anomalous coronary path, because place-
ment of sutures at the aortic or mitral annulus during valve

replacement might compromise the aberrant vessel. Other-
wise, the anomaly, in itself, is not expected to have any
clinical consequences.**¢

The same retroaortic path can also be observed, although
less frequently,*>* when the RCA originates from the left
sinus (either directly or, more often, from a common mixed
trunk), and when the entire LCA originates from the right
sinus. The retroaortic path is not seen, however, when the
LAD has an isolated ectopic origin.

Path 3, the preaortic anomalous path, (Fig. 4.17) courses
“‘between the aorta and pulmonary artery.”’ This terminol-
ogy alludes to the fact that an anomalous RCA or LAD or
left main trunk (but never the isolated circumflex artery)
subepicardially crosses the aortopulmonary septum or space.
Embryologically, the aortopulmonary septum is initially in-
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tact, formed by the truncal swellings or ridges that subdivide
the primitive common truncus. The fact that a coronary ar-
tery can be observed to cross the area of the embryologic
aortopulmonary septum testifies to the lateness of definition
of the proximal coronary anatomy, which occurs well after
the completion of truncal septation (see Chapter 1). This path
usually entails ostial abnormalities, 2'3-324-346 but it rarely, if
ever, involves systolic compression (unlike path 4, which is
intramyocardial).**

Recently, crossing of the aortopulmonary septum by the
RCA, LAD, or left main artery has been presumed to be the
culprit for clinical ischemic manifestations and/or sudden
death 25:32:47140,159.272,324.335.338.384494 Thjis subject is ad-
dressed in the final section of the present chapter, which
discusses the pathophysiologic mechanisms and clinical
relevance of coronary anomalies.

Path 4, known as the intraseptal path (Fig. 4.17), is mainly
located inside the upper, anterior interventricular septum
{which embryologically is derived from the conal septum).
This path joins the left-sided subepicardial coronary system
at the upper anterior interventricular groove, where the LAD
meets the aberrant trunk (which never directly joins the left
main or circumflex artery). This anomalous path is mostly
intramural (intramyocardial) and is frequently recognized
angiographically because of its systolic phasic narrowing, as
in a muscular bridge.>>**°! Also, the intramural anomalous
trunk almost always produces one or two septal perforators
that indicate the intraseptal portion of the arterial trunk.>” In
the differential diagnosis based on angiographic data, these
two features (intramyocardial course and origin of septal
vessels) should be considered characteristic of path 4 (not
paths 3 or 5). Whether the anomalous vessel is an RCA,3**
LAD, or left main trunk, it immediately surfaces epicardially
on the right side of the heart, beyond the level of the ventricu-
lar septum. The anomalous artery then continues until it joins
a normal distal RCA (in the case of an anomalous RCA) or
an aortic orifice located next to the RCA (in the case of an
anomalous LAD or left main trunk). This anomalous path
is sometimes called supracristal, but this nomenclature is
erroneous, as the anomalous vessel runs behind the crista
supraventricularis of the right ventricle and does not directly
cross it (Fig. 4.4).

Path 5, also known as the precardiac or prepulmonic path,
is characterized by its subepicardial location, on the anterior
wall of the right ventricular outflow tract, or infundibulum.
Again, this path may be taken by an ectopic RCA,263:324:488
LAD, or left main trunk, but never by an isolated ectopic
circumflex artery. It is particularly common in patients with
tetralogy of Fallot (see Chapter 6), in which the LAD origi-
nates ectopically from the right coronary sinus and courses
anterior to the hypoplastic, stenotic pulmonary infundibu-
lum. The right-sided point of connection for an ectopic LAD
or left main artery is usually the proximal RCA; alterna-
tively, the anomalous artery may connect directly to a sup-
plementary aortic ostium adjacent to the RCA’s ostium. If
the ectopic vessel with an anterior (prepulmonary) course is
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the RCA, it arises from the proximal LAD (not the left main
artery), crosses the pulmonary infundibulum, and quickly
joins the right atrioventricular groove, regaining a normal
course from that point on. The anomalous precardiac vessel
frequently gives rise to infundibular but never septal
branches.

The presence of a sixth anomalous path could be postu-
lated if one considers that the apical route could constitute
an alternative origination pathway, as exemplified by cases
in which the posterior descending artery originates from the
LAD or vice versa (see pages 54-59).

In many cases, the patient will have multiple simultaneous
ectopic pathways.*1%4%

Pathophysiologic and Clinical Consequences

This subject is discussed extensively in the last section of
this chapter (see Pathophysiologic Mechanisms and Clinical
Implications of Coronary Anomalies).

(See Case Reports 4.12 Through 4.34 in the Atlas of Case
Reports)

Single Coronary Artery

When a single aortic ostium or origination provides for all
of the coronary blood flow, the condition is frequently called
single coronary artery.’s143:167.198.242.283356.357.360.423.479 ¢
comprises a mixed group of anomalies of coronary origina-
tion, already described under other headings, whose only
common element is the presence of a single aortic ostium.*
In the general population, the incidence of single coronary
artery is approximately 0.024%,**%3%° 5o this condition is
clearly an anomaly.

In the majority of cases diagnosed as ‘‘single left’’ coro-
nary artery, a thorough anatomic study will reveal that an-
other, small ostium exists in the right coronary cusp and
leads to a conal or infundibular branch. In such cases, the
diagnosis of single coronary artery is still correct, because
the RCA originates (with respect to its essence) from the
left ostium. In cases of ‘‘single right’’ coronary artery, no
coronary artery, however small, is seen to arise from the left
coronary cusp.

The primary classification (and terminology) for single
coronary arteries should be based on the location of the sin-
gle ostium?*>3%° (in the right anterior cusp, left anterior cusp,
or an ectopic position'¥%198) not on the nature of the single
artery itself.** Indeed, the anomalous vessel’s single proxi-
mal trunk should not be designated the RCA or LCA accord-
ing to the cusp of origination; rather, it should be considered
a common mixed trunk, since it gives rise to both the right
and left coronary branches, which are labeled (as in a normal
coronary tree) according to their respective areas of distribu-
tion. !9

All of the combinations listed in Table 4.5 can occur, and
most of them have been reported in the literature. These
combinations should be described according to their ostial
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TABLE 4.5. Single Coronary Arteries: Classification
Criteria

Sinus of Origination
1) Right anterior sinus
2) Left anterior sinus
3) Posterior sinus
4) Ectopic sinus, at:
A) Ascending aorta
B) Systemic artery
C) Pulmonary artery
Pathways Foilowed by Each Ectopic Branch Arising From the
Proximal Trunk?
1) Retrocardiac (circumflex, LCA or RCA)
2) Retroaortic (circumflex, LCA, or RCA)
3) Preaortic (LCA or RCA)
4) Intraseptal (LCA, LAD, or RCA)
5) Precardiac (LCA, LAD, or RCA)

2 Any individual case may involve more than one anoma-
lous path.

location, their sequence of origination, and the proximal
course of their anomalous coronary branches.®? Excluded
from this list are several conditions that resemble single cor-
onary artery but involve ectopic origination of a coronary
artery from the opposite cusp, from an additional ostium
adjacent to the normal coronary ostium for that cusp. To
conclusively establish the diagnosis of single coronary ar-
tery, angiographers and anatomists should verify (1) the
presence of a single ostium in one sinus, jointly with the
absence of an ostium in the opposite sinus, and (2) the lack
of origination of any other coronary artery from an ectopic
site. This process is usually quite simple for anatomists but
may be harder for angiographers, who may encounter diffi-
culties in ascertaining that the artery in question indeed sup-
plies all of the heart and that no additional ectopic coronary
artery exists.

Functionally, single coronary artery has essentially the
same clinical implications as ectopic coronary origination
from the opposite sinus but with separate ostia; nevertheless,
a single coronary artery is not as susceptible to tangential
origin or ostial ridge pathology as are ectopic coronary arter-
ies with independent ostia. Coronary blood flow is not af-
fected by the simple presence of a single proximal trunk that
supplies coronary flow to the entire heart, unless congenital
or acquired obstructive disease is present in the proximal
mixed trunk.?>**7 In such a case, the hemodynamic repercus-
sions would be quite severe,?***?* as the whole heart could
become ischemic without having any possible source of col-
lateral circulation. Although definitive studies are not avail-
able, the incidence of atherosclerotic disease does not appear
to be increased in the mixed trunk. An ectopic single coro-
nary ostium '3>8 could, indeed, be more susceptible to con-
genital (ostial) or acquired obstructive disease, but the rarity
of this anomaly precludes adequate analysis.

During coronary angioplasty, a few minor adjustments are
necessary in patients with a single coronary artery.?!:14%:
375427 In the presence of a single ostium, even the temporary

creation of an ostial obstruction (by means of a large guiding
catheter or any other instrument, such as the bulky direc-
tional atherectomy device) would be poorly tolerated and
could cause symptoms (angina, dyspnea, light-headedness)
and important changes in physiologic variables, including
blood pressure. In general, angioplasty of the common trunk
is absolutely contraindicated, even with the use of stents, not
only because of the increased perioperative risk but, more
importantly, because of the risk of postoperative restenosis
resulting in sudden death (a risk that is expected to be even
higher than after angioplasty of the left main trunk).
During coronary artery bypass surgery, the presence of a
single coronary artery should not affect any technical deci-
sions, except for suggesting the absolute need for as many
arterial conduits as possible. Proximal mixed trunk obstruc-
tion is particularly relevant in this regard, because it tends
to progress to total occlusion soon after successful bypass
surgery. In contrast to venous grafts, arterial grafts are ex-
pected to provide longer-lasting conduits. If graft occlusion
does eventually occur, it will likely be fatal because of the
presence of total occlusion of the native circulation.

ANOMALIES OF INTRINSIC CORONARY
ARTERIAL ANATOMY

Congenital Ostial Stenosis or Atresia

The literature contains occasional reports®?->1+139:337.423 of

coronary arteries that are atretic'®%#547>492 or stenosed be-
cause of a membrane or fibrotic ridge'®® located at, or near,
the aortic orifice in an otherwise normal heart. In cases of
atresia, only a dimple is seen from the aortic side.!* Histolog-
ically, when the obstructive element is congenital, it invaria-
bly consists of fibrous tissue. A stenosis observed during
angiography, surgery, or autopsy may be subject to debate
regarding its nature (congenital versus acquired).!**>337 The
condition may be associated with a coronary anomaly, some-
times involving tangential origination of a coronary ar-
tery.326-34¢ Indeed, atherosclerotic growth may occur early
in life at the site of a congenital ostial fibrotic plaque.>>®
Coronary ostial or proximal occlusion frequently occurs in
the context of pulmonary valve atresia with intact ventricular
septum (see Chapter 6); in extreme cases, both the RCA
and the LAD may be affected by ostial atresia.>*® Isolated
coronary ostial atresia (total occlusion) probably represents
the extreme degree of improper formation of the aortic os-
tium, and its presence often raises two questions: first, is
the condition congenital or acquired, and second and more
importantly, is it truly a case of ostial atresia or is it anoma-
lous origination? The congenital cases could be regarded as
instances of neonatally or fetally acquired ostial occlusion,
which occurs after a normal distal coronary tree has already
developed (however, such occlusion would most likely occur
after embryologic development). Ostial atresia in the left
coronary system can potentially occur, not only at the aortic
connection site but also at the left main bifurcation, the site
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of embryologic fusion of the circumflex and LAD arteries
with the left main trunk. Collateral circulation to the oc-
cluded artery is established prenatally and is provided by
neighboring coronary arteries. Unlike anomalous origination
of a coronary vessel, this anomaly includes one or more of
the following features: (1) more than one (collateral) connec-
tion is present; (2) the proximal occluded artery (close to
the occlusion) has a larger diameter than the intermediate
segment(s) or collateral(s); (3) the proximal anatomy of the
occluded vessel is characterized by a cul-de-sac, or blind
pouch, that adjoins an aortic sinus; (4) during stress testing,
the dependent myocardial territory may show ischemic dam-
age or reversible ischemia, indicating that the obstruction
had a relatively late onset and that the collateral circulation
is inadequate for maximal myocardial demand; and 5) the
site of ostial atresia is sometimes recognizable as a dimple
in the related aortic sinus (see the next section).

The fact that myocardial fibrosis and segmental hypo-
kinesia are frequently seen in these cases suggests that early
myocardial development may have been normal and that the
coronary stenosis or atresia developed or progressed during
a later stage of fetal life or during the neonatal period. In
cases that involve a primitively atretic proximal coronary
artery formation (during the embryologic period), one would
expect to find ectopic origination of the affected artery and
normal development of the dependent myocardium. Coro-
nary artery ‘‘isolation’’ is a variant of ostial atresia, caused
by juxtaposition of an abnormal aortic cusp with the aortic
sinus wall, which leads to obliteration of the underlying cor-
onary ostium,?3>%

(See Case Report 4.34 in the Atlas of Case Reports)

Coronary Ostial Dimple

In the recent literature,'*3%' the term ‘‘coronary ostial
dimple’’ has been used for an anomalous finding (a depres-
sion in the wall of the aorta at an aortic sinus deprived of
functional coronary origination) that may have some embry-
ogenetic implications.'*3%! We refer to cases in which either
(1) the sinus opposite the one with the single coronary ostium
or (2) the noncoronary (right posterior) sinus in a normal
two-coronary heart has a depression in its mid portion that
does not lead to a coronary artery.*®! Although this dimple
may be the remnant of an embryologic coronary bud,**® its
developmental implications are unclear, especially in light
of recent evidence that the primitive coronary network seems
to induce penetration into the aortic wall without the inde-
pendent, active participation of the wall itself (see Chapter 2).

Coronary Ectasia or Aneurysm

In the foregoing discussion of normal coronary artery di-
ameter, ectasia and aneurysm were defined as localized dila-
tions in an otherwise normal-sized coronary artery. Studies
in which a Doppler coronary flow wire is used to measure
blood flow velocity in coronary aneurysms have helped to
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characterize ectasia by revealing a significant reduction in
peak flow velocity. The possibility should be considered that
an eventual decrease in coronary reserve could be related
not only to development of acquired stenosis but also (and
probably mainly) to the presence of mural thrombosis with
distal embolization.®! Aneurysmal rupture is also a possible
complication, especially with larger lesions that have a de-
generated arterial wall.®"1%%

Anatomically, ectasia may be divided into two types: pri-
mary and secondary. In primary ectasia,*®**>* a localized
coronary segment has a disproportionately large diameter in
comparison to neighboring segments®®84:162:239.253.255.354,
431,485,487,493,501 and a localized decrease in flow velocity, as
indicated angiographically by streamlining and slow runoff
of contrast media. Morphologically, ectasia is defined as an
increase in the diameter of a coronary segment by >50%
with respect to normal.’”! Differentiating primary, congeni-
tal ectasia from acquired (atherosclerotic) ectasia may be
quite difficult in individual cases.!-*7%-380

In contrast, secondary ectasia is characterized by diffuse
(global) coronary dilation (with respect to the dependent
myocardial territory) secondary to increased or fistulous
flow.19? Here, we are referring not to minor forms of coro-
nary ectasia related to myocardial hypertrophy (such as aor-
tic stenosis or athlete’s heart) but especially to the form re-
lated to coronary fistulas with greatly increased blood flow.
In such cases, the coronary diameter is actually appropriate
for the increased flow and is excessive only with respect
to nutrient myocardial flow. The coronary flow velocity is
actually increased, not decreased as in primary ectasia. Ad-
ditional, disproportionate, localized coronary aneurysmal di-
lation is typically seen in ALCAPA and in older patients
with larger coronaro-cameral fistulas.®

Patients with primary or secondary ectasia usually have
a highly abnormal intrinsic coronary wall anatomy, with me-
dial degeneration, intimal thickening, and eventually ulcera-
tion and mural thrombi.®'-138:209371.471 Eyen in patients of
pediatric age, congenital primary coronary aneurysms are
frequently hard to distinguish from acquired aneurysms re-
sulting from medial degeneration, as in Kawasaki’s arteri-
tis. 128290522 Tp adults, the distinction is even more conjec-
tural.?2° Histologic findings are typical only in the acute
stages of the disease. A clearly documented history of arteri-
tis and gradual resolution of the coronary aneurysm with
time can be considered strong evidence of an acquired eti-
ology.

(See Case Reports 4.8 and 4.11 in the Atlas of Case Reports)

Absent Coronary Artery

This nomenclature is generally a misnomer, used to iden-
tify apparently “‘missing’’ coronary arteries or branches®
34.95.178.224 i the absence of adequate documentation. True
congenital (embryologic) absence of a coronary artery is
expected to lead to hypoplasia of the dependent myocardium
as a result of a lack of essential nutrients during embryonic
development.**°
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As suggested by R. D. Leachman (oral communication,
1989), some cases of syndrome X (angina and myocardial
ischemia in the absence of coronary obstruction) may be
caused by a defective number of capillaries per myocardial
fiber. This syndrome has never been definitely documented
and is not identical with what has been called ‘‘absent coro-
nary artery’’ in the literature.

On angiographic grounds, the most frequent reasons® for
an apparently missing coronary artery are coronary ectopia
(misdiagnosed), coronary occlusion with lack of demonstra-
ble collateral retrograde filling,”*>***? or an alternative coro-
nary artery tree pattern that may not be recognized on angi-
ography. Although the literature includes sporadic cases in
which an absent coronary artery was reported to cause chest
pain,'’”® cardiomyopathy,>* or a myocardial infarction,** ab-
sence of a coronary artery has never been established as a
specific congenital entity.

(See Case Report 4.6 in the Atlas of Case Reports)

Coronary Hypoplasia

Several reports have appeared in the literature alluding to
a poorly defined entity called coronary hypoplasia.®7-137-26!.
322,425 Earlier in this chapter, we discussed the difficulty of
demonstrating congenital inadequacy of coronary vessel
size. Normal coronary arterial size should be defined in
terms of both resting metabolic needs and coronary reserve.
Epicardial coronary branches normally maintain an ideal lu-
minal diameter ratio with respect to the dependent myocar-
dial bed or territory or capillary network,205-230:233.281.301
Gould'# theorized that flow velocity is the most practical
parameter for measuring the adequacy of vessel diameter: a
higher than normal flow velocity would imply a vessel size
that is restricted in comparison to the distal arteriolar-capil-
lary network. However, this type of measurement was previ-
ously quite impractical; it became clinically possible only
recently, with the introduction of flow velocity wires, and
has not yet been used to substantiate the claim of coronary
hypoplasia. A more practical diagnostic method may be
based on the simultaneous (1) angiographic appearance of
a “‘hypoplastic’’ coronary branch (that has a small diameter
with respect to the apparent area of dependent myocardium)
and (2) demonstration of local reversible ischemia (reduced
coronary reserve) during stress testing with myocardial nu-
clear scintigraphy. We are not aware of any cases in the
literature in which the diagnosis of hypoplasia could be
soundly based on such combined evidence, and any report
that portrays a small coronary artery as a pathologic congeni-
tal entity*72 should be viewed with skepticism. In most cases,
the terminology is used incorrectly, and the dependent myo-
cardial bed is actually served by alternative sources (unusual
coronary patterns),>?? or coronary spasm or diffuse disease is
present. Roberts and coworkers®*? observed ‘‘hypoplastic”’
right or circumflex arteries in 8 of 3400 consecutive autop-

sies (0.0024%), according to the dubious criterion of an “‘ab-
sent dominant vessel’” (see Absent Posterior Descending
Branch).

(See Case Report 4.35 in the Atlas of Case Reports)

Intramural Coronary Artery (Muscular Bridge)

On anatomic grounds, the general rule in human hearts
is that large coronary arteries and their branches are situ-
ated in the loose connective tissue of the subepicardial
space. Nevertheless, the septal penetrating branches are
normally intramyocardial, and other usually subepicardial
branches are found to be intramural in more than 1% of
instances.®%157:316

In several mammals and in birds, most of the coronary
arteries are intramyocardial (see Chapter 1), apparently with-
out having adverse functional consequences. Three consider-
ations are relevant in defining and discussing muscular
bridges in humans: (1) nosologic considerations (what con-
stitutes a muscular bridge? is it an anomaly?); (2) functional
considerations (are muscular bridges able to cause disease?);
and (3) prognostic considerations (do muscular bridges lead
to unexpected pathologic events such as spasm, thrombosis,
or atherosclerotic changes?).

An intramural coronary artery'°° is defined as a coronary
artery that has a segment of variable length covered by myo-
cardial fibers but that otherwise lies subepicardially.?®¢
These fibers constitute the ‘ ‘bridge,”” whereas the underlying
coronary segment is not the bridge but, rather, is the
‘“‘bridged artery.”’ Fine anatomic dissection, with the use of
microscopy, has indicated a high incidence of myocardial
fibers overriding otherwise subepicardial coronary arteries
or branches, as reported in detail by Polacek.3%

In clinical angiographic studies, detection of the intramyo-
cardial course of a coronary artery depends on systolic
compression,”**7 a narrowing of the lumen (*‘milking ef-
fect’”) seen during systolic myocardial contraction. Phasic
narrowing of a coronary artery may also occur in other condi-
tions, such as in the presence of ventricular aneurysms or
pericardial fibrous bands.!® This angiographic marker is
highly predictive of an intramyocardial coronary course, but
it is actually seen in only a minority of anatomically detecta-
ble cases. Administration of a vasodilator (typically, intra-
coronary nitroglycerin in a 100- to 300-ug bolus'187)
greatly facilitates the angiographic recognition of systolic
narrowing. Also, multiple angiographic views of the in-
volved vessel may add relevant information. Systolic nar-
rowing is generally considered to be caused by coronary
compression by myocardial fibers that are oriented circum-
ferentially with respect to the heart (and tangentially with
respect to the involved vessel). It is usually best seen in
projections that are tangential to the cardiac wall over which
the involved artery is located (see Case Report 4.36 in the
Atlas of Case Reports). A less reliable, indirect indicator of
an intramural coronary segment is the ““U sign,””'? caused
by the artery’s subclinically accentuated descent from its

136
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epicardial location into the myocardium. In more severe
muscular bridges, the myocardial bundle over the involved
coronary segment is thicker, and the involved artery may be
surrounded by circumferentially oriented myofibers.”®:!24265

With intravascular ultrasonography 251116134191 or coro-
nary flow velocity measurements,'!®:127:204:352.353.388 j¢ ¢
possible to examine intramyocardial coronary arteries more
precisely, because these imaging methods can recognize
phasic changes in the coronary cross-section and flow veloc-
ity (see Case Report 50, Fig. CR4.50). Unfortunately, the
relatively stiff intravascular diagnostic device may cause ar-
tifacts both by straightening the artery’s U-shaped course
and by causing spasm or abnormal compression. According
to some recent intravascular ultrasound studies,!>>1:116:191
the systolic milking effect may involve circumferential as
well as asymmetric flattening of the vessel, probably depend-
ing on the depth of the myocardial bridge.

The question of whether this entity is a coronary anomaly,
or an exceptional finding versus a less frequent but normal
variant, seems to be answerable on the basis of anatomic
and angiographic studies: muscular bridges are present in
more than 1% of normal human hearts'!3®182 and are
observed especially often in the presence of ventricular
hypertrophy,!!-*1¢ whether it is secondary (aortic stenosis,
hypertension), primary (hypertrophic cardiomyopathy)?*®
and/or associated with adrenergic stimulation.!*® The proxi-
mal LAD is the most common site of muscular bridges,”®
195 and other coronary arteries only rarely have such
bridges.266’362*432

With respect to the hemodynamic repercussions of an in-
tramyocardial coronary course,>93101:120.158,164,181.210,246.
256.305,352:401.417 the discussion is still open. Because an intra-
myocardial course is normal for large arteries (e.g., septal
perforators in humans, and most coronary arteries in many
other animals) and because the LAD often has an intramyo-
cardial course without causing ischemic manifestations, this
condition should be regarded as only rarely capable of caus-
ing pathologic consequences,3%-647%:196.207:210491 [jnforgy-
nately, the literature contains a large series of poorly docu-
mented claims to the contrary.35-36:59-91.101.119.189.228.257.265.
304405 Of the many patients who undergo angiography be-
cause of suspected ischemic heart disease but who do not
have fixed obstructive coronary disease, some indeed have
a muscular bridge associated with abnormal (usually electro-
cardiographic) stress test results. This association is espe-
cially common in the presence of ventricular hypertrophy,
which frequently accompanies muscular bridges and causes
nonspecific ST changes in the resting and/or exercise elec-
trocardiogram.

A few authors claim to have demonstrated dependent
myocardial ischemia by means of a more specific method,
nuclear myocardial scintigraphic stress testing,?3:148.268.274.
308.321.319 and some authors have observed relief after coro-
nary stenting or surgical resection of muscular bridges.>=*
152.166.204.248.257.420.482 1 nca] lactate production during elec-

tronic pacing was also attributed to systolic narrowing, espe-
cially during severe tachycardia.*!”#8

Systolic stenosis (which is rarely critical in the absence
of maximal, induced vasodilation) is quite unlikely to result
in an absolute flow reduction, since 75 to 85% of human
coronary flow occurs during diastole, which is not affected
by muscular bridges. Indeed, intramural pressure at the capil-
lary level is much more effective at reducing flow than is
external, partial compression of a short coronary segment,
and it is the intramural pressure that normally modulates
phasic flow to the myocardium, even in the absence of a
muscular bridge.’®® In a normal heart, during systole, the
intramural pressure is higher than the intracoronary pres-
sure®® (and, hence, the aortic pressure), especially in the
subendocardial layers of the left ventricular myocardium,
where the capillary bed becomes totally compressed’®; dur-
ing systole, coronary flow from the epicardium to the intra-
mural space is abruptly reduced, while flow in the coronary
veins is enhanced.'®® In this sense, the left ventricular myo-
cardium normally behaves like a sponge that becomes phasi-
cally compressed. Superimposed systolic narrowing of an
epicardial vessel cannot greatly change this basic hemody-
namic behavior,?'® although such narrowing may cause a
minor local disturbance in the phasic dynamics.!>>2%* The
recent introduction of flow-meter wires has permitted inves-
tigators to describe typical phasic changes in instantaneous
flow velocity but has not provided reliable data about global
blood flow rates, '2-116,127.204,352,353.388

Still, intramyocardial coronary arteries can have prognos-
tic and clinical relevance with respect to the occurrence of
certain rare, potentially important events,'8"!83207 egpe-
cially coronary spasm (which is only occasionally mentioned
in the literature3*!3%153211271.358) * thrombosis (which is
quite rarely reported®'?'), and coronary atherosclerotic
changes.''>1242%3 Numerous anatomic,?®* angiographic, '8
236,297 and intravascular ultrasound'* reports document the
relatively frequent presence of a coronary atherosclerotic
plaque at the proximal bend of an intramural LAD and a
consistent absence of intimal changes in the intramural seg-
ment.1>184.223.293,294 1) these cases, it is the proximal ather-
oma (accompanying an intramyocardial LAD) that is the
most likely cause of an occasionally positive stress test dur-
ing myocardial scintigraphy.””!

(See Case Reports 4.36 and 4.50 in the Atlas of Case
Reports)

Subendocardial Coronary Course

In rare cases, the RCA, LAD, or circumflex pursues a sub-
endocardial course after penetrating the myocardial layers.!’>
282 In this manner, the LAD may reach the anterior portion
of the right ventricular cavity. More frequently, it is the RCA
that becomes subendocardial where its posterior, distal seg-
ment (just proximal to the crux, in the lower part of the right
atrium) adjoins the tricuspid valve annulus.*** This unusual
location of a sizable coronary artery may be more than a



58 / Cuarrrr 4

curiosity, especially during surgery for debridging of a coro-
nary artery, or tricuspid valve replacement or valvuloplasty.
The literature includes reports of cases in which a simple,
nonextracorporeal approach to correcting a muscular bridge
of the LAD became a surgical nightmare because of perfora-
tion of the right ventricle during unroofing of a segment of
the intramyocardial LAD in an unexpected subendocardial
location.?® Unfortunately, no angiographic clues allow this
anomaly to be diagnosed before surgery. A subendocardial
coronary artery might be viewed as an intermediate stage in
a spectrum of ‘‘coronary malpositions’” ranging from the
normal subepicardial location to intramyocardial coronary
artery and to coronaro-cameral fistula.

Coronary Crossing

As a rule, epicardial coronary arteries do not cross one
another. The literature contains only a few angiographic (but
not anatomic) reports?’> that describe crossing of adjacent
branches, apparently at the subepicardial level. This phe-
nomenon should not be confused with superimposition of
coronary branches during angiography when the vessels lie
in different planes. In almost all reported cases and in the
few cases seen by these authors, the crossed arteries were
obtuse marginal branches. By examining this feature in sev-
eral angiographic views, the observer can occasionally verify
that both arteries are indeed subepicardial (instead of papil-
lary muscles, penetrating coronary branches, or subendocar-
dial collateral vessels). Coronary crossing affects secondary
vessels and only rarely causes clinical problems, such as
difficulty in identifying a branch to be grafted during coro-
nary artery bypass.

(See Case Report 4.37 in the Atlas of Case Reports)

Anomalous Origination of the Posterior Descending
Artery from the Anterior Descending Branch or a
Septal Penetrating Branch

According to a consistent rule of coronary morphology,
anterior septal penetrating branches do not reemerge on the
opposite side of the ventricular septum. In cases of posterior
descending artery occlusion, however, they are frequently a
source of collateral connection with the facing, posterior
septal vessels. Only rarely have cases been reported of an
unusually large anterior septal branch that not only pene-
trates the whole extent of the septum but also reappears,
in a subepicardial position, in the posterior interventricular
groove, and produces the terminal portion of the posterior
descending branch.>>3¢7 One might doubt the congenital na-
ture of such an anomaly (versus an acquired occlusion of
the posterior descending artery with collateral circulation
from an anterior septal branch), especially in the context of
coronary atherosclerosis. In a more common and clinically
relevant pattern, the posterior descending branch originates
congenitally from the distal LAD after encircling the cardiac
apex (see the next section).

Absent Posterior Descending Branch (Split RCA)

As a rule, the posterior descending branch is a single,
continuous vessel that originates from the RCA or circum-
flex artery, at the crux of the heart, and courses in the poste-
rior interventricular groove. Occasionally, the posterior de-
scending branch comprises two segments: one that originates
normally from the distal RCA at the cardiac crux and courses
only in the upper posterior portion of the interventricular
groove; and another segment that originates from the mid
RCA, close to the acute margin of the heart, and reaches the
distal posterior portion of the interventricular groove.!47470
Alternatively, the LAD or circumflex artery may supply part
or all of the posterior descending branch, causing it to appear
interrupted or split (Fig. 4.18). This phenomenon is a noso-
logic curiosity, but it may become clinically relevant in sur-
gical grafting of the ‘“posterior descending branch’” or while
attempting myocardial scintigraphic/coronary angiographic
correlations.

(See Case Reports 4.38 and 4.39 in the Atlas of Case
Reports)

““Absent LAD”’

In the human heart, the anterior subdivision of the LCA
(the LAD) generally features anteroseptal and anterolateral
(diagonal) branches as it courses along the anterior interven-
tricular groove and tapers toward the cardiac apex. In some
instances, a large subepicardial anterior artery is not encoun-
tered in the interventricular groove because one of the fol-
lowing alternative patterns is present:

1. The proximal anterior descending artery!%-**> or a su-

pernumerary aortic ostium?%® gives rise to a single large
first septal branch that supplies most of the secondary
anteroseptal branches, leaving a small or absent mid-
distal subepicardial LAD (which is improperly called
atretic).

2. The proximal LAD splits into two smaller, parallel
branches (“‘split LAD’*),%’? which run along the ante-
rior interventricular groove.

3. Alarge diagonal artery originates quite proximally from
the LAD and runs parallel to it, giving rise to all the
anterolateral branches. Beyond the origin of the first
septal branch, the residual distal LAD is left with limited
dependent territory and appears as a very small vessel,
where a bypass graft could not typically be implanted.

4. A highly dominant RCA gives rise to most of the ante-
rior septal penetrating branches by producing an anoma-
lous LAD'?7 (via the direct intraseptal®® or the anterior
prepulmonic**#'® route, unusually prominent posterior
septal branches, or a wrap-around-the-apex posterior de-
scending branch).

In similar cases, the small size of the LAD might lead to
the erroneous conclusion that the LAD territory is ischemic
because of the unusual coronary pattern. In the absence of
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FIGURE 4.18. Schematic representation of the cardiac surface from an apical viewpoint, showing the
possible alternative sources of the posterior descending artery (PD). This vessel may be a single trunk
that originates from the circumflex artery (Cx), the RCA, or the LAD. The posterior descending artery
may also be split into two segments with separate originations from the mid or distal RCA, the mid or
distal circumflex artery, or the LAD.

acquired obstructive disease, however, functional testing
(especially myocardial scintigraphic stress testing) will con-
sistently rule out a diminished coronary reserve.*** These
coronary patterns become clinically relevant during surgical
revascularization of the LAD territory, when the surgeon
should be aware of the unusual anatomy.

(See Case Reports 4.35, 4.40, and 4.41 in the Atlas of
Case Reports)

Ectopic Origination of the First Septal Branch

The first septal branch is commonly the largest (longest)
septal vessel,'%° both because it provides for the uppermost
portion of the ventricular septum (which has the largest di-

ameter in comparison to the other segments closer to the
apex) and because it frequently has richer ramifications,
which could reach even the atrioventricular node. This large
vessel is occasionally seen to originate ectopically??6-311:403
from the following:

o The right anterior cusp

e The RCA

e The left coronary cusp®’

e The left main trunk

e The first diagonal branch

e The proximal circumflex artery

e An anomalous RCA, LAD, LCA, or mixed trunk with an
intraseptal course
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ANOMALIES OF TERMINATION: CORONARY
FISTULAS

As the coronary artery tree branches and propagates pe-
ripherally, it undergoes continuous tapering until it reaches
the arteriolar level (the last segment of the coronary circula-
tion to have a tunica media). The arterioles eventually drain
into the capillary network, and only occasionally do they
maintain small communications with sinusoidal intratrabec-
ular spaces. A sizable communication between a coronary
artery and (1) a cardiac cavity or (2) any segment of the
systemic or pulmonary circulation is generally called a coro-
nary fistula.*’" Any structure with a pressure lower than that
of the systemic aorta (i.e., equal to the proximal coronary
pressure) can drain blood flow from a coronary artery if an
abnormal communication occurs, allowing fistulous flow. In
reviewing the anatomic literature, starting with the historic
early reports of Vieussens (1706) and Thebesius (1708), Bar-
oldi and Scomazzoni®”® analyzed recurrent, lively discus-
sions®? that have occurred over the centuries about coro-
naro-cameral communications in the normal heart. These
authors concluded that two types of communications nor-
mally exist in the human heart, as alternatives to normal
drainage into the coronary veins/coronary sinus system:

1. Communications originating at the arteriolar level are
established indirectly by means of arterio-sinusoidal
vessels (which are irregularly shaped, measure 50 to 250
um in diameter, lack a tunica media, and drain into any
cardiac cavity), or directly by means of arterioluminal
vessels (which are 40 to 200 um in diameter, have a
thin media, and drain into any cardiac cavity).

2. Venous communications or thebesian veins (first de-
scribed by Thebesius [1686—1732], who injected var-
ious substances into the coronary sinus) are direct com-
munications between a coronary vein and a cardiac
cavity. They are especially common in the right atrium
(where they measure up to 2 mm in size) and in the
right ventricle.

The exact nature of these small coronaro-cameral connec-
tions remains unclear. However, they should probably not
be called fistulas, because they do not involve substantial
fistulous flow.

Angiographically, it is usually impossible to visualize the
smaller coronary artery to cardiac cavity communications
without the use of wedge injections.'?® Baroldi and Scomaz-
zoni found such communications in almost all specimens by
injecting the coronary arteries with latex or neoprene, which
is fluid at room temperature but solidifies at 40 to 50 °C.
The injections were made at 200 mm Hg of continuous pres-
sure and were followed by further manual compression to
enhance fluid progression during the 5- to 10-minute prepa-
ration period. To visualize veno-cameral communications,
these investigators injected the coronary sinus with the same
plastic material (of a different color), at 70 mm Hg of pres-
sure, a few minutes after the beginning of the arterial injec-

tions. Appearance of the plastic gel in a cardiac cavity was
considered evidence of an arterio- or veno-cameral commu-
nication: An important but unproved condition for accurately
establishing this diagnosis was that the plastic gel not get
past the capillary level. Using these techniques, Baroldi and
Scomazzoni’®® demonstrated 200- i arterioluminal commu-
nications in 86% of the left ventricles and 50% of the right
ventricles but not in the atria; they also demonstrated =2-
mm veno-cameral communications in the left ventricle, right
ventricle, and right atrium but almost never in the left atrium.

The relationship between these findings and angiographic
observations or functional status is not immediately clear.
During angiography, only arterial injections are made, and
any communication with a cardiac cavity is visualized at the
end of contrast runoff. Clinically, however, it is impossible
to know whether the capillary bed is or is not perfused by
““fistulous’” blood, which would differentiate potentially
damaging (arterio-cameral) communications from benign
(veno-cameral) ones.

Only during RCA injections (especially when performed
subselectively and under high pressure) is contrast material
frequently observed to drain into the anterior right ventricle
and the right atrium.'?® This finding is not to be confused
with the presence of thebesian veins. It merely shows that
coronary veins of the right atrium and ventricle often drain
directly into these cavities, without communicating with the
coronary sinus.

Most likely, what appear as coronaro-cameral communi-
cations on angiography correspond to the >200-4 anatomic
channels seen by Baroldi and Scomazzoni in normal hearts.
Nevertheless, these channels should be subjected to specific
studies, using proper techniques. The definition of coronaro-
cameral fistulas is clear when larger vessels are involved,
but it is not totally clear when smaller, multiple vessels are
involved.®17%-33 Small angiographic fistulas tend to occur
only occasionally in patchy aggregates, affecting the smaller
ramifications of several adjoining coronary branches or ar-
teries, and typically involving the apical portions of both the
left and right ventricles but never the outflow tracts. In such
instances, the flow pattern indicates the presence of multiple
small communications with limited flow, which is generally
only diastolic into the left ventricle but systolo-diastolic into
the right ventricle.’®!”® These communications do not cause
ectasia of the proximal feeding arteries, nor do they tend to
enlarge with time %!

This subject is being discussed extensively herein because
of widespread persistent ignorance about the exact nature of
the smaller communications between coronary vessels and
cardiac cavities.’3? The overwhelming current tendency in
the literature and in practice is to group these entities under
the general heading of coronary fistulas and to imply that
nutrient blood is shunted away from the myocardium.''! Nu-
merous reports have been published regarding patients with
angina, ischemia, myocardial infarction, or arrhythmias in
the presence of multiple small, patchy coronaro-cameral
communications. However, overwhelming evidence (based



NORMAL AND ANOMALOUS CORONARY ARTERIES IN HUMANS

mainly on nuclear myocardial imaging data®*?) strongly sug-
gests that these small communications are benign abnormali-
ties that have no functional or prognostic consequences.
Drainage of a coronary vein into the right ventricle or atrium
is not only clinically irrelevant but normal. Both of these
conditions are indeed coronaro-cameral communications,
but they should not be confused with large coronaro-cameral
fistulas, which are discussed later in this chapter.

Because of the widespread use of right ventricular biopsy
techniques, cut arterial vessels are sometimes observed on
angiograms, especially in patients subjected to repeated
biopsies, as after heart transplantation.??3** This angio-
graphic finding correlates with the inclusion of a sizable
arterial segment in the biopsy specimen. Most such small
communications eventually disappear with time, and we
know of no reports of clinical consequences such as progres-
sive enlargement of a fistula.

Another common entity that may be confused with a coro-
nary fistula is a coronaro-cameral communication at the site
of a large myocardial infarction, which is typically compli-
cated by an organized mural clot.**® The communication
involves a ruptured artery or (more likely) vein, affecting
either the native circulation in the necrotic area or neovessels
grown into the myocardial scar or mural clot. Like small
coronaro-cameral connections, these communications
should be differentiated from congenital coronary fistulas.**?

In conclusion, we propose that the term coronary fistula
be used to identify only some of the many*!? normal or
abnormal communications that can exist between a coronary
vessel and a cardiac cavity or some other vessel; the smaller,
anatomic but not functional, communications should be
called ‘‘coronaro-cameral micro-communications.”’ In con-
trast, a functional coronary fistula is characterized by at least
one of the following features: (1) definite signs of fistulous
flow (for instance, the affected feeding vessel will have a
luminal diameter at least 50% greater than the ‘‘expected’’
diameter); (2) angiographically clear and prompt visualiza-
tion of the receiving cardiovascular structure, where a step-
up in the concentration of oxygen (or any other injected
substance) should be apparent; (3) evidence of volume over-
load in the affected cardiac chambers;'® and (4) evidence of
steal (or ischemia) involving the myocardial nutrient blood
flow,?%9-369-524 jdeally during segmental (nuclear) testing of
the coronary reserve.'**?7%

The physiologic mechanisms that may lead to coronary
steal in fistulas are essentially related to a diastolic pressure
drop caused by fistulous runoff into a low-pressure cavity
(see Case Report 4.42 in the Atlas of Case Reports).
Whereas normally the aortic pressure is only mildly de-
creased (as in mild aortic insufficiency), the intracoronary
pressure in the fistulous artery may undergo progressive
diminution, especially during diastole, if the fistulous flow
is large. Essentially, it is the balance between the inflow
(coronary, ostial size) and the outflow (fistulous versus nu-
trient) that determines whether the absolute nutrient coro-
nary flow is adequate or deficient. Multiple factors may af-
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fect this balance, depending on the physiologic state and
morphologic variant involved. For example, physical exer-
cise tends to lower intramyocardial arteriolar resistance and
increase the pressure in the systemic venous cavities (the
usual recipients of coronary fistulous flow), inducing a fa-
vorable shift in the balance between nutrient and fistulous
flow. Whereas distal coronary obstructive changes at the
fistulous runoff site favorably affect coronary nutrient flow,
proximal obstructive changes in the involved coronary artery
or in the purely nutrient distal branches unfavorably affect
such flow. Systemic hypertension is usually well tolerated,
but hypotension of any etiology can be expected to have a
critical adverse effect on the balance between nutrient and
fistulous flow.

Traditionally, steal has been considered to be heralded by
angina, electrocardiographic ischemic ST-T changes (at rest
or during exercise), myocardial infarction, or arthythmia. In
trying to quantify the amount of stolen flow, some authors
have directed their attention to the ratio between the fistulous
flow and proximal flow in the affected nutrient artery.2%*
This ratio can indeed establish the relative amount of steal
(the percentage of proximal coronary flow that drains into
the fistula) or the absolute amount of fistulous flow. Never-
theless, it does not prove the existence of a metabolically
relevant steal phenomenon, based on the needs of the depen-
dent myocardium at rest and under maximal functional de-
mand conditions. The diagnosis of a steal phenomenon can
be firmly established only by myocardial scintigraphy,
which measures relative or absolute markers of myocardial
ischemia in the affected area, both at rest and during evalua-
tion of the coronary functional reserve.

The possibility that fistulous communications can indeed
steal essential blood flow intended for the competing depen-
dent myocardial vascular bed may be related to decreased
driving pressure at the entry into the nutrient coronary
branches. Acquired obstruction of the ostia of nutrient
branches arising from the aneursymatic main artery is proba-
bly common in older patients (see Case Report 4.42 in the
Atlas of Case Reports). It is not yet clear whether exercise
or pharmacologic vasodilating agents can transiently change
the pressure-flow-resistance values in cases of coronary fis-
tulas; the expectation is that coronary arteriolar resistance
will drop but that the fistulous opening cannot change.

Because functional coronaro-cameral fistulas,®® as de-
fined above, can carry large volumes of blood*?* (typically
1200 to 1500 mL/min or 20 to 25 mL/sec), use of a large-
lumened angiographic catheter and a mechanical injector is
necessary for adequate visualization of the involved vessels.
Indeed, the angiographer should not be limited to the qualita-
tive diagnosis of a coronary fistula and its receiving chamber
or vessel!378.190.284.320381415 byt should also aim for com-
plete visualization of the nutrient myocardial branches.
These vessels need special protection during interventional
therapeutic procedures, whether surgical or catheter-me-
diated. In fact, the primary objective of any intervention
in such cases should be to preserve, and possibly enhance,
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nutrient myocardial flow, rather than simply to eliminate the
fistulous tract. The absence of nutrient coronary branches
arising from a fistulous tract should suggest an alternative
diagnosis, namely ruptured aneurysm of an aortic sinus.**’
With the larger fistulas, a large quantity of contrast medium
should be injected (about 20 mL/sec for at least 2 seconds),
and the fistula should be examined in different projections,
depending on its specific anatomy. It is prudent to avoid
small-lumened catheters with only end holes (coronary pre-
formed catheters) with high injection pressure and to use
large-lumened catheters with side holes (like an NIH® or a
Gensini® angiographic catheter). Alternatively, one may use
a coronary angioplasty guiding catheter (large-lumened),
kept in position by a 0.014-inch guidewire.

The proximal tract of a fistulous coronary artery should
be regarded as an atypical example of a ‘‘mixed trunk’’
rather than as a simple coronary artery (which is defined as
a vessel that provides exclusively nutrient flow).

Over the years, torrential flow will induce clinically im-
portant morphologic changes in the walls of a fistulous coro-
nary artery. The fistulous tract—but not the distal, exclu-
sively nutrient branches—will undergo progressive changes
that range from simple dilation (as would be expected be-
cause of the increased blood flow) to frank aneurysm forma-
tion !8-126:262.288.382.522 (recoenizable only because dilation is
greater than in the adjacent vessel), intimal ulceration, me-
dial degeneration, intimal rupture, atherosclerotic deposi-
tion, calcification,?®® side branch (nutrient) obstruction,***
and mural thrombosis.*>***%4? The ultimate, dreaded but
rare, complication of the increased wall stress is coronary
rupture into adjacent cardiac structures® or the pericar-
dium.'® Because the vessel wall’s reaction to the prolonged
increased flow is so variable, the observer should be cautious
in estimating the amount of fistulous flow on the basis
of luminal diameter alone. Vessel size, in itself, may be a
fallacious parameter: in the most extreme case, a very
large, aneurysmatic fistula could eventually become throm-
bosed, totally obliterating fistulous runoff to the distal
vessel]118:150.249,364

In indicating whether intervention is necessary,”® the
amount of dilation of a fistulous vessel has recently become
more relevant>>118-333 than the amount of fistulous flow or
symptoms and/or signs of myocardial ischemia.'!***° Cathe-
ter-based®® or surgical®® intervention at an early age is gen-
erally recommended for patients with large fistulas, because
of the risk of rupture and mural clotting*****?; moreover,
aortic sinus disruption caused by an extremely enlarged cor-
onary ostium can result in aortic insufficiency. Late athero-
sclerotic and thrombotic changes®'® will evolve even after
total obliteration of the fistula. With respect to the optimal
timing of surgery, another major consideration should be
that reversibility of the ectasia is consistently reported only
after surgical correction of fistulas in pediatric cases''® and is
never observed in older patients.>” Because of these factors,
many authorities have concluded that, once a large coronary
fistula has been diagnosed, the optimal time for correction

is during the patient’s fifth to fifteenth year of life; the timing
of surgery in such cases should not be based on the time of
onset of symptoms, the absolute amount of fistulous flow,8?
or signs of congestive failure or myocardial ischemia during
stress testing. If the diagnosis is missed in the 5- to 15-year
age range (as it frequently is), the indications for, and timing
of, intervention may change because of variance of the risk-
benefit ratio.**® Older patients**>*> may still do very well
at surgery but may have more frequent complications (espe-
cially peri- and postoperative myocardial ischemic events%*
311,533 and extracardiac complications); moreover, after nor-
malization of blood flow, their remaining risk of coronary
thromboembolic disease in the excessively ectatic coronary
segments will at least equal that of patients treated medi-
cally.>** The recent introduction of catheter devices for the
obliteration of coronary fistulas®”-161-217.303.314.315.368.402.441
will be further discussed in Chapter 5.

Concomitant obstructive coronary disease, in either the
affected vessel or an unaffected one, may be the most com-
mon reason for clinical recognition of a coronary fistula and
for surgical intervention in older patients.

Fistulous coronary connections usually involve structures
that adjoin the coronary arteries, such as the coronary veins
and the four cardiac cavities,!18:237-338:381:406:435,443.444 1 egq
frequently, in otherwise normal hearts, a coronary fistula
will drain into an extracardiac structure such as the pulmo-
nary artery or its main branches or the superior vena cava.'®:
465 Coronary-to-main pulmonary artery fistulas are usually
small, multiple,'® and of no clinical significance. Congenital
coronary-pulmonary connections are sometimes seen in the
context of other congenital heart defects, especially critical
pulmonary valve stenosis or atresia or (even more fre-
quently) pulmonary branch stenosis or atresia, or coarctation
of the aorta.

Although the literature contains frequent references to
“‘coronary-to-bronchial artery fistulas,’’!7-4!:144,171,347.366,373
we doubt the existence of such an entity. Both of these arter-
ies are, in fact, systemic in patients with a normal cardiovas-
cular anatomy, and fistulous flow cannot be expected to
occur between two vascular sites that have identical pressure
regimens. Communications have indeed been observed with
special frequency between a coronary artery and a lung seg-
ment with a chronic infection! (bronchiectasia, sequestra-
tion, or pseudosequestration); in these cases, the involved
vessels behaved more like neovascularizations or collater-
als??%3% than like fistulas.!”!”> Only occasional reporters
have suggested that a ‘‘coronary to bronchial anastomosis’’
exists and can cause a myocardial infarction.'”*’® In congen-
itally sequestered pulmonary lobes, the systemic arterial sup-
ply is usually derived from the descending or abdominal
aorta; in pseudosequestered lobes, however, it may originate
from intercostal, mediastinal, subclavian, and pericardial ar-
teries, 717324327 which probably connect with pulmonary
arterial branches,?® not bronchial ones.

Coronary-to-pulmonary communications may also appear
after cardiac surgery, even heart transplantation (see Case
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Report 4.44 in the Atlas of Case Reports). In these cases, the
communication is not congenital, and the so-called fistulous
artery consistently drains into a left lower pulmonary branch.
Most of these connections develop after some degree of post-
operative pleuropericarditis (and/or pulmonary atelectasis)
has occurred; the inflammatory process must cause the for-
mation of neovessels, which may connect with the lower-
pressure pulmonary circulation via the subpleural plexus.
Again, these neocommunications have no fistulous flow and
are not connected with bronchial arteries or veins but only
with pulmonary arteries (curiously, but probably because of
a specific tropism, they are never connected with pulmonary
veins).

For a more clinical discussion of coronary fistulas in pedi-
atric patients, see Chapter 5.

(See Case Reports 4.43 through 4.49 in the Atlas of Case
Reports)

COLLATERAL CORONARY ARTERIES: NORMAL
VERSUS ANOMALOUS

“*Anastomotic®® or collateral coronary arteries’” is a term

that should be used to identify arterial sources other than
normal, primary coronary vessels. Generally, collateral ar-
teries are believed to develop after a coronary occlusion,??!
but detailed anatomic studies have shown that collaterals
measuring less than 1 mm in luminal diameter (mostly about
0.3 mm>® and provided with a thin media and endothelium),
are extremely common in the normal human heart. Anatomi-
cally, these vessels connect either different, contiguous
branches of the same artery or contiguous branches of oppo-
site (right and left) coronary arteries. Because the number
of collateral vessels in human hearts is quite high, coronary
branches should not generally be considered ‘‘terminal’’ in
anatomic terms. Functionally, however, most anastomotic
circles are inactive and not visualized on coronary angio-
grams. In the acute stage of coronary occlusion with clinical
myocardial infarction, collateral circulation is usually absent
both physiologically and angiographically. Only in the sub-
acute and chronic stages of coronary occlusion do collateral
vessels become consistently apparent on angiographic stud-
ies. The origins of such collaterals are both homolateral and
contralateral.

Typically, congenital ‘‘anomalous collaterals’’-~ are >1-
mm anastomotic communications between adjacent, unob-
structed coronary arteries or branches. It is conceivable that
these collaterals represent an unusual congenital pattern, but
it is frequently impossible to rule out a previous transient
coronary occlusion. In healthy individuals, normal (angio-
graphically invisible) collaterals probably tend to be closed
as a result of an absence of flow between arteries with the
same pressure regimens; after a coronary occlusion, how-
ever, these collaterals may slowly open and enlarge as a
result of the onset of a pressure gradient (this process is
known as collateral recruitment). Flow-mediated vasodila-
tion may be the mechanism of progressive enlargement of
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anastomotic circles, as in coronary fistulas or ALCAPA (see
Fig. CR4.11). When a coronary occlusion (usually involving
thrombosis) resolves either spontaneously or because of in-
tervention late after the development of large collaterals,
these vessels can frequently still be visualized on coronary
angiograms, where they may appear as ‘‘anomalous or inap-
propriate’’ collaterals. ‘‘Anomalous collateralization,”” a
rare condition, tends to occur between the distal branches
of the circumflex artery and RCA at the posterior atrioven-
tricular groove.>

With respect to functional and prognostic implications,
the only effect of anomalous collaterals (measuring >1 mm
in luminal diameter, in the absence of coronary occlusion)
would be protective, in the event that one of the connected
coronary vessels became occluded.> Indeed, one postulated
mechanism of preconditioning of the ischemic myocardium
involves the development of intercoronary anastomotic cir-
cles during episodes of reversible ischemia; such collateriza-
tion would precede the final occlusive event and diminish
its ischemic consequences.

In the absence of coronary occlusions, the largest collater-
als are seen in cases of anomalous origination of a coronary
artery from the pulmonary artery. In such cases, the collater-
als are normal and appropriate, as they are governed by he-
modynamic gradients established between the ectopic vessel
and a normally originating coronary artery (see page 48).

PATHOPHYSIOLOGIC
MECHANISMS AND CLINICAL
IMPLICATIONS OF CORONARY
ANOMALIES

This section summarizes the possible mechanisms by
which coronary anomalies may produce clinical conse-
quences. It also proposes a scheme for classifying coronary
anomalies according to the involved pathophysiologic mech-
anism(s). First, however, it presents a brief summary of basic
coronary physiology, based on Gould’s excellent recent re-
view,!*> to which interested readers are directed for a more
in-depth discussion of this subject.

Overview of Normal Coronary Physiology

The primary source of energy for the resting, working
heart is the oxidative metabolism of free fatty acids, which
normally supplies 70 to 90% of the myocardial oxygen de-
mand. At rest, the oxygen requirement of the myocardium
is much greater (8 to 10 mL/min/100 g) than that of skeletal
muscle (0.115 mL/min/100 g). Grossly, 20% of the myocar-
dial oxygen requirement is dedicated to the basal metabolism
(in the unloaded heart), and 1% is devoted to electrical activ-
ity. Volume work (15%) demands less energy than pressure
work (64%). With exercise or an increased pressure work-
load, the oxygen demand is increased: a 50% increase in
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myocardial contractility, pressure work, or the heart rate
causes almost a 50% increase in the oxygen demand. During
exercise, the maximal workload is 3 to 4.5 times greater than
at rest; normally, this increased workload results in coronary
flow that is 3 to 4.5 times greater than baseline flow.

The oxygen content of systemic arteries is about 80 vol%,
whereas that of systemic and coronary veins is 60 vol% and
5 vol%, respectively. This finding reflects the unusually high
amount of oxygen extracted by the myocardium under basal
conditions (extraction being submaximal at rest).

The myocardial capillary density is about 3500/mm?
(compared with 400/mm? in the skeletal muscles); 50 to 70%
of the left ventricular myocardial capillaries are patent at
rest, and essentially 100% are recruited during maximal
workload conditions.

The capillaries have a diameter of about 3 w1 during systole
and 4 u during diastole, evidencing the normal phasic in-
crease in intramural pressure. The intercapillary distance is
about 17 u at rest, versus 11 to 14 ux during maximal capil-
lary recruitment. A normal adult myocardial cell has a trans-
verse diameter of about 18 u (versus 50 u for adult skeletal
muscle cells), but hypertrophic myocytes can increase that
diameter to 30 w. Therefore, the surface for metabolic ex-
changes is about 15 times larger in normal myocardial cells
than in skeletal fibers.

Compared with the subepicardium, the subendocardium
normally has a similar basal flow rate but an increased wall
stress, intramural systolic pressure, and oxygen demand; it
also has a decreased maximal flow rate (coronary reserve),
tissue oxygen concentration at rest, and venous oxygen satu-
ration.

The major regulators of coronary blood flow are (1) the
intramural pressure, (2) the aortic (coronary) pressure, which
has an elective dependence on the diastolic mean pressure
and time (as about 85% of the coronary blood flow occurs
during diastole under basal conditions), (3) the myocardial
metabolic rate, (4) the parasympathetic and sympathetic
nerves, (5) endothelial function (autocrine), and (6) blood
viscosity, which is greatly increased in polycythemia.

Coronary stenosis does not affect the resting blood flow
until more than 90% of the luminal diameter becomes com-
promised. The coronary reserve (maximal vasodilatory ca-
pacity) is normal in the presence of 0 to 60% luminal narrow-
ing, but it progressively decreases to 0% when the degree
of stenosis approaches 90%. In the coronary circulation, vas-
cular resistance is the sum of the proximal (subepicardial)
and distal (arteriolar) resistance. Proximal resistance is negli-
gible for proximal stenoses of up to 80 to 90%, but it be-
comes severe for stenoses of more than 90%. Endogenous
vasodilators (especially nitrous oxide) and pharmacologic
vasodilators will electively affect distal arteriolar resistance
in the absence of significant (=90%) proximal stenosis.
With stenoses greater than 90%, the peripheral vasodilating
reserve is lost.

Under baseline conditions, the coronary system is subject
to a “‘low-flow/high-resistance’” state. In contrast, exercise

or coronary vasodilator (adenosine or dipyridamole) stress/
testing results in a ‘‘high-flow/low-resistance’ state, in
which a proximal coronary stenosis becomes more evident.
Recent investigations®*—>!2 have suggested that the coro-
nary tree has a dual mechanism of vasodilation: endothe-
lium-dependent vasodilation of coronary vessels measuring
>200 pm in diameter and nonendothelium-dependent vaso-
dilation of arteriolae measuring <150-200 um in diameter.
Nitroglycerin acts by means of the first type of mecha-
nism,'** which essentially affects only the proximal, epicar-
dial coronary arterial tone (capacitance vessels), where it is
converted into its active form (nitric oxide) by the endothe-
lium.'®® In contrast, adenosine directly stimulates smooth-
muscle-cell A, receptors in arterioles (resistance vessels),
without affecting capacitance vessels. Papaverine seems to
affect both capacitance and resistance vessels. Myocardial
perfusion imaging for determining coronary functional re-
serve is essentially based on these physiologic parameters.

A coronary anomaly may produce physiologic dysfunc-
tion or clinical consequences under the circumstances listed
in Table 4.6, as discussed in the literature’®72238327 and
summarized in the following sections.

TYPES OF PATHOPHYSIOLOGIC MECHANISMS
AND/OR CLINICAL IMPLICATIONS

This section discusses mechanisms reported to be in-
volved in causing clinical manifestations or changes in the
clinical outlook for patients with congenital coronary anom-
alies. The clinical relevance of coronary anomalies has re-
cently been recognized by the American Heart Association,
the American College of Cardiology, and the American
Academy of Pediatrics.* The fact that 24% of sudden
deaths in athletes can be related to coronary anomalies™*
underscores the importance of this subject.

Misdiagnosis of the Coronary Anatomy

Unusual coronary anatomic patterns may be confusing
and easily misdiagnosed.®>'®* Misdiagnosis may adversely
affect the treatment strategy and outcome, as well as the
patient’s psychosocial status and insurability. The following
conditions may be particularly hard to recognize and/or in-
terpret.

(Pseudo) Absence of a Coronary Artery

Labeling a coronary artery that is not visualized directly
or by means of collateral, retrograde circulation as *‘absent,”’
“‘occluded,”” or ‘‘missing’’ is usually erroneous in the ab-
sence of an acute myocardial infarction. Further studies, in-
cluding ascending (and descending) aortography and selec-
tive subclavian or carotid angiography, with follow-through
to the mediastinum (possibly using digital subtraction tech-
nology), should be performed in these cases.
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TABLE 4.6. Pathophysiologic mechanisms and coronary anomalies (functional classification)

Pathophysiologic Mechanism

Coronary Anomaly

Proof of Action

Certain  Possible  Unlikely

Misdia/.nosis

Missing coronary artery +

Hypoplastic coronary artery +

Myocardial ischemia, primary (fixed)

Absent coronary artery +

Hypoplastic coronary artery +
Ostial atresia +

Ostial stenosis +

Coronary fistula +

ALCAPA +

Muscular bridge +

Myocardial ischemia, secondary (episodic)

Tangential origin

Ectopic origin (opposite sinus)
Myocardial bridge

Coronary ectasia

Coronary fistula

+ 4+ ++

ALCAPA, neonatal +

ALCAPA, adult
Coronary fistula

Increased risk of fixed coronary atherosclerotic disease

+ +

ALCAPA +

Coronary ectasia

Ectopic origin

Muscular bridge (proximal)

Coronary aneurysm

Coronary fistula

ALCAPA

Coronary fistula

ALCAPA +
Coronary fistula
Ectopic ostia
Coronary fistula
ALCAPA
Ectopic ostia +

Split left coronary artery +

Secondary aortic valve disease

Increased risk of bacterial endocarditis
Ischemic cardiomyopathy (hibernation)

Volume overload

Unusual technical difficulties during coronary
angioplasty

o+ttt

+ +

+ +

Coronary fistula +

Complications during cardiac surgery

Ectopic ostia +

Muscular bridge +

ALCAPA = anomalous origination of the left coronary artery from the pulmonary artery.

(Pseudo) Hypoplasia of a Coronary Artery

Most cases of so-called hypoplasia of a coronary artery
actually involve alternative coronary branch patterns. True
congenital coronary hypoplasia is probably a misdiagnosis,
and the term should generally be avoided. Nevertheless, de-
tailed angiographic studies should be performed to clarify
the specific coronary distribution pattern for each myocar-
dial segment. Only rarely during nuclear scintigraphic stress
testing will the examiner find an association between a small
coronary artery and reversible myocardial ischemia of the
dependent myocardium that could strictly be classified as
coronary hypoplasia (a doubtful congenital entity).

Myocardial Ischemia

Myocardial ischemia may result directly from coronary
anomalies themselves (primary myocardial ischemic anoma-
lies). Alternatively, it may be related to the fact that some

coronary anomalies increase the probability of developing
fixed obstructive disease (secondary myocardial ischemic
anomalies) or transient ischemic events (secondary episodic
myocardial ischemic anomalies).

The primary function of the coronary arteries is to provide
metabolic myocardial perfusion. In dealing with coronary
anomalies, clinicians are often frustrated by an unclear rela-
tionship between anatomy and function. This relationship is
much more variable and subtle than in atherosclerotic ob-
structive coronary disease.”'+19235:238:438.481.506

Primary Myocardial Ischemia

Primary, or obligatory, myocardial ischemia is typically
caused by obvious obstructive conditions such as congenital
ostial stenosis or atresia, even in the presence of a rich collat-
eral circulation. In these cases, myocardial perfusion testing
is consistently positive for ischemia (fixed or reversible).
By means of a different mechanism, primary myocardial
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ischemia can also occur in anomalies like fistulas, which
cause nutrient myocardial flow to compete with fistulous
flow (in a lower-resistance circuit, organized in parallel)
under conditions of limited supply, as in the case of a single,
restrictive proximal coronary trunk. This phenomenon rarely
occurs in the usual coronary fistula; it is more often associ-
ated with anomalous origination of a coronary artery from
the pulmonary artery, in which the collateral circulation orig-
inating from the normal coronary arteries preferentially
tends to drain blood into the ectopic coronary ostium in the
pulmonary artery, while bypassing the myocardial bed.3%-%
The dramatic improvement in left ventricular function that
is frequently seen after effective repair of this anomaly is
clear evidence that a chronic hibernation state may exist
well beyond infancy.5373174,193,216.232.317.363 Dyagpite earlier
statements to the contrary in the literature, primary myocar-
dial ischemia cannot be assumed to occur routinely because
of an anomalous course alone,*3% specifically when a coro-
nary artery courses between the pulmonary artery and the
aorta.333476 The simplistic notion that such an anomalous
course could be subject to an external scissors-like compres-
sion mechanism**-38:151.200.383.410 5 not oenerally sustainable
in the light of current information. Indeed, these patients
usually do not have reproducible angina or ischemia during
stress testing, and they tend to live out their entire lives
without any ischemic manifestation. Nevertheless, a few of
them have ischemic events—usually sudden death,5>10%:188.
236:250261.383.385 5 myocardial infarction,?®! or syncope—in
the absence of coronary thrombosis or obvious stenosis.*®
110208 §yych patients may have a tangential slitlike ostium?®’*
322 or ostial ridges*’? or membranes,5*'94% but they rarely
have a critical fixed stenosis.?!* At the present time, routine
surgical correction (generally by means of bypass grafting)
cannot be recommended on the basis of such anomalies
alone; it would, however, be appropriate for survivors of
sudden cardiac death or transient ischemia who have a posi-
tive provocation test. Despite exceptions widely reported in
the literature, myocardial ischemia cannot usually be docu-
mented by stress testing, whether the patient has an isolated
coronary intramyocardial course,**® multiple coronaro-cam-
eral micro-communications,’ 232! or coronary aneurysms
or ectasia. If these conditions indeed lead to myocardial is-
chemia,?® it is generally because of additional acquired fea-
tures, as described in the following section.

Secondary, Episodic Myocardial Ischemia

Paradoxically, many coronary anomalies that, in fact, arise
during the fetal period never produce clinical manifestations
until many years later, if at all. One would expect that a
congenital disease, especially a potentially lethal one, would
not allow for normal life (as it frequently does, in the pres-
ence of negative stress tests), although it could suddenly
cause a catastrophic event. In most cases, the congenital
lesion by itself is not capable of causing the final event;
rather, the congenital lesion increases the risk potential for

episodes of superimposed spasm,?63-26633% intravascular

clotting,?207-260.434.442470 1 accentuation of systolic narrow-
ing in myocardial bridges, as brought about paradoxically
by vasodilators.”*4¢

In recent years, the literature has included many case re-
ports?5:26:208.272.298.384.395.41 1502 hat testify to the ischemic
nature (in the dependent myocardial region) of adverse clini-
cal events (myocardial infarction,*>’%!4348¢ chest pain,*
syncope,*! ischemic cardiomyopathy,*®! or sudden death>®
79.240.241.453.461469) iy patients with various coronary anoma-
lies. Angiographic and autopsy studies®>32-208393 (carried
out some vartable time after the ischemic insult was substan-
tially resolved, even if by death) have consistently failed to
reveal the critical coronary obstructions or occlusions that
would be expected in such cases. The implication is that a
transient obstruction occurred, but this phenomenon could
not be well documented. If such an obstruction can resolve
that quickly, it must be caused by a coronary spasm in most
cases. Platelet clot formation or full thrombosis is unlikely
to be missed in angiographic or anatomic studies performed
shortly after the event occurs. 3*** Provocative testing de-
signed to document coronary spastic potential must be more
widely performed in clinical practice, to elucidate the patho-
physiologic mechanism and prognosis, thereby facilitating
rational therapeutic decision-making.!3%133211 Spasm is
probably involved in (1) most cases of ectopic coronary orig-
ination from the aorta, with tangential orientation of the
proximal trunk and a slitlike orifice or ostial ridge?>2>%45°
and (2) some muscular bridges (intramyocardial coronary
arteries), especially the more extensive ones, in which long,
thick myocardial bands cover a proximal main coronary
trunk. It is likely, but not fully certain, that phasic bending
of the intramyocardial coronary segment is a stimulus to
spasm—even more than is systolic narrowing itself.?'!-3%%
Provocative testing of endothelial dysfunction or excessive
spasticity occasionally yield positive results.!3!532!!

Conceivably, a coronary artery that originates from the
opposite coronary sinus and courses between the aorta and
the pulmonary artery could behave in a peculiar manner (pre-
viously unreported), especially during or after exercise or
prolonged athletic training, leading to relevant clinical reper-
cussions. We allude to stretching of the abnormal vessel
against the aortic wall while that vessel is being subjected
to the opposing forces of right and left ventricular dilation
brought about by exercise. Indeed, during strenuous exer-
cise, the cardiac output of young, trained athletes may in-
crease to 25 to 30 L/min: under these circumstances, the
dramatic increase in diastolic return flow to the ventricles
is only partially compensated by an increased heart rate; a
major increase in diastolic volume also results, which must
be accompanied by important increases in aortic pressure
and wall tension (both of which greatly exceed the respective
pulmonary values) and also in right and left ventricular wall
tension. By their nature and position, the coronary arteries
(especially the LAD) are intrinsically anchored to the ven-
tricular masses and may be subjected to unusual stretching
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FIGURE 4.19. Schematic representation of a possible mechanism of transient ischemia in patients with
anomalous origin of the coronary artery from the opposite sinus. During exercise (right panel), physiologic
cardiac enlargement may lead to stretching of the epicardial coronary arteries that are anchored to the
myocardium, and compression of the proximal trunk against the aortic wall (arrows) may occur.

during exercise. If, on top of this physiologic condition, one
superimposes an anomaly in which a coronary artery arises
from the opposite side of the aorta and transverses the aorto-
pulmonary septum adjacent to the aortic perimeter, compres-
sion of the anomalous coronary vessel by the aortic wall
becomes likely (Fig. 4.19). Coronary compression might
have two types of consequences: (1) direct diminution of
coronary blood flow at a time of maximal demand and (2)
coronary ‘‘mechanical stimulation’” with a potential for sec-
ondary spasm (as when a coronary artery is mechanically
stimulated by a catheter) or endothelial activation resulting
in local platelet activation and/or autocrine vasomotor dys-
function. This abnormal physiologic state could persist dur-
ing the immediate recovery period after strenuous exercise,
when diastolic filling remains increased. Apparently, many
of the sudden deaths reported to have been caused by such
coronary anomalies occurred during the recovery phase after
strenuous exercise.

Increased Risk of Fixed Coronary Atherosclerotic
Disease

Some authors have suggested that fixed coronary athero-
sclerotic disease’”"!13:215:294.430473 ¢1d be a general conse-
quence of the anomalous course of a coronary artery. How-
ever, recent studies,** including the angiographic analysis
reported on pages 38—43, seem to indicate that most anoma-
lous coronary vessels are not predisposed to early atheroscle-

rosis. The only certainty is that patients with congenital coro-
nary anomalies have a much greater chance of being
identified if they also have atherosclerotic coronary dis-
ease,?? since coronary angiography is a most common diag-
nostic modality for ischemic heart disease.

In a recent study>8 designed to determine whether anoma-
lies of coronary origin and course influence the location of
atherosclerotic coronary disease, we documented no such
influence. Indeed, in reviewing the Texas Heart Institute’s
database of 36,883 consecutive coronary angiograms, we
encountered only 69 cases (0.2%) involving coronary anom-
alies of origination. Of this population, which was studied
because of suspected coronary artery disease, 35 patients
(51%) actually had such disease. Of the 105 proximal coro-
nary arteries (LAD, RCA, and circumtlex) studied in this
subgroup of patients, 66 (63%) had a normal origin, and
the other 39 (37%) were ectopic; obstructive disease was
observed in 53% (35/66) of the normal segments and 30%
(12/39) of the ectopic ones (P = 0.027).

The specific entity consisting of an ectopic, tangential
ostium, maybe with a congenital fibrous ridge, may indeed
increase the risk of additional ostial fixed, progressive ob-
structions,”?%0 probably because of unfavorable local theo-
logic factors. More studies are needed in this regard, includ-
ing detailed anatomic analyses or adequate angiographic
views of the anomalous ostia, accompanied by functional
correlations. Highly atypical diffuse severe obstructive coro-
nary disease has recently been documented in most cases
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involving extreme overload of the right ventricle (pulmonary
atresia with intact ventricular septum'2%142) or the left ven-
tricle (aortic valve atresia).®® The obstructive lesions have
been attributed to shrinkage and, even more, to fibrous inti-
mal proliferation.®®'?° These lesions occur in the presence
of high-velocity collateral flow, which vents the overloaded
ventricular cavities. Surgical palliation of hemodynamic
right ventricular overload may delay the progression of coro-
nary pathology but also may eliminate critically important
coronary collateral sources in the presence of severe proxi-
mal obstructions (see Chapter 6). Single coronary artery is
not generically associated with an increased incidence of
atherosclerosis; should atherosclerosis occur in the common
trunk, however, the clinical consequences would be unu-
sually severe, because the dependent myocardial territory
includes the whole heart and no collateral circulation can
develop.26?

Secondary Aortic Valve Disease

In patients with coronary anomalies, clinically important
aortic valve disease may result from (1) an independent con-
genital defect associated with coronary anomalies or (2) an
acquired defect secondary to longstanding coronary anoma-
lies, especially those involving greatly increased fistulous
flow and enlarged coronary ostia—primarily coronary fis-
tula and ectopic origination of the LCA from the pulmonary
artery. As previously noted, when a coronary ostium attains
a greatly enlarged diameter, the structure of the aortic cusp
and the adjoining leatlet may be critically altered, resulting
in aortic regurgitation. When a coronary artery originates
ectopically from the pulmonary artery, it is the normal con-
tralateral coronary artery (the source of collateral and fistu-
lous flow) that may cause such impairment of the aortic
valve.

Increased Risk of Bacterial Endocarditis

The earlier literature contains a few scattered reports con-
cerning an increased risk of bacterial endocarditis or endoar-
teritis in patients with coronary anomalies, especially coro-
nary fistulas. This risk is probably related more to coexisting
aortic valve anomalies (even if their repercussions are ini-
tially minor) than to the coronary anomaly itself. The current
extreme rarity of endocarditis**° under such conditions may
be caused by extensive use of antibiotics in the general popu-
lation and routine prophylaxis for endocarditis in the pres-
ence of ‘*heart murmurs,’’ even in the absence of a definite
diagnosis.

Cardiomyopathy

A cardiomyopathy is more likely to accompany ALCAPA
or left coronary atresia than anomalous origination of the
RCA, LAD, or circumflex artery (individually) from the pul-
monary artery. As previously discussed, myocardial is-

chemic damage occurs prenatally in coronary atresia but
neonatally in anomalous origination of a coronary artery
from the pulmonary artery.

Some amazing observations have been widely confirmed
in regard to the nature and behavior of chronic ischemia in
pediatric patients with ALCAPA. Anatomically and histo-
logically, this cardiomyopathy may involve cardiomegaly,
left ventricular dilation, myocardial hypertrophy, secondary
mitral insufficiency, changes associated with an acute myo-
cardial infarction, and various degrees of interstitial, patchy,
or diffuse fibrosis. After surgical correction of these anoma-
lies, myocardial function may be recovered, often to an
amazing extent. Not only are the results of nuclear myocar-
dial perfusion studies dramatically improved or completely
normalized but cardiomegaly, mitral regurgitation, and left
ventricular systolic dysfunction may totally disappear.*** In
these cases, recovery is similar to that observed after revas-
cularization of critical left main lesions but is consistently
more extensive. This phenomenon clearly reflects the pres-
ence of a hibernating myocardium. Additionally, it is inter-
esting to note that myocardial hypertrophy is a probable
result of ischemia in young persons, and myocardial reab-
sorption (possibly by means of apoptosis) may occur after
the chronic ischemia has been resolved.

Diffuse cardiomyopathy is also observed in some cases
of anomalous origination of the LCA from the right anterior
cusp. In such cases, ischemia is probably the original cause
of the cardiomyopathy, but, as previously discussed, this
event must be caused by clinical or subclinical episodic ob-
struction (spasm and/or clotting), followed by spontaneous
revascularization.*®! In these cases, revascularization can
prevent further worsening but may not produce a total recov-
ery of myocardial function.

Volume Overload

A coronary fistula may cause cardiac enlargement and
volume (diastolic) overload by creating significant shunting
of blood through the fistula. Depending on the degree of
fistulous flow and the size of the recipient cavity or vessel,
different cardiac cavities will be affected to varying degrees.
Coronary fistulas that drain into a systemic vein, coronary
sinus, right-sided cardiac cavity, or pulmonary artery (in-
cluding anomalous origination of a coronary artery from the
pulmonary artery) will cause left-to-right shunting at sys-
temic or near systemic pressures, resulting in volume over-
load (with cavitary dilation and an increased diastolic work-
load). Pulmonary hypertension is only rarely observed in
cases involving coronary fistulas draining to the right ventri-
cle or pulmonary artery, because the degree of shunting is
never excessive> (i.e., greater than the systemic cardiac out-
put or entailing a pulmonary-to-systemic flow ratio of
>2:1). Volume overload may be poorly tolerated by patients
who also have ischemia and/or a primary cardiomyopathy,
as in ALCAPA.
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Unusual Technical Difficulties During Coronary
Angioplasty

Coronary anomalies of origin and course may increase
the technical difficulty of coronary angioplasty for acquired
or congenital obstructive disease.?”>67-%2 Selective cathe-
terization and guiding catheter support may be impaired,
especially when a coronary artery originates tangentially and
ectopically, outside the center of the aortic cusp.5*4*¢ In the
absence of a left main coronary trunk, each individual left
trunk (the LAD and circumflex artery) is smaller than nor-
mal, and the guiding catheter may easily become wedged.*"
A discussion of the adaptations needed during catheter inter-
ventions in these cases is beyond the scope of this book
but is included elsewhere in the literature on interventional
cardiology 50393436

(see Case Report 4.16 in the Atlas of Case Reports)

Complications During Cardiac Surgery

Ectopic coronary arteries may complicate the surgical
treatment of associated cardiac conditions.*®® For instance,
when an ectopic artery encircles or courses near the aortic
or mitral valve annulus,”®’ the artery may be injured during
creation of the aortotomy or suture line at the time of aortic
or mitral valve replacement.?6”-*28 During otherwise routine
coronary artery bypass surgery, the surgeon may discover
that the target coronary artery has an intramyocardial course.
In such cases, the anomalous artery may not be found, or its
unroofing may result in transmural perforation of the cardiac
wall. Moreover, anomalous coronary branching patterns
such as split RCA or LAD may confuse surgeons who are
unfamiliar with them and may result in incomplete or erro-
neous bypass grafting.
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