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Preface

Anatomy is perhaps the simplest of medical
sciences, requiring little more than some curiosity
plus careful observation of things as they are.

The new multislice computed tomography
(MSCT) machines produce a volume data set with
the highest isotropic spatial resolution ever seen.
The 0.6-mm “pixel” (picture element) that CT
has traditionally delivered in axial planes (x and y
dimensions) is also extended to the z dimension as
well. The spatial resolution of these new machines
is such that they can scan a 10-mm diameter piece
of heart in 20 axial sections to produce nearly
4000 pixels for each slice. In other words, these
scanners are capable of digitizing the anatomy of
a 70-kg human body into over half a billion indi-
vidual voxels (volume elements).

Given this high spatial resolution, MSCT offers
superb 3D images of the entire heart and great
vessels. Relationships between cardiac structures
can be shown as never before. Electronic casts and
electronic dissections of the heart in any plane can
show the internal and external cardiac structures.

vi

As a result, the anatomy of the heart and great
vessels can be understood easily by young doctors,
medical students and nurses. This atlas has been
made for them.

MSCT is unique in its ability to image coro-
nary arteries and it is likely to become one of the
most used cardiac imaging techniques. Images of
coronary vessels provided by MSCT can be inter-
preted both from radiological and cardiological
standpoints. Indeed, radiologists are often not suf-
ficiently familiar with cardiac anatomy, whereas
cardiologists often lack adequate familiarity with
the axial, coronal or sagittal planes used for visu-
alization of cardiac MSCT images. This atlas has
also been made to clarify the anatomy for both
specialties.

The atlas is divided into 10 chapters. In each
chapter, the body planes, cardiac planes and car-
diac structures, such as cardiac chambers, cardiac
valves, septa, coronary arteries and coronary veins,
are displayed from many perspectives to give the
reader a wider vision of living cardiac anatomy.
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CHAPTER 1

Basic Principles

The images of this atlas are derived by a multislice
computed tomography (MSCT) machine using the
post-processing algorithms available. A brief, basic
description of how the machine works and how
the algorithms produce different image modali-
ties is given in this introductory section. For more
comprehensive descriptions of the post-processing
algorithms see “Suggested reading”

The machine

The CT scanner has a ring with an x-ray tube on
one side and detectors on the opposite side. This
tube-detector unit rotates around the patient
during data acquisition. The information (x-ray
attenuation) obtained from the detectors dur-
ing this rotation is processed through a compu-
ter, which can calculate the exact attenuation of a
given point (pixel) in the examined volume. The
width and length of a pixel depend on the size of
the detector. With modern spiral CT (Fig. 1.1), the
table moves through the ring so that the machine
acquires data in a spiral trajectory during tube-
detector unit rotation. This makes it possible to
acquire attenuation information for a given point
in a volume (three-dimensional, 3D) instead of a
slice (two-dimensional, 2D). The volume element
(voxel) has equal length in all three axes (x, y and
z: isotropic voxel); this is important for reconstruc-
tion of images in different planes. To speed up data
acquisition (and table movement) it is possible to
calculate the attenuation information of one voxel
from the detector data of less than one complete
rotation (a 180° rotation is enough for a good
image).
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The acquisition time depends on the number of
detectors, rotation speed of the tube-detector unit,
length of volume examined and speed of table
movement.

Post-processing imaging
modalities

Axial images

Axial images are the basic generated images used
in MSCT. Axial images can be viewed directly for
interpretation or used to create multiplanar or 3D
images.

Multiplanar reconstruction (MPR)
Multiplanar reconstruction is the process of using
data from axial MSCT images to create “non-axial”
two-dimensional images. MPR images are gener-
ated from a plane of only one voxel in thickness
transecting a set of axial images. In principle any
plane can be generated from the volume data set but,
by convention, the most used planes are the body
planes (axial, sagittal and coronal) (see Chapter 2).
Cardiac planes (parallel to the long axis of the left
ventricle) are useful to evaluate the heart anatomy,
and oblique planes (at any angulation) to display
individual structures such as mitral leaflets or the
aortic root (Fig. 1.2; see also Chapters 2 and 3).

Curved multiplanar

reconstruction (cMPR)

This display modality produces a flattened repre-
sentation of a curved plane. This modality is useful
for the visualization of coronary arteries: a CcMPR
is reconstructed along the curved course of the
vessel. All curved structures are represented on
a flat plane. Because the plane is defined by the
course of the coronary vessel of interest, the ana-
tomical relationships of all other structures around
the vessel are distorted (Fig. 1.3).
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Figure 1.1

Figure 1.2 Multiplanar reconstruction. An oblique view
aims to visualize the membranous septum (arrow).

RA =right atrium; RV = right ventricle; Ao = aorta;

LV = left ventricle.

Maximum intensity projection (MIP)

With this modality several voxels are stacked one
on top of the other, so that slices thicker than
one voxel are reconstructed. With MIP, only the
voxels with the highest density are visualized. MIP

A modern multislice computed tomography machine (see text).

Figure 1.3 Curved multiplanar reconstruction of the right
coronary artery (RCA). Although the artery has a tortuous
course passing through many planes the algorithm
projects the entire course of the vessel in a single plane.
Note that the anatomic relationships between chambers
are distorted.

is useful to evaluate small tortuous structures that
are hyperdense (i.e., of higher density) compared
with their surrounding structures (i.e., contrast-
enhanced coronary vessels surrounded by fat).
This display modality resembles the images of
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Figure 1.4 The MIP image of the right coronary artery
(RCA). This modality is similar to conventional coronary
angiography.

conventional coronary angiography because the
result is a projection of the highest attenuation val-
ues of the volume (Fig. 1.4).

Volume rendering technique

The 3D volume rendering technique is the compu-
ter algorithm used to transform serially acquired
axial CT image data into 3D images. Each voxel
is classified by calculating the probability that it
contains a specific tissue type, with separate clas-
sifications for tissues such as bone soft tissue,
contrast-enhanced vessels, air, and fat.

By applying color to the histogram tissue clas-
sification system, an intuitive perception of depth
relationships can be achieved. The application of
this “pseudo-color” to tissue classification can be
used to enhance discrimination among structures.
Although these color schemes (red for soft tissues
such as heart and liver, yellow for vessels, white for
bones, etc.) do not represent the true optical color
of anatomical tissues (the color assignment is arbi-
trary and tailored for any individual applications),
the volume-rendering computer algorithm of the
heart displays the heart and great vessels as a nearly
perfect copy of the anatomic specimen (Fig. 1.5).
One of the strengths of 3D volume rendering is the
ability to select a variety of viewing perspectives
(Fig. 1.6).

Figure 1.5 The white-yellow color assigned to the ribs
makes the image of the chest cage similar to the
actual anatomy.

Furthermore, an opacity value can be assigned
to each voxel. By increasing or decreasing their
opacity values the corresponding voxels become
respectively more transparent or more opaque. The
opacity setting can be arbitrarily selected accord-
ing to the requirement of the observer. This display
modality is useful for evaluating the coronary tree
anatomy and its relationship with encased cavities
(Fig. 1.7). Moreover, by making the coronary tree
and the myocardium completely transparent and
increasing the opacity of the intracavitary contrast,
a high-resolution “electronic cast” of the cavities is
produced (Fig. 1.8).

Virtual endoscopy

Another modality of imaging called “virtual
endoscopy” can be obtained by making the con-
trast of the cavities transparent and the walls
opaque. The viewpoint of the observer is within
the cavity and can be moved in any direction.
Although the clinical value of this modality in
pathological states is not well defined, the com-
prehensive images are very useful for anatomical
purposes (Fig. 1.9).

Endocardial surface modality

In this modality the contrast is made transpar-
ent and the endocardial surface of the wall is dis-
played. Cropping the entire volume data set in any
desired planes makes visualization of the endo-
cardial surfaces possible from any perspective
(Fig. 1.10).
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Figure 1.6 3D volume rendering is the most common
method of display and assumes external visualization of
an object, much like viewing a statue in a museum. 3D
display is based on the assumption that light rays reaching

our eyes are parallel, similar to seeing objects from a
great distance. With this method a countless number of
perspectives can be selected (a-d). LAD = left anterior
descending coronary artery.
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Figure 1.9 Virtual endoscopy. The perspective is inside
the left atrium. The mitral valve annulus (red dotted
circle), the left ventricle (LV) as well as the left atrial
appendage (LAA) can be seen. Rather than light rays
being parallel, projected light rays are focused to
converge on the viewpoint, simulating natural light
convergence on the human retina. The resulting distortion
facilitates perception of distance on the basis of object
size. Objects near the viewpoint appear large, whereas
objects farther away appear small.

Figure 1.7 By increasing the opacity value of the coronary
tree, decreasing the opacity of contrast inside the cavities
and making the myocardium completely transparent,

clear images of the coronary tree arborization and its
relationship with encased cavities can be obtained.

Figure 1.10 3D endocardial surface modality. The

Figure 1.8 “Electronic casts” of the left heart posterior endocardial surfaces of right atrium (RA), right
cavities. The relationships between cavities are ventricle (RV), left atrium (LA) and left ventricle (LV) are
easily appreciated. LV = left ventricle; LA = left atrium; displayed viewed from an antero-superior perspective.

Ao = aorta. LAA = left atrial appendage.
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CHAPTER 2

Location of the Heart: Body Planes

and Axis

Location of the heart

The heart is positioned within the mediastinum
with one-third of its mass to the right of the mid-
line, and with its own long axis directed from the
right shoulder towards the left hip (Fig. 2.1a—d).
It is bordered bilaterally by the lungs, anteriorly
by the sternum and inferiorly by the diaphragm.
The cardiac apex is located in the left hemithorax
(Fig. 2.2a—d).

The right border of the silhouette, more or less
vertical, is produced by the right atrium, with the
caval veins entering at its top and bottom. The infe-
rior border is made by the right ventricle, extend-
ing horizontally along the diaphragm to the cardiac
apex, with the left border sloping upwards from the
apex and formed by the wall of the left ventricle.
At the top of the left border, the left atrial append-
age contributes to the silhouette. The pulmonary
trunk and aorta emerge from the superior border
of the silhouette, with the aorta in a rightward
position (Fig. 2.3).

The right heart is located anteriorly and the left
heart posteriorly. The right heart structures (right
ventricular infundibulum and pulmonary trunk)
are therefore anterior relative to the left heart and
not located directly to the right (Figs. 2.1a—d and
2.2a—d). The right ventricle is the most anteriorly
situated cardiac chamber, lying behind the ster-
num (Figs. 2.1d and 2.2a). The atrial chambers are
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posterior and to the right of their respective ven-
tricular chambers (Figs. 2.1d and 2.2d).

Furthermore, owing to the curvature of the
ventricular septum, the outflow tract of the right
ventricle sweeps antero-superiorly relative to that
of the left ventricular outflow tract (Fig. 2.4a,b).
The aortic root is thus centrally located in the heart.
From its rightward position, the ascending aorta
curves leftward to continue into the aortic arch,
which passes to the left of the trachea and descends
posteriorly as the thoracic aorta. The aortic arch is
superior to the bifurcation of the pulmonary trunk
(Fig. 2.5a,b).

The most anterior part of the left ventricle is the
septum, which includes more than 40% of the car-
diac mass. The anterior wall (A) of the left ventri-
cle is actually superior, with the lateral wall lying
superior and posterior (L), and the posterior wall
inferior-posterior (P). Accordingly the “left ante-
rior descending coronary artery” is superior and
the “posterior” descending coronary artery is infe-
rior (Fig. 2.6).

Body planes

Multislice computed tomography (MSCT) images
are digital, and more than 1000 axis images are
generated by the latest MSCT machines. Any slice
has three dimensions: the width (x-axis), the height
(y-axis) and the thickness (z-axis). Any slice is
therefore divided into “voxels” (volume elements).
In the modern MSCT the shape of voxels approxi-
mates closely to a small cube (isotropig, i.e., the x-,
y-, and z-axes are almost equal). The volume data
set of any MSCT examination consists of millions
of voxels (Fig. 2.7).
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Figure 2.1 (a-d) Electronic cast showing the position of
the heart in the thorax. Views from anterior (a) to left
lateral (d) perspective. See text and Video clip 1, Position of

In principle, any plane can be generated from
this huge volume data set. However, by conven-
tion and with the subject standing in an upright
position and facing the observer, three orthogonal
planes are usually derived: sagittal, coronal and
axial. For the body, two of these planes are in the
long axis (sagittal and coronal), whereas the axial
plane is transverse and in the short axis.

Axial planes

An axial plane divides the body into top and bot-
tom portions (Figs. 2.8 and 2.9). These sections
taken “from the head to the feet” usually produce

-

i %
¢

by

|

the heart (Lateral rotation) {&. RV = right ventricle;
LV = left ventricle; ST = sternum; LIMA = left internal
mammary artery; RIMA = right internal mammary artery.

a family of oblique cross-sections of the heart
with truncated or expanded views of chambers
and walls because of the oblique position of the
heart within the thorax. Some of the transverse
views appear similar to the echocardiographic
short-axis views. Transverse sectioning at the level
of the great arteries provides an anatomic display
of the pulmonary trunk and its bifurcation into
the right and left main pulmonary arteries and
an adjacent cross-section of the ascending aorta.
Moreover, from this plane the origins of the left
and right coronary arteries can be appreciated
(Fig. 2.10).



CHAPTER 2 Location of the heart: Body planes and axis 9

Figure 2.2 Electronic cast (see also Video clip 2, Position of the heart (supero-inferior rotation) @). (a—d) Views from
anterior (a) to above (d). RV = right ventricle; LV = left ventricle; RA = right atrium; PA = pulmonary artery.

Sagittal planes

The sagittal plane divides the body into right and
left sides. Structures lying within different parts
of the sagittal plane are then said to be anterior
or posterior relative to each other (Figs. 2.11 and
2.12). The slices of the sagittal plane run from
right to left or vice versa. This plane is useful for
imaging the right ventricle outflow tract and the
descending thoracic aorta (Fig. 2.13). Whenever

the long axis of the left ventricle is horizontal, for
example, in obese patients, the sagittal plane may
be useful for imaging short axis views of the left
ventricle.

Coronal planes

The coronal plane divides the body into front and
back sections. Structures lying within different
parts of the sagittal plane are then described as
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Left pulmonary artery

Superior
. =
caval vein

Pulmonary trunk

/ Left atrial appendage

Left ventricle
/

Right atrium —

Inferior border

Figure 2.3 3D volume rendering. The cardiac silhouette (see text).

Figure 2.4 Electronic cast. (a) The right structures are blue arrows). LA = left atrium; PT = pulmonary trunk; RV =
anterior relative to the left structures. (b) The outflow right ventricle; LV = left ventricle; AAo = ascending aorta;
tract of the right ventricle sweeps antero-superiorly RA = right atrium; SVC = superior vena cava.

relative to the left ventricular outflow tract (red and
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Figure 2.5 (a,b) Electronic cast showing the course of RV = right ventricle; LV = left ventricle; LA = left atrium;
the aorta relative to the pulmonary trunk (see text). Note AAo = ascending aorta; DAo = descending aorta; RPA =

in this patient the right coronary artery (RCA) origins right pulmonary artery; LPA = left pulmonary artery; LCA =
from the left Valsava sinus. PT = pulmonary trunk; left circumflex artery.

LAD oL 48 LAC

Figure 2.6 Axial (a) and short-axis (b) section showing the The left anterior descending coronary artery (LAD) is
right ventricle as anterior and the left ventricle posterior, actually superior and the posterior descending coronary
the anterior wall (A) superior, the lateral wall (L) superior- artery (PDA) is inferior. RV = right ventricle; LV = left
posterior and the posterior wall (P) inferior-posterior (I). ventricle; PA = pulmonary artery; Inf = infundibulum.
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Figure 2.7 3D volume rendering. Volume data set of a patient who underwent CT coronary angiography. This data
set comprises millions of voxels (see text and Video clip 3, Thorax @).

Figure 2.8 3D volume rendering. Axial
view. The heart and thorax are cut along
the axial plane. The inset shows the
plane of the cut.

Figure 2.9 3D volume rendering. Axial view; perspective
from above. LA = left atrium; LV = left ventricle; RA = right
atrium; RV = right ventricle.
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Figure 2.11 3D volume rendering. Axial view. The heart and thorax are cut along the sagittal plane. The inset
shows the plane of the cut.

Figure 2.12 3D volume rendering. Sagittal view. Perspective from the left side (see text). LIMA = left internal mammary
artery; RVOT = right ventricle outflow tract; LV = left ventricle; LA = left atrium; DAo = descending aorta.
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Figure 2.13 A collection of sagittal planes. Abbreviations as in previous figures.
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Figure 2.14 3D volume rendering. Axial view. The heart and thorax are cut along the coronal plane. The figure
in the upper left corner shows the plane of the cut.

Figure 2.15 3D volume rendering. Coronal view. Perspective from anterior (see text). AO = aorta; LV = left
ventricle; RA = right atrium; PM = papillary muscles.
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Figure 2.16 A collection of coronal planes. Abbreviations as in previous figures.
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being right and left relative to each other (Figs. 2.14
and 2.15). Accordingly, the slices run from anterior
to posterior and vice versa. Coronal planes are best
for imaging the left ventricular outflow tract, aortic
valve and descending thoracic aorta (Fig. 2.16).

Suggested reading

Anderson RH, Becker AE. Cardiac Anatomy. Edinburgh:
Churchill Livingstone, 1980.

Anderson RH, Ho SY, Brecker SJ. Anatomic basis of cross-
sectional echocardiography. Heart 2001;85:716—720.

Anderson RH, Razavi R, Taylor AM. Cardiac anatomy revis-
ited. J Anat 2004;205:159-177.

Cosio FG, Anderson RH, Kuck KH et al. Living anatomy
of the atrioventricular junctions. A guide to electro-
physiologic mapping. A Consensus Statement from the
Cardiac Nomenclature Study Group, Working Group
of Arrhythmias, European Society of Cardiology, and
the Task Force on Cardiac Nomenclature from NASPE.
Circulation 1999;100:e31—e37.

McAlpine WA. Heart and Coronary Arteries. Berlin:
Springer-Verlag, 1975.



CHAPTER 3

Cardiac Planes

Orthogonal views along the body planes are
useful for evaluating the overall morphology of
the heart. However, because these planes are not
perpendicular to the wall or cavities, cardiac imag-
ing planes are needed. These are the planes through
the heart’s long and short axes.

Three main long-axis views of the left ventricle
oriented parallel to the long axis of the left ventri-
cle are usually used (Figs. 3.1-3.4). These views are
the long-axis view and the four- and two-chamber
views. The long-axis view cuts through the ante-
rior portion of the septum and the posterior left
ventricular wall thus including both the inflow
and outflow tracts of the left ventricle (Fig. 3.5a,b).
This plane also cuts obliquely through the right
ventricular outflow. As in an echocardiographic
parasternal or apical long-axis view, the aortic
valve with the right and non-coronary sinuses and
the mid-portion of anterior (aortic) and posterior
(mural) mitral leaflets are displayed. The posterior-
medial papillary muscle can be well demonstrated.
The upper and lower left pulmonary veins enter the
roof of the left atrium (Fig. 3.5a, arrows). Finally,
the proximal portion of the right coronary artery
in cross-sectional view is also imaged.

The four-chamber plane cuts the heart along
both lateral walls from the apex to base so that
both ventricles and atria are included in the plane
of section (Fig. 3.6a,b). As in echocardiography the
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four-chamber view displays the inflow chamber
of the left and right ventricles, the mid-posterior
septum and the left and right lateral walls. Usually
this cut offsets papillary muscles, which are located
in different planes. The so-called atrioventricu-
lar septum is easily imaged from this view (see
Chapter 7 regarding septa). The left and right lower
pulmonary veins can be seen (Fig. 3.6a, arrows).
The mitral and tricuspid valves are also well dem-
onstrated. The mid-portion of right coronary
artery in cross axis view is imaged.

The two-chamber view mirrors the echocardio-
graphic apical and transesophageal two-chamber
view (Fig. 3.7a,b). The two-chamber view is
obtained by cutting the heart immediately to the
left of the ventricular septum from the left ven-
tricular apex through the left mitral orifice and the
left atrium (Fig. 3.3). The left anterior descend-
ing artery can be displayed in 3D volume render-
ing along its course in the interventricular sulcus
(Fig. 3.7a). This section cuts the anterior and infe-
rior walls. The posterior papillary muscle is usually
depicted. The posterior course of the right coronary
artery, in patients with right coronary dominance,
and the coronary sinus (Fig. 3.7b) are visualized in
cross-section. Finally, the section cuts the left atrial
appendage.

Figure 3.8 shows the short-axis views of the
heart. Short-axis cuts are oriented at 90° relative
to the long axis of the left ventricle through the
middle of the ventricle. They show the crescentic
right ventricle and the circular left ventricle. The
aorta and pulmonary trunk as well as left and right
atria can be imaged in more cranial cuts (Figs. 3.9
and 3.10).
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Figure 3.1 3D volume rendering. The heart is cut to show the long-axis view. RV = right ventricle; LA = left
atrium; LV = left ventricle; Ao = aorta.

Figure 3.2 3D volume rendering. The heart is cut to show the four-chamber view. RA = right atrium; RV = right
ventricle; LA = left atrium; LV = left ventricle.
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Figure 3.3 3D volume rendering. The heart is cut to show the two-chamber view. LA = left atrium; LV = left ventricle.
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Figure 3.5 Long-axis view. (a) 3D volume rendering veins (see text). RV = right ventricle; LV = left ventricle;
reconstruction and (b) the corresponding plane. LA = left atrium; Ao = aorta; PPM = posterior papillary
The single and double asterisks in panel b mark muscle; RCA = right coronary artery; AML = anterior
the right and the non-coronary cusps. The arrows in mitral leaflet; PML = posterior mitral leaflet.

panel a mark the upper and the lower left pulmonary
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Figure 3.6 Four-chamber view. (a) 3D volume rendering The right coronary artery is seen in cross section
reconstruction and (b) the corresponding plane. Arrows (red circle in panel b) (see text). RA = right atrium;
in panel a mark the left and right lower pulmonary veins. RV = right ventricle; LA = left atrium; LV = left ventricle.

Figure 3.7 Two-chamber view. (a) 3D volume rendering AW = anterior wall; IW = inferior wall; LAD = left
reconstruction and (b) the corresponding plane (see anterior descending artery; RCA = right coronary
text). LAA = left atrial appendage; LV = left ventricle; artery; CS = coronary sinus; PM = papillary muscle.
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Figure 3.8 3D volume rendering. The heart is cut to show the short-axis view through the mid-ventricle. RV = right
ventricle; LV = left ventricle.
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Figure 3.10 Short-axis view at the level of papillary
muscles. 3D volume rendering reconstruction (a) and the
corresponding oblique plane (b). Antero-lateral (APM) and
postero-medial (PPM) papillary muscles can be imaged.

Suggested reading
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CHAPTER 4

The Right Heart

Although termed “right heart,” this half of the
heart is not located entirely in the right chest nor
is it strictly to the right of the “left heart” (see
Chapter 2). The “electronic” cast of the right
heart,viewed from an anterior perspective, is dis-
played in Fig. 4.1. It shows the characteristic nor-
mal U-shape arrangement with the superior caval
vein (superior vena cava) and right atrium forming
one limb, the right ventricle forming the bend with
its outflow tract (the infundibulum) and the pul-
monary trunk forming the other limb. With this
arrangement, the two valves in the right heart do
not abut each other. Instead, a fold of muscle, the
ventriculo-infundibular fold, interposes between
the tricuspid and pulmonary valves (Figs. 4.1
and 4.2).

Right atrium

The right atrium comprises a venous component,
an appendage, and a vestibular portion that leads
to the orifice of the tricuspid valve. The venous
component receives the superior (SVC) and infe-
rior caval veins. It forms the posterior wall of the
right atrium (Fig. 4.3). The junction between the
appendage and the venous component is marked on
the epicardial aspect by the sulcus terminalis (ter-
minal groove) (Fig. 4.4), which is usually filled with
fatty tissue. The sulcus corresponds to a muscular
crest named the crista terminalis (terminal crest)
on the endocardial surface. This is a prominent
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Figure 4.1 The “electronic” cast of the right heart.
Anterior perspective. Superior vena cava (SVQ), right
atrium (RA), right ventricle (RV), infundibulum (1)
and pulmonary trunk (PT) form a U-shaped structure.
The ventriculo-infundibular fold (arrow) separates
the right heart valves (broken lines).

muscular band that separates the smooth wall of
the venous component from the rough wall of
the atrial appendage (Fig. 4.5). The crista termi-
nalis is a roughly C-shaped band that originates
from the antero-medial wall of the right atrium,
passes along the anterior border of the superior
cavo-atrial junction, sweeps laterally and descends
toward the entrance of the inferior caval vein
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Figure 4.2 3D volume rendering showing the ventriculo-
infundibular fold (arrow). View from above and right.
Note the conus artery originating independently from
the aorta. RAA =right atrial appendage; RCA = right
coronary artery.

Figure 4.3 3D volume rendering. Postero-lateral view of
the right atrium showing the superior (SVC) and inferior
(IVC) venae cavae, the venous component (VC) and the
right atrial appendage (RAA). RCA = right coronary artery.

(Fig. 4.6). It is of variable thickness and breadth.
When cut in cross-section, the muscular band
appears like a bump protruding into the atrial
cavity (Fig. 4.5¢,d). The cephalad portion of the
sinus node, the cardiac pacemaker, is located in

Figure 4.4 3D volume rendering. Postero-lateral view of
the right atrium showing the superior (SVC) and inferior
(IVQ) venae cavae, the venous component (VC) and the
right atrial appendage (RAA). Arrows point to the

sulcus terminalis. The black-filled shape represents the
location of the sinus node.

the antero-superior part of the crista terminalis
whereas its tail portion descends within the mus-
culature of the band (Fig. 4.4). In the right anterior
oblique view (RAO), the crista terminalis marks
the right atrial border (Fig. 4.7). The appendage
of the right atrium is triangular and has a broad
junction with the atrial chamber. Antero-medially,
the appendage protrudes from the right atrium
and overlaps the aortic root (Fig. 4.8). On the endo-
cardial aspect, the wall of the appendage is lined
with pectinate muscles. These bundles emerge in
branching fashion from the crista terminalis, ter-
minating at the vestibule. Because the right atrial
appendage is a large part of the atrium, the pecti-
nate muscles are distributed extensively (Figs. 4.9
and 4.10).

The vestibule is the portion of the atrium lying
immediately proximal to the orifice of the tricus-
pid valve. Characteristically it is smooth walled.
Its distal margin is marked circumferentially
by the hingeline (annulus) of the valvar leaflets
(Fig. 4.11).

The segment of the vestibule that is located infe-
riorly on RAO view (see Fig. 4.7) is part of the cavo-
tricuspid isthmus (Fig. 4.12). The inferior isthmus
is recognized by electrophysiologists as the region
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terminalis

Figure 4.5 (a-d) 3D volume rendering. The data set has been properly cropped and rotated to show the sulcus and

the crista terminalis (arrows; see Video clip 4, Right atrium @).

w fQrista
terminalis

Figure 4.6 3D endocardial perspective showing
the C-shaped crista terminalis (dotted line). SVC =
superior vena cava; IVC = inferior vena cava; RAA
=right atrial appendage; LA = left atrium; PV =
pulmonary vein; RPA = right pulmonary artery; DAo
= descending aorta; VC = venous component.

Figure 4.7 3D endocardial surface modality. Right
anterior oblique view. The crista terminalis marks
the right border of the atrium. The double white
arrow marks the region of the inferior isthmus.
SVC = superior vena cava; Ao = aorta; RV = right
ventricle; Inf = infundibulum; CS = coronary sinus.
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Sup

Figure 4.8 The right atrial appendage (RAA) overlaps
(red dotted line) the aortic root (Ao) when the

heart is viewed from the front. RCA = right coronary
artery; Inf = infundibulum; PT = pulmonary trunk.

Crista
terminalis

Pectinate™
muscles

Figure 4.9 A slice image showing pectinate muscles.
These muscles originate as branching fibers that
emerge at right angles from the terminal crest.

SVC = superior vena cava; LA = left atrium.

that is ablated to interrupt the circuit of common
atrial flutter.

Superiorly, on the septal aspect lies the triangle
of Koch with the atrioventricular node toward its
apex (Fig. 4.13a,b). A thin fibrous cord known as

Figure 4.10 Virtual endoscopy. The crista terminalis
(dotted line) and the pectinate muscles are clearly visible.
SVC = superior vena cava; VC = venous component.

Figure 4.11 Virtual endoscopy showing the vestibule
between the ostium of coronary sinus (CS) and the
tricuspid annulus (dotted line).

the tendon of Todaro runs within the muscula-
ture of the sinus septum, from the insertion of the
eustachian valve, to reach the central fibrous body.
The course of the tendon marks the posterior bor-
der of the nodal triangle, which is the anatomic
landmark for the location of the atrioventricular
node of the cardiac conduction system. The ante-
rior border is marked by the hingeline of the septal
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leaflet whereas the inferior border is the orifice
of the coronary sinus together with the vestibule
(Fig. 4.13b).

Right ventricle

The right ventricle is the most anteriorly situated
cardiac chamber, lying directly behind the sternum.

Figure 4.12 Virtual endoscopy showing the ostium of
coronary sinus (CS), the annulus of the tricuspid valve
(dotted line) and the septal isthmus and inferior isthmus.

The right ventricle’s cavity is therefore anterior,
overlapping much of the left ventricle (Fig. 4.14).
Most of the inferior border of the frontal roent-
genogram view of the heart consists of the right
ventricle. The right ventricle can be identified exter-
nally by its pyramidal shape (Fig. 4.15). When seen
from the cardiac apex, the right edge of the right
ventricle is a sharp angle, forming the acute margin
of the heart (Fig. 4.16). The right ventricle sweeps
antero-cephalad to “wrap around” the left ventricle
(Fig. 4.17). Viewed from the diaphragmatic
aspect of the heart, the right and left ventricles
can be seen to lie side by side. The term “crux” of
the heart (crux cordis) refers to the intersection
between the planes of the atrial and ventricular
septa upon the inferior atrioventricular junction.
Because the left atrioventricular junction is at not
at the same level as the right atrioventricular junc-
tion, the crux is not a perfect cross (Fig. 4.18). In
the normal heart the wall of the right ventricle is
considerably thinner than that of the left ventricle.
It ranges in thickness from 3 to 7 mm. At the tip
of the apex, however, the wall is particularly thin
(Fig. 4.19). The internal appearance of the right
ventricle is typical. The shape of the cavity can be
imaged as an open “V” with a wide muscular sepa-
ration between tricuspid and pulmonary valves.

Figure 4.13 (a) Slice image in a simulated right anterior
oblique view through the cavo-tricuspid isthmus. Its
anterior portion is the smooth vestibular wall (v). (b) The
3D endocardial surface modality shows the eustachian
valve (Ev) and coronary sinus (CS). The red triangle
marks the location of Koch’s triangle. The long red

dotted line indicates the inferior isthmus whereas the
short red line marks the “septal” isthmus. The white
dotted line represents the hingeline of the septal
leaflet of the tricuspid valve, and the black dotted line
represents the tendon of Todaro, which adjoins the free
margin of the eustachian valve (blue dotted line).
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Figure 4.14 Electronic cast. The right ventricle
overlaps most of the left ventricle. ST = sternum;
RV = right ventricle; LV = left ventricle; LIMA = left
internal mammary artery; DAo = descending aorta.

Figure 4.15 3D volume rendering showing the right
ventricle. Almost all the inferior border of the frontal view
of the heart consists of the right ventricle (dotted white
line). The red triangle (dotted red line) illustrates the
shape of the right ventricle when viewed from the front.
Ao = aorta; PT = pulmonary trunk; RAA = right atrial
appendage; RV = right ventricle.

The right ventricle can be divided into three com-
ponents: the inlet, apical and outlet components
(Fig. 4.20).

The most constant characteristic feature of
the right ventricle is the presence of coarse apical

Figure 4.16 Electronic cast viewed from the apex. The
arrow marks the acute margin. RV = right ventricle;
LV = left ventricle; RVOT = right ventricle outflow tract.

trabeculations, in contrast to the fine trabecula-
tions found in the left ventricle. In addition, the
right ventricle is characterized by the presence
of other structures such as (a) the crista supra-
ventricularis (or supraventricular crest), (b) the
moderator band and (c) the trabecula septomar-
ginalis (or septomarginal trabeculation) (Fig. 4.21).
The crista supraventricularis is the prominent
muscular structure that separates tricuspid from
pulmonary valves. It comprises the ventriculo-
infundibular fold (Fig. 4.21) and its septal insertion
into the trabecula septomarginalis. The trabecula
septomarginalis is a Y-shaped muscle band that
appears like a column supporting the ventriculo-
infundibular fold in between its arms (Fig. 4.22).
The posterior arm points toward the tricuspid valve
and the membranous septum. Deeper cuts into the
crista supraventricularis reveal the aortic root and
a thin part of the ventricular septum, the membra-
nous septum (Fig. 4.23a,b). Usually, but not always,
the body of the Y is adherent to the septum, and in
sectional imaging it can appear as a bump on the
septum (Fig. 4.24). When abnormally formed or
hypertrophied, it can divide the ventricular cavity
into two chambers.

The body of the “septomarginal trabeculation”
ends near the apex, splitting into several smaller
muscle bundles. One of these usually takes a char-
acteristic course crossing the right ventricular cav-
ity. This branch has been named the moderator
band because it was thought, wrongly, to limit the
diastolic expansion of the chamber (Figs. 4.25 and
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Figure 4.17 (a) The black line in the electronic cast
traces the inflow and outflow tracts through the right
ventricle. (b) In short-axis view the right ventricle is

Figure 4.18 Electronic cast of both ventricles. This view
from the diaphragmatic aspect shows the course of the
coronary sinus (CS) and the cardiac crux, which is the
intersection between the plane of the cardiac septa
(black broken line) and the inferior atrioventricular
junction (white broken lines). RV = right ventricle;

LV = left ventricle; RA = right atrium; LA = left atrium.

crescent shaped, curving around the left ventricle.
RV = right ventricle; LV = left ventricle.

4.26). The moderator band runs toward the anterior
wall, and joins the base of anterior papillary muscle
(Fig. 4.27a,b).

The outlet portion of the right ventricle consists
of the infundibulum, a circumferential muscu-
lar structure that supports the leaflets of the pul-
monary valve. Because of the semilunar shape of
the pulmonary leaflets, this valve does not have
an annulus in the traditional sense of a ring-like
attachment. The leaflets have semilunar attach-
ments that cross the musculoarterial junction in
a corresponding semilunar fashion (Fig. 4.28a).
The outlet component, or infundibulum, is a free-
standing and completely muscular structure. The
pulmonary valve leaflets are supported entirely by
this free-standing musculature. There is an exten-
sive external tissue plane between the walls of
the aorta and the pulmonary infundibulum. The
leaflets of the pulmonary and aortic valves have
markedly different levels of attachments within
their respective ventricles. These features allow the
pulmonary valve, including its basal attachments
within the infundibulum, to be harvested during
the Ross procedure without creating a ventricu-
lar septal defect (Fig. 4.28b). Another important
spatial relationship to note is that the posterior
(paraseptal) wall of the infundibulum is in close
proximity to the main branches of the coronary
arteries (Fig. 4.28).
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Figure 4.19 The remarkably thin wall of the right coronary artery (LAD) in cross-section. Figure (b) is the
ventricle (RV) at its apex (dotted lines) in comparison with magnified image of figure (a) which is shown as an
the wall nearby. Note the course of the left descending inset.

AG 11 CRA

Figure 4.20 A slice image showing
L ‘,xq" Apical - f the three components of the right
i S trabecula ; ventricle: the inlet, the apical
P i{ trabecular and the outlet. The
dotted line marks the V-shaped
cavity. Note the aortic valve imaged
in cross-section in the middle.
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Figure 4.21 (a) A slice image and (b) a specimen showing
the inlet, apical trabecular and outlet components

of the right ventricle. The ventriculo-infundibular

fold (white double-headed arrow; VIF) separates the
tricuspid valve from the pulmonary valve. It inserts
between the arms (black arrows) of the trabecula

Apical
trabecular

septomarginalis (TSM). The moderator band (MB) arises
from the TSM and crosses the ventricular chamber

as a well-defined muscular bundle to insert into the
antero-lateral ventricular wall. The anterior papillary
muscle of the tricuspid valve is usually attached to it.

Figure 4.22 Anatomic specimen and a slice image showing the trabecula septomarginalis (TSM) and its

arms (arrows).
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Figure 4.23 (a) This slice cuts into the body of the through the thin part of the septum adjacent to the
trabecula septomarginalis (black arrow), the aortic root membranous septum (open arrow). Ao = aorta;

and the region of thin ventricular septum (open arrow). PT = pulmonary trunk; RA = right atrium; RV = right
(b) The heart specimen is displayed in similar orientation ventricle.

but the cut is deeper into the muscular septum and

Figure 4.24 3D virtual endoscopy.
View from the apex. The crista
supraventricularis (CS), the
trabecula septomarginalis (TSM)
and the moderator band (MB)

can be recognized. TV = tricuspid
valve; PV = pulmonary valve.
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Figure 4.25 Short-axis view (a) and anatomic specimen (b) showing the moderator band (arrow) spanning the
septum and the antero-lateral wall of the right ventricle. LV = left ventricle.

Figure 4.26 (a,b) 3D volume rendering long-axis view and comparable cut of specimen showing the moderator
band (arrow). Ao = aorta; LV = left ventricle; RV = right ventricle.
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Figure 4.27 (a,b) 3D Virtual endoscopy and
anatomic specimen showing the anatomic continuity
between the trabecula septomarginalis (TSM), the

Apical
trabecular

moderator band (MB) and the anterior papillary
muscle (APM). VIF = ventriculo-infundibular fold.

Figure 4.28 (a) 3D volume rendering of the
subpulmonary infundibulum and the pulmonary root.
The infundibulum elevates the pulmonary valve above
the ventricular mass. The crown-shaped hingelines of
pulmonary leaflets are indicated by the dotted red lines.
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CHAPTER 5

The Left Heart

Pulmonary veins

Anatomic details of the pulmonary veins, espe-
cially at the venous insertions into the left atrium,
have become clinically important owing to the use
of catheter ablation in treating patients with atrial
fibrillation. The pulmonary veins are considered
to have an important role in initiating and main-
taining atrial fibrillation. Current commonly used
ablation strategies aim to isolate the veins from the
left atrium.

The pulmonary veins originate from a capillary
network on the walls of the air sacs, where they
are continuous with the capillary ramifications of
the pulmonary artery. Joining together, they form
one vessel for each lung lobule. These vessels merge
together into a single vein for each lobe — three for
the right lung and two for the left lung. The vein
from the middle lobe of the right lung usually unites
with that from the upper lobe. The most common
pattern is to have two veins from the hilum of each
lung. They open separately into the posterior part
of the left atrium (Fig. 5.1).

The pulmonary vein ostia are the atriopulmo-
nary venous junctions. However, it is often not
possible to identify the precise location of the junc-
tions especially when the veins are funnel-shaped
and have a gradual “entrance” to the atrium. Mul-
tislice computed tomography can provide clearer
anatomic delineation thereby reducing the risk of
ablating within the vein and causing venous steno-
sis. Ablating within the right superior pulmonary
vein also increases the risk of injuring the right
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Figure 5.1

3D volume rendering. External view of the
four pulmonary veins and their atriopulmonary junctions.
LUPV = left upper pulmonary vein; LLPV = left lower
pulmonary vein; RUPV = right upper pulmonary vein;
RLPV = right lower pulmonary vein.

phrenic nerve. There are many variants from the
usual pattern of four pulmonary veins. For exam-
ple, the right hilum may have three veins when the
upper and middle lobes drain independently. Not
infrequently, the veins on the left or the right, or
both sides, join together into a common vein (or
veins) before entering the left atrium. The com-
mon segment is often very short and described
as the antrum. On gross examination, it is not
clear where the atriopulmonary venous junction
lies precisely in these hearts. The venous ostia
are ellipsoidal rather than round, with greater
superior—inferior dimensions than antero-posterior
dimensions (Fig. 5.2).

The distal or central pulmonary veins are the
portions of the pulmonary veins in proxim-
ity to the left atrium. Electrophysiologists name
the pulmonary vein segments between branch

39
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Figure 5.2 Virtual endoscopy. The ostia of pulmonary
veins are ellipsoidal with longer superior-inferior
dimensions than antero-posterior dimensions.

Figure 5.3 Electronic cast. Segments of the distal
pulmonary veins from V1 through V3. The V1 segment
is the most important segment to include on epicardial
views.

points retrogradely from the atriopulmonary
venous junctions. For example, the V1 segment
extends retrograde from the ostium to the “first”
branch point, which anatomically is the last junc-
tion or confluence of branches (Fig. 5.3).

The intervenous “saddle” is the region of atrial
wall lying between separate ipsilateral pulmo-
nary veins. The pulmonary vein inflow vestibule
includes the ipsilateral pulmonary vein ostia and
the intervenous saddle atrial wall. The posterior left

Figure 5.4 Virtual endoscopy. A view from inside looking
at the roof of the left atrium. The right intervenous saddle
is marked by a white dotted line. The right pulmonary
vein inflow vestibule is circled by the solid red line. The
black dotted line encircles the whole posterior left atrium.
RUPV = right upper pulmonary vein; RLPV = right lower
pulmonary vein; LUPV = left upper pulmonary vein; LLPV =
left lower pulmonary vein; LAA = left atrial appendage.

Figure 5.5 Navigator modality. Normal lower and
upper veins with the ostial diameters and circumferences
measured.

atrium includes the bilateral pulmonary vein inflow
vestibules and the interposed posterior atrial wall
(Figs. 5.4 and 5.5).

On the endocardial aspect, the left atrial wall
has a smooth ridge between the entrance of the left
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Figure 5.6 (a) Maximum intensity projection (MIP) oblique projection and navigator modality showing a ridge (arrow)
projecting into the left atrium (LA). This ridge is caused by an infolding of the wall of the left atrium between the

left atrial appendage (LAA) anteriorly and the left upper pulmonary vein (LUPV) posteriorly. (b) A bulbous tip (pointed
by arrow) may be misdiagnosed as a mass. LLPV = left lower pulmonary vein.

Figure 5.7 (a) 3D volume rendering showing the
infolding of the wall of the left atrium (arrow) between
the left atrial appendage (LAA) anteriorly and the left
upper pulmonary vein (LUPV) posteriorly. (b) The left

atrial appendage and the ostium of the left superior
pulmonary vein. This ridge may have a bulbous tip
and can be mistaken for a pedunculated mass or
thrombus arising from the lateral wall of the left
atrium (Fig. 5.6).

Anatomically, this ridge is an infolding of the
wall of the left atrium. Its prominence and width

side of the heart cut longitudinally to show the infolding
(arrow) that appears like a ridge on the endocardial
surface. The LAA is trabeculated on the endocardial
surface whereas the rest of the atrial wall is smooth.

vary considerably (Fig. 5.7) with implications for
isolating the atriopulmonary venous junction.

Left atrium

The left atrium is located superiorly and in the
midline. It is the most posteriorly situated cardiac
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Figure 5.8 3D electronic cast showing the superior—posterior position of left atrium from the left (a,b) and the right
and right-posterior (c,d) perspectives. LA = left atrium; LV = left ventricle; DAo = descending aorta; RV = right ventricle.

Figure 5.9
atrium (LA) and barium swallow of the esophagus (E).
SVC = superior vena cava.

“Fusion imaging” between MSCT of the left

chamber. Consequently, its posterior wall is adja-
cent to the course of the esophagus, separated only
by the pericardium (Fig. 5.8).

The descent of the esophagus has a variable
relationship with the atrial wall and with the

Figure 5.10 Electronic cast of the left atrium. The left
atrium, similarly to the right atrium, consists of a
smooth-walled venous component that receives the four
pulmonary veins, the vestibule and the left atrial
appendage (LAA).

atriopulmonary venous junctions, in the middle,
or more to the right or the left. Delineation of the
location of the esophagus can help reduce the risk
of causing atrioesophageal fistulas when carrying
out ablations for atrial fibrillation (Fig. 5.9).

Like the right atrium, the left atrium consists
of three components: the appendage, vestibule,
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Figure 5.11 Electronic cast showing the anterior (a), the posterior surfaces and the roof (b) of the left atrium.

LAA = left atrial appendage.

Figure 5.12 3D volume rendering of the posterior
aspect of the heart. The coronary sinus (CS) runs
superiorly from the level of the mitral valve hingeline.

and venous component. It is mainly smooth
walled because its venous component is consider-
ably larger than the appendage. The smooth wall
continues into the vestibule that surrounds the
atrial outlet, leading to the mitral valve (Figs. 5.10
and 5.11).

Related to the epicardial aspect of the inferior
quadrant of the vestibule is the coronary sinus. It
runs a centimeter or so distant from the level of

the mitral valve hingeline (annulus) (Fig. 5.12)
(see also Chapter 9). When the coronary sinus can
be traced to the remnant of the oblique left atrial
vein (ligament of Marshall), the remnant can be
seen to run in the fold of atrial wall (“ridge,” as
described above) that lies between the left atrial
appendage and the left superior pulmonary vein.

Left atrial appendage

Because the left atrium is situated posteriorly
relative to the other cardiac chambers, only its
appendage is visible when the heart is viewed
from the front. The appendage forms the superior
part of the left cardiac border (Fig. 5.13; see also
Chapter 2).

Characteristically, the left appendage is a finger-
like extension from the atrial chamber and it usu-
ally points anteriorly and superiorly, overlying the
left ventricular wall. Its ostium (the orifice opening
into the chamber) lies immediately above the level
of the left atrioventricular groove. The circumflex
branch of the left coronary artery runs close to the
basal margin of the ostium (Fig. 5.14).

Usually the left phrenic nerve descends along the
fibrous pericardium in close relation to the location
of the appendage. As the appendage is within the
confines of the pericardium, lying between the free
wall of the left ventricle and the pericardial sac, its
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Figure 5.13 3D volume rendering of the entire heart
from the anterior perspective. The left atrial appendage
(LAA) forms the superior part of the left heart border.

Figure 5.14 3D volume rendering of the left atrial
appendage (LAA) and its relationships with surrounding
structures. LV = left ventricle; LCX = left circumflex artery.

emptying and filling may be significantly affected
by left ventricular function (Fig. 5.15).
Anatomically, the left appendage is likely the
most variable structure of the entire heart. It may
be a long, tubular, hooked structure with one, two,
three or more lobes that spread in different direc-
tions (Fig. 5.16). It has a narrow junction with the

Figure 5.15 MIP projection coronal view. The arrows
point to the course of the left phrenic nerve.

venous component of the atrium. Unlike the right
side, the junction of the left appendage with its own
atrium is not marked either externally or internally
by a crest or groove (Fig. 5.17).

The pectinate muscles appear as interlacing fine
ridges lining the lumen of the appendage. Without
a terminal crest for anchorage, these ridges tend to
be less regularly arranged than in the right append-
age (Fig. 5.18).

Left ventricle

The morphological left ventricle forms the apex
and the lower part of the left heart border. It is
shaped like a cone (ellipsoid of revolution) with
its long axis directed from the apex to the base
(Figs. 5.19 and 5.20). Short-axis cross-sections,
perpendicular to the long axis, reveal a roughly
circular geometry (Fig. 5.21). The endocardial sur-
face is irregular relative to the epicardial surface
because of the two groups of papillary muscles and
trabeculations (Fig. 5.22). Sections parallel to the
ventricular long axis reveal an ellipsoid geometry.
There are important variations in wall thickness,
caused mainly by variation in the amount of cir-
cumferentially oriented mid-wall fibers (Fig. 5.23).

Stress develops when pressure is applied to a
cross-sectional area. According to the Laplace law,
wall stress in the left ventricle is determined by
the intracavitary pressure x radius of curvature/
twice the wall thickness (Fig. 5.24). Because of the
conical shape of the left ventricle, the end-diastolic
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Figure 5.16 A composition of eight consecutive
patients showing the extreme variability of the shape
of the left atrial appendage (white circle). It may be

long, tubular, or hooked with one, two, three or
more lobes spreading in different directions.

Figure 5.17 (a,b) The electronic cast shows the hooked
structure of the left atrial appendage and its narrow
junction with the venous component of the atrium

circumferential radius of curvature gradually
decreases from base to apex. Radius of curvature
and wall thickness are related: wall thickness is
smallest at the apex where the radius of curva-
ture is also smallest. According to the Laplace law,
the small radius of curvature compensates for the

(arrow). The junction between the left atrium and the left
atrial appendage is not marked by any sulcus or crest.

greater stress acting over the thinner apical wall
(Fig. 5.25).

During systole the ventricle thickens radially
(from the epicardium to the center of the cavity,
in the direction of radii perpendicular to the long
axis) (Fig. 5.26) and shortens from the base to apex
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along meridians (curved lines parallel to the long
axis) (Fig. 5.27). Moreover, shortening also occurs
circumferentially along curved lines in short-
axis planes and, finally, the apex twists relative to
the base (see also 3D Video clip 8, Left ventricle
rotation <&>). These simultaneous movements in
different directions can be explained by the com-
plex architecture of muscle fiber orientation. In the
mid-wall (halfway between the epicardium and the
endocardium) the fibers lie in the circumferential
plane, aligned with the short-axis section. In the

-

Figure 5.18 Virtual endoscopy of the left atrial
appendage with its pectinate muscles (arrows).

subendocardium (approximately 10% of wall thick-
ness from the endocardial surface), the fibers course
upward and to the right averaging 60° oblique to the
circumferential plane. Finally, in the subepicardium
(10% of wall thickness closest to epicardial surface),
the fibers course downward to the right averaging
60° oblique to the circumferential plane thus over-
lapping the subendocardial fibers at 120° (Fig. 5.28).
The 3D electronic cast of left ventricle shows the
helical disposition of the trabeculations. Whether
this disposition is related to the subendocardial
fibers is unknown (Fig. 5.29a,b).

Like the right ventricle, the left ventricle pos-
sesses an inlet, an apical trabecular component,
and an outlet. The inlet component contains the
mitral valve and extends from the atrioventricular
junction to the attachment of the papillary mus-
cles (Fig. 5.30a,b). The apical trabecular portion is
the most characteristic feature of the morphologi-
cal left ventricle and contains fine trabeculations
(Fig. 5.31). This part helps identification because
the left ventricle never possesses a septomarginal
trabeculation or a moderator band.

In a sizable minority (in 40-50% of autopsy
series) fibrous or fibromuscular bands (also known
as false tendons) stretch across the left ventricle
from the septum to the free wall. They can also
tether to a papillary muscle, but unlike the chordae

Figure 5.19 (a) “Electronic cast” showing the shape of the left ventricle. (b) Endocast preparation from a specimen

in antero-posterior view. LA = left atrium; LV = left ventricle.
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Figure 5.20 Electronic cast of the left ventricle (LV), left
atrium (LA), and aorta (Ao) from different perspectives.
The geometry of the left ventricle resembles an ellipsoid

of revolution. The arrow marks the imprint of the anterior
papillary muscle (see Video clip 5, Left ventricle @).

Figure 5.21

tendineae, do not connect to the mitral leaflets.
They are anatomic variants that should not be mis-
taken for abnormalities such as tumors, subaortic
membranes, thrombus borders, and septal hyper-
trophy. Histological examination shows the false
tendons to be composed of cardiac muscle, blood

Short-axis cross-sectional slices and a specimen showing a roughly circular left ventricle with irregular
endocardial surface. LV = left ventricle; RV = right ventricle.

vessels, fibrous tissue, and Purkinje cells. False ten-
dons might play a role in innocent murmurs or
premature beats. Moreover, these fibromuscular
bands may be involved as a part of the circuit in
the genesis of ventricular tachycardia (Figs. 5.32a,b
and 5.33).
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Endocardial
surface

Epicardial

Figure 5.22 Magnified images of a portion of the left ventricular wall. The endocardial surface is more irregular
than the epicardial surface because of the trabeculations.

Figure 5.24 Short-axis view of the left ventricle showing
the determinants of wall stress: the pressure inside the
cavity (black arrows), the radius (dotted line), and the wall
thickness (double white arrow). According to the Laplace
law: stress = pressure x radius/twice the wall thickness.

Figure 5.23 Long-axis slices
showing the differences in wall
thickness between anterior and
inferior walls and the thin apex.
LA = left atrium; LV = left ventricle.

The outlet component supports the aortic valve
and consists of both muscular and fibrous por-
tions. This is in contrast to the infundibulum of
the right ventricle, which is comprised entirely of
muscle. The septal portion of the left ventricular
outflow tract, although primarily muscular, also
includes the membranous portion of the ventricu-
lar septum (see Chapter 7). The posterior quad-
rant of the outflow tract consists of an extensive
fibrous curtain that extends from the fibrous skel-
eton of the heart across the aortic leaflet of the
mitral valve (Fig. 5.34), and supports the leaflets of
the aortic valve in the area of aortic-mitral fibrous
continuity (see Chapter 6). The lateral quadrant
of the outflow tract is again muscular and consists
of the lateral margin of the inner curvature of the
heart.
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Figure 5.25 Long-axis slice of left ventricle.
The radius of curvature of anterior wall (R)

is greater than that of the apical wall (R1).
According to the Laplace law, the small radius
of curvature reduces the stress at the apex.

Figure 5.26 Short-axis view in
diastole (a) and in systole (b) (see
text and Video clip 6, Short axis

function &). LV = left
ventricle.
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Figure 5.27 Long-axis view in diastole (a) and in systole (b) (see text and Video clip 7, Long axis function @).

Ao = aorta; LA = left atrium; LV = left ventricle.

v TSR T N T

. - . Mesocardial fibers (circumferential)
Subepicardial fibers (oblique) Subendocardial fibers (longitudinal)
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shows the thick “layer” of circumferentially oriented
myofibers in the mesocardium and the thin “layer”
of myofibers in the subendocardium (broken lines).

Figure 5.28 The left ventricular wall has three major
orientations of myofibers. The left-hand panel shows the
oblique orientation in the subepicardium for both right
and left ventricles (RV and LV). The right-hand panel
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Figure 5.29 Electronic cast. (a) Anterior view showing the oblique course of trabeculations. (b) A view from the
apex shows the helical disposition of the trabeculations.

Figure 5.30 (a) Two-chamber-view
slice, and (b) anatomic specimen
showing the inlet part of the

left ventricle extending from the
atrioventricular junction to the
attachment of papillary muscles
(arrow). LV = left ventricle; LA = left
atrium; LAA = left atrial appendage.
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Figure 5.31 Two-chamber-view slice showing the
fine trabeculations of the left ventricle. LA = left
atrium; LV = left ventricle.

Figure 5.32 (a) Long-axis-view slice
showing a false tendon running from
the septum to the apex. (b) Anatomic
specimen. The left ventricle is splayed
open to show several false tendons
(arrows) crossing the cavity of the
left ventricle. Note the area of
fibrous continuity between the aortic
and the mitral valves (MV) (broken
line) and the very thin muscular

wall at the apex (white arrow).
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Figure 5.33 False tendon in the
posterior wall. LA = left atrium;
LV = left ventricle; PMs = papillary
muscle.

Figure 5.34 Electronic cast (left anterior
oblique view) showing the left ventricular
outflow tract cavity (LVOT). Ao = aorta; LV =
left ventricle.
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CHAPTER 6

The Cardiac Valves

Aortic valve

Aortic root

The aortic root may be defined as the portion of
the left ventricular outflow tract that supports the
leaflets of the aortic valve, delineated by the sinu-
tubular ridge superiorly and the bases of the valve
leaflets inferiorly. It comprises the aortic valve leaf-
lets and their hingelines, the sinuses, the interleaflet
triangles, the ventriculo-arterial junction, and the
sinutubular junction. These components all work
in concert to accomplish the role of the aortic root,
which is to allow unimpeded forward flow when
open and prevention of backflow when closed. Like
the mitral valve apparatus, the complex interactions
of all the components of the aortic root are both its
strength and its potential weakness. Disruption of
any component by disease processes such as aortic
annuloectasia affects all the other components and
can alter the biomechanics of the whole system.
The aortic root is centrally located in the heart.
Seen in profile, it lies behind the subpulmonary
muscular infundibulum and anterior to the atria
(Fig. 6.1). Because of its central location, the aortic
valve is related to each of the cardiac chambers and
cardiac valves (Fig. 6.2).

The annulus (ring hingeline)

Similar to the pulmonary valve, the semilunar
hingelines of the aortic leaflets give a crown-shaped
appearance to the fibrous thickening that forms
the so-called annulus. It is a condensation of col-
lagenous tissue that follows the semilunar contour
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of the valvar attachment. As with the pulmonary
valve, the semilunar attachment extends across
the ventriculo-arterial junction. Importantly, the
“annulus” is not shaped like a conventional ring.
The summits are at the commissures, which are the
highest points of the valvar closure lines. They reach
to the level of the sinutubular junction whereas the
nadirs cross into ventricular tissues. This arrange-
ment gives the valve the flexibility that would not
be possible if the ring was a circular band (Figs. 6.3
and 6.4).

Aortic leaflets

The normal aortic valve has three semilunar leaf-
lets. The leaflets seldom are perfectly equal in size.
Each leaflet has a semicircular hingeline, a body,
and a coapting surface (Fig. 6.5).

The three leaflets meet centrally along zones of
apposition where adjacent leaflets coapt (Fig. 6.6).
At the center of each zone is a thickened nodule,
called the nodule of Arantius. Peripherally, adja-
cent to the commissures, the surfaces of coaptation
are thinner and may contain small perforations in
normal valves. These perforations have no hemo-
dynamic impact because they occur on or above
(distal to) the zones of apposition.

During systole, the leaflets are pushed aside,
away from the center of the aortic lumen and into
the sinuses, whereas during diastole they fall back
passively to obliterate the lumen. The curvilin-
ear attachment between the aortic valve leaflets
and aortic root wall allows for stress sharing. This
arrangement enables the high stresses carried by
each leaflet during closure to be shared with the
aortic root wall (Fig. 6.7).

The sinuses of Valsalva

Behind each leaflet, the aortic wall bulges out-
ward to form the sinus of Valsalva. The sinuses of

55
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Figure 6.1 The aortic valve apparatus is composed of
several components: the leaflets, the sinuses of Valsalva,
the sinutubular junction, the ventriculo-arterial junction
(black dotted line), and the interleaflet triangles (not
seen in this figure). Note the location of the aortic

Figure 6.2 Oblique slice showing short-axis view of the
heart at its base. Image shows the aorta (Ao), the left
atrium (LA), the left atrial appendage (LAA) and the
right ventricular outflow tract (RVOT). The aortic valve is
located to the right and posterior to RVOT and forms the
centerpiece of the heart. RA = right atrium.

Valsalva occupy the greater part of the aortic root.
The sinuses are composed primarily of elastic tis-
sue, and they contain the orifices (ostia) of the
coronary arteries. In cross-section, the aortic root
at this level is trilobed. The trilobed configuration

Sinutubular
junction

valve behind the right ventricular outflow tract (RVOT)
and in front of the transverse pericardial sinus (*).

Ao = aorta; LV = left ventricle; LA = left atrium;

RC = right coronary leaflet; NC = non-coronary leaflet.

reduces the radius of curvature of the aortic root
thus minimizing the diastolic stress against the
aortic wall (Fig. 6.8). As first recognized by
Leonardo Da Vinci, the sinuses lead to the crea-
tion of eddies within the flowing blood during
ventricular ejection. This eddy formation assists in
two functions: one is valve closure, and the other
is aiding or ensuring coronary ostial perfusion.
Two of the three aortic sinuses give rise to coro-
nary arteries, hence their designations as right, left
and non-coronary sinuses. The latter is usually the
largest.

The sinutubular junction is a ridge of aortic wall
that is thicker than the adjacent sinuses. It forms
a circle joining the peaks of the commissures. It
delineates the beginning of the tubular ascending
aorta (Fig. 6.9).

The interleaflet triangles

Because of the semilunar attachment of the aortic
leaflets, there are three interleaflet triangles that
are extensions of the left ventricular outflow tract
because they are located beneath the level of the
leaflets when the valve is in the closed position. The
apex of each triangle reaches near to the sinutu-
bular junction where the attachments of adjacent
leaflets meet together forming the “commissures”
(Fig. 6.10).
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Figure 6.3 3D electronic cast of the left ventricle (LV) and
the left atrium (LA) with the aortic root colored in pink
and the left ventricle in purple. The semilunar attachments
(red dashed line) of the valvar leaflets are arranged in
crown-like fashion (see inset of anatomic specimen). The

Tubular aorta

w...... Sinutubular :
...-iunction LLLLTIPANES

black dashed line marks the ventriculo-arterial junction.
Inset: anatomic specimen showing the crown-shaped
appearance of the cusps’ attachment. LAA = left atrial
appendage.

Figure 6.4 3D volume rendering external view
of the aortic root. The sinutubular junction
distinguishes the tubular portion of the aorta
from the sinuses. The arrows point to the
condensations of collagenous tissue (“annulus” or
hingeline) where the leaflets attach in semilunar
(crown-shaped) fashion to the aortic root. The
dotted line represents the level of the ventriculo-
arterial junction that passes through the
hingelines. Anatomically, the lower parts of the
sinuses delimited by hingelines (blue arrows) are
composed of ventricular tissues. Thus, the right
coronary and part of the left coronary sinuses
contain ventricular myocardium, a relevant
feature for electrophysiologists ablating foci of
idiopathic ventricular tachycardia.
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Figure 6.7 Scheme of stress (o) in leaflets and wall of
the aortic root. Because the leaflets are thinner than the
wall, the leaflet stresses (1) are higher than the root
wall stresses (2). However, the curvilinear attachment at
the sinuses enables the high leaflet stress to be partially
transferred to the root wall, thereby decreasing the stress
on the leaflets.

Figure 6.5 (a) Oblique slice and
(b) the corresponding anatomic
specimen. Each leaflet has a hinge
point (black arrow), a body (*), and
a coapting surface (red arrow).
LCA = left coronary artery; MV =
mitral valve.

Figure 6.6 3D virtual endoscopic
view of aortic leaflets in closed
position and a similar display of a
heart specimen viewed from the
ascending aorta. The arrows indicate
the orifices leading to the left and
right coronary arteries. LC = left
coronary; RC = right coronary;

NC = non-coronary leaflet.

The triangle between the right coronary and
non-coronary aortic sinuses incorporates within
it the membranous part of the septum (Fig. 6.11).
The latter is a landmark for the course of the atrio-
ventricular bundle of the cardiac conduction sys-
tem. The triangle between the left coronary and
the non-coronary aortic sinuses forms part of the
aortic-mitral valvar curtain (Fig. 6.12). The inter-
leaflet triangles, therefore, are exposed to ventricu-
lar hemodynamics.

The ventriculo-arterial junction

Toward the proximal end of the aortic root is
the anatomic ventriculo-arterial junction. This is
unequivocally circular in shape, and is below the
level of origin of the coronary arteries. It is at the
ventriculo-arterial junction that surgeons sew
prosthetic valves, taking particular care in the
region of the membranous septum. The junc-
tion crosses the semilunar hingelines, resulting in
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Figure 6.8 The trilobate
configuration reduces the radius of
curvature, thus minimizing the stress
upon the sinuses.

Figure 6.9 3D endocardial surface modality looking
from the back of the heart toward the front, depicting
the crown-shaped (black dotted line) insertions of the
left (**) and right (*) aortic leaflets with the commissure
(C) between. The anterior interleaflet triangle (T) adjoins
muscular ventricular septum. The dotted white line marks
the sinutubular junction. The orifices of the left and right
coronary arteries are also visible (arrows). AO = aorta;

LA = left atrium; PV = pulmonary vein; LV = left ventricle;
RV = right ventricle.

small segments of ventricular myocardium being
enclosed within the right sinus and part of the left
sinus of the aortic root. The non-coronary sinus
has no muscular incorporation because it adjoins
the aortic-mitral curtain (Figs. 6.10-6.12).

The basal ring
An imaginary line joining the nadirs of the semi-
lunar hingelines forms a circle, described as the

basal ring (Fig. 6.13). This level corresponds to the
echocardiographic “annulus” when measurements
of the diameter of the aortic valve are made.

Mitral valve

The mitral valve apparatus comprises annulus,
valvar leaflets, tendinous cords that attach to the
leaflets, and papillary muscles that anchor the
cords. Also important for its functioning is the left
atrial musculature inserting to the leaflets at the
annulus and the ventricular myocardium to which
the papillary muscles are attached. The normal
mitral valve has two leaflets that, conventionally,
are described as anterior and posterior leaflets.
With tomographic imaging of the heart in situ,
it is obvious that these leaflets are not in anterior
or posterior positions. But because surgeons con-
tinue to use this convention, we will continue to
use the term “anterior” for the leaflet that is near-
est to the aortic valve and “posterior” for the mural
leaflet. Similarly, the “commissures” (ends of the
zone of apposition between leaflets), and the pap-
illary muscles are referred to as antero-lateral and
postero-medial.

Mitral annulus

The mitral annulus has an elliptical or D-shaped
configuration (Fig. 6.14). The straight border
accommodates the aortic valve allowing the lat-
ter to be wedged between the ventricular septum
and the mitral valve (Fig. 6.15a). In this region,
the aortic valve is in fibrous continuity with the
anterior leaflet of the mitral valve (mitral-aortic
continuity or mitral-aortic curtain). Expansions
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Figure 6.10 (a) 3D volume rendering reconstruction of
aortic root, external view, to show the interleaflet
triangle (*) between the semilunar attachments of the
leaflets. (b) A heart specimen opened longitudinally
through the left coronary (LC) sinus of the aortic valve.
The leaflets have been removed to show the accretions
of fibrous tissue that make up the hingelines that
approximate at the commissures (arrows). Note the
ventriculo-arterial junction intersects the semilunar
hingelines. The nadirs of the right (RC) and left (LC)
sinuses contain ventricular myocardium whereas the

of fibrous tissues at either extreme of the area of con-

tinuity form the rigid right and left fibrous trigones
(Fig. 6.15b—d). The maximum stress on the mitral
valve is at the trigones (Fig. 6.16). The clinical impli-
cation is that all annuloplasties must be anchored
to the trigones for firm support. The annulus does

non-coronary (NC) sinus and part of the left sinus have no
ventricular muscle because they are in fibrous continuity
with the mitral valve. The interleaflet triangle between
the right (RC) and non-coronary (NC) sinuses abuts the
membranous septum (encircled by a red broken line),
which is in proximity to the atrioventricular conduction
bundle. Anatomically, the interleaflet fibrous triangles
are arterial and lead outside the heart. Hemodynamically,
however, they are ventricular because they occupy the
ventricular side of the valve when the leaflets are in the
closed position. LV = left ventricle; MV = mitral valve.

Figure 6.11 (a) 3D volume
rendering reconstruction of the
interleaflet triangle (*) between
the right coronary (RC) and the
left coronary (LC) sinuses. (b) The
interleaflet triangle (*) between
the non-coronary (NC) and the right
coronary (RC) sinuses. The arrow
marks the membranous septum.
(c) Oblique slice showing the
interleaflet triangles.

not lie in a single plane but has a saddle-shaped
configuration. There is a “peak” in the midpoint of
the anterior segment of the annulus and another
“peak” in the midpoint of the posterior segment
whereas the “valleys” lie near the commissures
(Fig. 6.17). The anterior “peak” rises higher than
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Figure 6.12 (a,b) 3D volume rendering reconstruction
of the interleaflet triangle between the left coronary
sinus (LC) and the non-coronary sinus (NC) showing the

Figure 6.13 3D electronic cast of the left ventricle and
the left atrium with the aortic root colored in pink and
the left ventricle in purple. The black dashed line marks
the basal ring. LV = left ventricle; LA = left atrium;

LAA = left atrial appendage.

the posterior “peak” The configuration and size
of the annulus vary constantly during the cardiac
cycle. This hyperbolic paraboloid shape reduces
significantly the mechanical stress. It is this knowl-
edge that motivated the development of flexible
rings for mitral annuloplasty.

fibrous continuity with the mitral valve (*x*).
(c) Oblique view showing the mitro-aortic continuity. RC =
right coronary sinus.

Leaflets

The leaflets are the most important components of
the mitral apparatus for competent valve closure.
They meet at the closure line forming a single zone
of apposition (Fig.6.18). The “commissures” are the
extreme ends of the zone of apposition. The com-
missures do not reach the annulus, but end about
5 mm short. Thus from a strictly anatomic point
of view, being hinged along the entire annular cir-
cumference, the mitral leaflets can be considered as
a single veil with the anterior leaflet hanging like a
curtain between the left ventricular inflow and out-
flow tracts (Fig. 6.19). The hingeline of the anterior
leaflet occupies one-third of the annular circum-
ference (nearly 3 cm). Being roughly triangular in
shape, the anterior leaflet is deeper than the poste-
rior leaflet (Figs. 6.19 and 6.20). The latter is long
and narrow and is attached to the two-thirds of the
remaining annular circumference. Thus, the overall
orifice areas covered by each leaflet are equivalent.
Small identations, termed clefts, usually divide the
posterior leaflets into three scallops (Figs. 6.18 and
6.21) but quite often there are four or more scal-
lops. Using the surgeon’s terminology, these scallops
are denoted from lateral to medial as P1, P2 and
P3 (P stands for posterior), arbitrarily appor-
tioning the leaflet into thirds. The corresponding
areas of the anterior leaflet are denoted Al, A2
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Figure 6.14 (a) Virtual endoscopy
and (b) anatomic specimen both
showing the “D-shaped” annulus
configuration (dotted line).

P = posterior; A = anterior.

Figure 6.15 (a,b) Axial slices at different levels, (c) 3D
endocardial surface modality and (d) anatomic specimen
showing the fibrous continuity between aortic and mitral

and A3, although any anatomic indentations
can be observed (Fig. 6.18). In the normal valve,
the total leaflet area is approximately twice that
of the mitral orifice. This tissue abundance may
account for the success of mitral repair compared

valves. * = trigone; Ao = aorta; RA = right atrium; LA = left
atrium; LV = left ventricle; PV = pulmonary vein.

with aortic valve repair, where lack of available
tissue is a constant limitation. In both leaflets two
different zones can be distinguished — a clear and a
rough zone. This distinction is more evident in the
anterior leaflet. The tendinous cords mainly insert
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Figure 6.17 3D long-axis endocardial surface modality.
Peaks are located in the mid-points of the anterior and
posterior segments (*) whereas “valleys” lie near the
commissures (arrows). LA = left atrium; LV = left ventricle.

to the ventricular side of the rough zone making
the latter appear irregular and thicker than the clear
zone. In systole, the atrial sides of both rough zones
meet each other to ensure valvar competence along

Figure 6.16 Magnified image

of panel (c) of Fig. 6.15 showing
an endocardial view from the
ventricular perspective. Arrows
indicate the mitro-aortic curtain.
The two asterisks indicate the
trigones. Ao = aorta;

RA = right atrium; LA = left atrium;
PV = pulmonary vein.

the closure line. The surface of leaflet coaptation is
5-8 mm deep along the zone of apposition allow-
ing the valve to accommodate a moderate degree of
annular dilation without becoming incompetent.
The clear zone, particularly visible in the anterior
leaflet, is thin and translucent. In systole, the clear
zone of the anterior leaflet bulges toward the ante-
rior cavity (Fig. 6.23).

Tendinous cords (chordae tendineae)

These cords are fibrous string-like structures on
the ventricular surfaces of the leaflets. The major-
ity connect the rough zone and the free edges of
leaflets to papillary muscles. Unlike the tricuspid
valve, the normal mitral valve does not have cords
attaching the leaflets to the ventricular septum.
Because cords usually branch several times distal
to their origin, there are four or five times more
cords attached to the leaflets than to the papillary
muscles. There is a wide variability from heart
to heart in cordal arrangement and only a gen-
eral organization can be recognized. One of the
more useful classifications distinguishes tendi-
nous cords into first-, second- and third-
order cords according to their insertion onto
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Figure 6.18 Virtual endoscopy (a) and anatomic
specimen (b) from an atrial perspective. Two main
identations divide the mitral veil in the anterior mitral
leaflet (AML) and the posterior leaflets (arrows). Posterior

leaflets are subdivided in three scallops (P1, P2 and P3).
A1, A2 and A3 are the corresponding regions of the
anterior leaflet. LAA = left atrial appendage.

Figure 6.19 Oblique slices. The anterior mitral leaflet
(AML) occupies one-third of the annular circumference
(a), but is deeper than the posterior mitral leaflets (PML).

the leaflet’s margin, rough zone or basal areas,
respectively. The first-order cords are thought to
prevent valvar incompetence; the second-order
cords, which include some of the thickest cords
(known as strut cords), maintain mitral-papillary
muscle—ventricle wall continuity, thus support-
ing longitudinal left ventricle shortening and left
ventricular function (Fig. 6.24). The role of the

(b) The overall orifice areas covered by each leaflet are
therefore equivalent Ao = aorta; LA = left atrium.

basal cords, which connect the basal area of the
posterior leaflet directly to the ventricular wall, is
not clear.

At each “commissure” is a distinctive cord (com-
missural cord) that branches into a fan-shape to
insert into the adjacent leaflets. The “fan” is open
when the leaflets move apart and it closes when the
leaflets come together.
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Figure 6.20 Oblique slice showing long-axis view of the
left ventricle. Magnified image in the upper right corner
and the corresponding anatomic specimen in the lower
right corner showing mitral leaflets (A2 and P2), left

Figure 6.21 Oblique slice showing a
two-chamber view in diastole. The
lateral (P1) and medial (P3) scallops
are shown in the magnified image.
Note the left main artery (LMA) and
the right coronary artery (RCA) in
short-axis view. LA = left atrium;

LV = left ventricle.

Papillary muscles

The papillary muscles are considered as a left ven-
tricular muscular protuberance that anchors the
cords to the left ventricular wall. Rupture of one
of their heads results in severe valvar regurgita-
tion. Viewed from the atrial aspect, the two groups
are located beneath the commissures, occupy-
ing antero-lateral and postero-medial positions
(Figs. 6.25 and 6.26). The arrangement of the
papillary muscles in two groups allows the mitral

circumflex artery (Cx) and coronary sinus (CS). Descending
aorta (DAo) in the short axis is also displayed in the main
panel. LV = left ventricle; LA = left atrium; Ao = aorta.

'Pl

valve to be distinguished from the tricuspid valve.
Generally larger than the posteromedial muscle,
the anterolateral papillary muscle is supplied by
an artery derived from the circumflex or ante-
rior descending branch of the left coronary artery
(Fig. 6.27). Because most people have right domi-
nance of the coronary pattern (see Chapter 8), it is
the right coronary artery that most often supplies
the postero-medial papillary muscle (Fig. 6.28).
Papillary muscles are conceptualized as being
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Figure 6.22 (a) Oblique slice showing a two-chamber ventricle; LAA = left atrial appendage; Cx = circumflex
view in systole. (b) The corresponding anatomic artery; LMA = left main artery; LSPV = left superior
specimen. The three scallops, P1, P2 and P3, of the pulmonary vein.

posterior leaflets are shown. LA = left atrium; LV = left

CS‘

Figure 6.23 Oblique slice (a) and the corresponding anatomic specimen (b) showing the rough and clear zones of
the anterior mitral leaflet. Ao = aorta; CS = coronary sinus.
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Figure 6.24 Oblique slice. In the magnified image (right) strut and marginal chordae as well as the clear and rough
zones can also be distinguished. LA = left atrium; LV = left ventricle; LVOT = left ventricular outflow track.

Figure 6.25 (a) Short-axis view, (b) coronal plane, (c) two-chamber and (d) four-chamber view showing anterior (APM)

and posterior (PPM) papillary muscles.
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Figure 6.26 3D volume rendering image cropped in long-
axis orientation. The lateral wall and the contrast have
been “electronically” removed. Both anterior (APM) and

Figure 6.27 3D volume rendering. Image was cropped

to visualize both papillary muscles. The coronary vessels
were superimposed to show the relationships between
circumflex coronary artery (CX), marginal branch (MO) and
anterior papillary muscle (APM). PPM = posterior papillary
muscle.

directly continuous with the solid portion of the
heart wall, the compact myocardium, but tomo-
graphic imaging has consistently shown that the
bases of the papillary muscles are not solid. Instead,
they are composed of muscular continuations from
the trabeculations that line the ventricular cavity
(Figs. 6.29 and 6.30).

posterior (PPM) papillary muscles are shown in 3D volume
rendering format.

Tricuspid valve

Just like the mitral valve, the tricuspid valve guards
the junction between atrium and ventricle and
is also described as an atrioventricular valve. Its
apparatus comprises “annulus” or hingeline, leaf-
lets, tendinous cords and papillary muscles.

Tricuspid annulus

The tricuspid valve has an “annulus” to which the
leaflets are hinged. Although “annulus” implies a
well-formed collagenous ring, this is far from the
case in the tricuspid valve. Collagenous accretions
are seldom found. The hingeline has an elliptical
shape that nearly mirrors the mitral “annulus”
with straight septal and curved mural components
(Fig. 6.31a). Moreover, recent studies have dem-
onstrated a saddle-shaped configuration of the
tricuspid “annulus” with the peaks in anterior and
posterior positions, and the valley between medial
and lateral positions (Fig. 6.31b).

Leaflets

Generally the valve has three leaflets — the medial
or septal, the antero-superior and the posterior or
inferior leaflets (Figs. 6.32 and 6.33). Attitudinally,
antero-superior and inferior describe the locations
better than anterior and posterior. Fan-shaped
commissural cords support the peripheral ends of
the zones of coaptation between adjacent leaflets.
The commissures are designated antero-septal,
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Figure 6.28 3D volume rendering. The heart was “electronically” dissected to show the relationship between the
right coronary artery (RCA) and the posterior papillary muscle (PPM).

Figure 6.29 Oblique slice in up-down
“echocardiographic” format. The base of the papillary
muscle (PMs) joins with the network of trabeculae carneae

antero-inferior and inferior. In some hearts, the
divisions between leaflets are not so clear and some
leaflets may have further subdivisions into scallops.
In others, the division between antero-superior
and inferior leaflets is not clear so some surgeons
consider these as a unique leaflet with several
scallops and call it the mural leaflet.

ur?

lining the ventricular cavity rather than directly to the
solid portion of the heart wall. LA = left atrium; LV = left
ventricle.

The septal leaflet (Fig. 6.34) has some charac-
teristic features. First, it has multiple tendinous
cords attaching it directly to the ventricular septum
(Fig. 6.35). Second, its hinge is attached closer to
the apex than that of the mitral leaflet. The differ-
ence in levels of attachment between the two atrio-
ventricular valves, an offset arrangement, places
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Figure 6.30 3D volume rendering images cropped in
long-axis orientation. Magnified image of oblique slice
in the left upper corner; magnified image of 3D volume

Figure 6.31 (a) 3D volume rendering format. Perspective
from above and behind after removing the right atrium.
The elliptical shape of tricuspid annulus with straight
septal (dashed white line) and curved mural (dashed black
line) components. (b) 3D virtual endoscopy. Tricuspid

part of the muscular ventricular septum in an
atrioventricular position, and this is evident when
cutting the heart just behind the aortic root in a
four-chamber slice (Fig. 6.36). Although previously
described as the muscular atrioventricular septum,
closer examination has shown that it is not strictly
septal. Instead, it has a sandwich-like arrangement

rendering in the right upper corner and the corresponding
anatomic specimen in the right lower corner showing the
same papillary muscle insertion architecture.

(b)

“annulus” has a saddle-shaped configuration with the
peak in superior and inferior positions and the valley in
medial and lateral positions. Ao = aorta; CS = ostium of
coronary sinus.

of right atrial wall and ventricular septum with
epicardial fat between. A slice tilted slightly more
cephalad will show the hingeline of the septal leaf-
let bisecting the membranous septum into atriov-
entricular and interventricular components on the
right heart aspect (Fig. 6.37); the aortic root is also
revealed on this cut.
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Figure 6.38 Oblique slice and heart specimen viewed from a similar perspective. The anterior papillary muscle (+) arises
from the moderator band (MB) and has fan-like cords. ASL = anterior septal leaflet.

Figure 6.39 Oblique slice and heart specimen showing two heads of anterior papillary muscle (arrows).
MB = moderator band.
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Figure 6.40 Oblique slice and heart specimen showing the medial papillary muscle (arrow). Ao = aorta;

ASL = anterior septal leaflet; PT = pulmonary trunk.

Figure 6.41

and lifts it above the level of the ventricular septum.
Being in an elevated position, the pulmonary valve
can be harvested intact for use in surgery to replace
the patient’s aortic valve (the Ross procedure). The
ventricular septum is not transgressed when the
pulmonary valve is detached (see also Chapter 4)

(a) Oblique slice showing small papillary muscles supporting the inferior leaflet (arrows in the magnified
image). (b) The heart specimen shows two small papillary muscles (arrows). RA = right atrium; RV = right ventricle.

(Fig. 6.45). The proximal part of the infundibulum
blends into the ventriculo-infundibular fold on
the medial aspect and forms the supraventricular
crest that separates the tricuspid from pulmonary
valves (see also Chapter 4) (Figs. 6.46 and 6.47).
Because the subpulmonary infundibulum is not
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a septal structure, it is more accurate to describe
its walls as free wall and paraseptal wall when car-
rying out catheter ablations for right ventricular
outflow tract ventricular tachycardia. It is also
important to appreciate that the paraseptal

Figure 6.42 3D volume rendering modality. The
pulmonary valve (PV) is anterior, superior, and slightly
to the left of the aortic valve (AO). A muscular tube, the
infundibulum (infund), supports the pulmonary valve.

component lies anterior to the proximal portions
of the left and right coronary arteries (Fig. 6.48a).

Each valve consists of three approximately equal-
sized semilunar leaflets that are attached by semicir-
cular hingelines to the junctional area comprising
muscular infundibulum and arterial wall. Similarly
to the aorta, this valve does not have an annulus in
the traditional sense of a ring-like attachment. The
leaflets have semilunar attachments (hingelines)
that cross the circular ventriculo-arterial (muscular
and arterial wall) junction (Fig. 6.48b). Like the
aortic valve, the hingelines form a crown shape
that has three prongs. In this crown configuration,
the tips of the prongs between the hingelines of
adjacent leaflets are termed the interleaflet fibrous
triangles. The sinutubular junction is a circular
line that can be drawn, figuratively speaking, to
join the tips of the prongs, and it marks the junc-
ture between the sinusal and tubular portions of
the pulmonary trunk (Figs. 6.48 and 6.49). All three
sinuses of the pulmonary valve enclose small pieces
of the distal subpulmonary infundibulum because
the semilunar hingelines of the leaflets cross the
ventriculo-arterial junction. These may harbor
arrhythmogenic foci that require ablations to be
carried out within the pulmonary sinuses.

The pulmonary trunk (main pulmonary artery)
starts from the pulmonary valve. It passes to the left

Figure 6.43 3D volume rendering modality. Cranial
perspectives. Note the obliquity of the relationship
between the aortic and pulmonary valves. Two sinuses of

the pulmonary valve (**) “face” the two coronary sinuses
of the aortic valve (R and L).
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of and posterior to the aorta and divides into the
right and left pulmonary arteries (Fig. 6.50). The
left pulmonary artery is shorter and higher than
the right pulmonary artery and courses in a more
posterior direction. The right pulmonary artery
passes behind the ascending aorta and under-
neath the aortic arch to pass rightward behind the
superior vena cava and right upper pulmonary

Figure 6.44 Slice showing the heart from atrioventricular
plane. Pulmonary leaflets (arrow) are usually thinner than
the corresponding aortic leaflets.

vein (Fig. 6.51). In its proximal course, the right
pulmonary artery passes close to the superior
wall of the left atrium. The right and left pulmo-
nary arteries divide into ascending and descending
branches. The pulmonary artery branches to both
lungs usually follow their corresponding bronchial
courses.

Figure 6.45 3D volume rendering reconstruction after
having cropped the aortic root (arrow). The pulmonary
valve is supported by the free-standing subpulmonary
infundibulum, which is attached only to the right
ventricle. The dotted line marks the level at which the
pulmonary valve can be detached in its entirety for the
Ross procedure.

Figure 6.46 3D volume rendering reconstruction after
having cropped the aortic root in two slightly different
perspectives (a,b). The muscular fold (*) between tricuspid

and pulmonary valves is visible. P = pulmonary valve;
RAA = right atrial appendage; NC = non-coronary leaflet;
LC = left coronary leaflet; RC = right coronary leaflet.
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Figure 6.47 (a) Oblique slice showing the muscular
fold (arrows) between tricuspid and pulmonary valves.
(b) Corresponding cut through a specimen viewed from

the right. AO = aorta; PT = pulmonary trunk; RV = right
ventricle; TV = tricuspid valve.

Figure 6.48 (a) 3D volume rendering modality. The
crown-shaped attachments of leaflets (black dashed

line), the sinutubular junction (blue dashed line) and

the anterior fibrous interleaflet triangle (*). Although

the paraseptal wall of the muscular infundibulum is
hidden behind the free wall in this anterior view, note its
proximity to the major coronary arteries. (b) A heart

with the pulmonary valve cut longitudinally to display the

three leaflets of the pulmonary valve and the interleaflet
fibrous triangles (***). The sinutubular junction (blue
dashed line) and ventriculo-arterial junction (red dotted
line) are circular whereas the attachments (hingelines) of
the valvar leaflets form a crown shape. LCA = left coronary
artery; RCA = right coronary artery; PT = pulmonary trunk;
RV = right ventricle.
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Figure 6.49 3D volume rendering modality after having the anterior (a), the lateral (b) and the posterior (c).
cropped the aorta and the right and left atria. All three The posterior triangle is adjacent to the aorta.
interleaflet triangles (between dotted lines) are shown:

Figure 6.50 3D electronic cast of pulmonary trunk
and its branches (see text). PT = pulmonary trunk;

RPA = right pulmonary artery; LPA = left pulmonary
artery.

Figure 6.51 Electronic cast from anterior (a) and text). Ao = aorta; LA = left atrium; LPA = left pulmonary
cranial (b) perspectives showing the relationship between artery; RPA = right pulmonary artery; PT = pulmonary
the pulmonary trunk and its branches to the aorta (see trunk.
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CHAPTER 7

The Cardiac Septum

Atrial septum

The right atrium (RA) is limited medially by its
septal surface, which is formed by the fossa ovalis
and its surrounding rim (Figs. 7.1a,b and 7.2a—c).
The rim (limbus) often appears as thicker muscle
surrounding an oval-shaped depression (the fossa),
which has as its floor a thin valve that lies on the left
atrial aspect.

The superior rim of the atrial septum, although
often referred to as the septum secundum, is actu-
ally an extensive infolding of the atrial wall between
the venous component of the right atrium and the
right pulmonary veins (Fig. 7.3). Externally, this
infolding (also called Waterson’s groove) is filled
with epicardial fat and frequently contains the
artery supplying the sinus node. Surgical dissec-
tions into this groove allow the surgeon to enter
the left atrium for inspection or repair of the mitral
valve without transgressing into the right atrium.
Lipomatous hypertrophy of atrial septum is char-
acterized by an excessive accumulation of adipose
tissue in this groove.

The fossa ovalis is completely overlapped by its
valve, a flap of tissue that is continuous with the
left atrial wall. During fetal life, the valve opens
leftward, allowing blood to flow from the right
atrium into the left atrium through its aperture,
known as the foramen ovale. After birth, higher
pressures in the left atrium push the valve right-
ward onto its rim, closing the foramen ovale. The
foramen ovale is anatomically closed in about
two-thirds of adults due to complete adhesion of
the valve to its rim. In the remaining one-third

Anatomy of the Heart by Multislice Computed Tomography

F. F. Faletra, N. G. Pandian and Siew Yen Ho. © 2008
Francesco Fulvio Faletra, Natesa G. Pandian and Siew Yen Ho.
ISBN: 978-1-4051-8055-9.

of adults incomplete adhesion of the valve to its
muscular rim results in a crevice-like patency at
its antero-superior margin that is described as a
patent foramen ovale. There remains a poten-
tial source for right-to-left shunt through a pat-
ent foramen. Stretching of the septum when the
atria are markedly dilated can transform a patent
foramen ovale into an acquired atrial septal defect.
Furthermore, redundant valve tissue may form an
aneurysm of the fossa ovalis.

The true atrial septum, defined as the tissue that
separates the adjacent atrial cavities, and which can
be removed without exiting the heart, is confined
to the thin valve of the fossa ovalis along with the
immediate margins of the surrounding muscular
rim (Fig. 7.4). This definition has relevance for
trans-septal puncture. It is the valve of the fossa
ovalis that is the safe target for trans-septal crossing.
When observing the atrial septum from the right
atrial aspect, a raised area called the aortic mound
can be seen anterior to the fossa ovalis. It can give
the false impression of being part of the septum.
Instead, it is the antero-medial part of the right
atrial wall. Importantly, passing a pin (or catheter)
through this area does not enter the left atrium but
goes into the transverse pericardial sinus that lies
behind the aortic root (Fig. 7.4). The inferior rim
contains right atrial tissues overlying the muscula-
ture of the ventricular septum forming the atriov-
entricular “sandwich” (see also Chapter 6).

Whereas the right aspect of the septum often
is characterized by the crater-like structure of the
fossa ovalis, the atrial septum is relatively feature-
less when viewed from the left atrium (Fig. 7.5).
Nevertheless, it is important to note that the free
margin of the fossa ovale valve lies immediately
behind the anterior wall of the left atrium that
abuts the transverse pericardial sinus and through
it is the aortic root (Fig. 7.5b,d). When making use
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Figure 7.1 (a) Oblique slice and (b) the corresponding muscular rim. The infolded superior rim is filled with
anatomic specimen, showing how the true atrial septum epicardial fat. LA = left atrium; RUPV = right upper
is formed by the valve of the foramen and its immediate pulmonary vein; SVC = superior vena cave.

Figure 7.2 Oblique slices showing the atrial septum at different levels: superior rim (a); fossa ovalis (b) and inferior
rim (c) (arrow). RA = right atrium; RV = right ventricle; LA = left atrium; LV = left ventricle; CS = coronary sinus.

Figure 7.3 3D volume rendering. The arrow indicates from posterior-superior, and (b) “four-chamber cut.”
the superior infolding between the superior vena RUPV = right upper pulmonary vein; RLPV = right lower
cava and the right pulmonary veins; (a) external view pulmonary vein; SVC = superior vena cava.
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Figure 7.4 (a) 3D volume rendering of atrial septum
from the right atrial perspective after having removed
the contrast. The dotted line encircles the fossa ovalis.
The asterisk points to the non-coronary aortic sinus

that abuts against the atrial septum. (b) An anatomic
specimen displayed in the same orientation showing the
same features. The right atrial walls have been removed,

leaving the true atrial septum and without entering the
left atrium. The open arrow indicates the transverse
pericardial sinus. CS = coronary sinus; FO = fossa ovalis
valve; R = right coronary aortic sinus; L = left coronary
aortic sinus; RCA = right coronary artery; TV = tricuspid
valve; Ao = aorta.

Figure 7.5 3D volume rendering from the same patient
as shown in Fig. 7.4 and comparable displays of a heart
specimen. The atrial septum is seen from right (a,c) and
left (b,d) atrial perspectives. From the right aspect, the
septum can be identified by the raised rim of the fossa
(arrows) whereas the left aspect is relatively flat. The
specimen shows the crevice of the patent foramen ovale

(red arrow). The open arrows indicate the transverse
pericardial sinus and the asterisks indicate the non-
coronary aortic sinus. Ao = aorta; FO = foramen ovale
valve; L and R = left and right coronary aortic sinuses,
respectively; SVC = superior vena cava; IVC = inferior vena
cava; MV = mitral valve.
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of a patent foramen ovale to access the left atrium,
the proximity of these structures must be borne
in mind.

Membranous septum

This is a small component of the cardiac septum
but is important on account of its central loca-
tion in the heart. It is a part of the central fibrous
body, the other part being the right fibrous trigone.
Because the atrioventricular bundle of the con-
duction system usually passes between the mem-
branous septum and the crest of the muscular
septum, the membranous septum is a useful land-
mark for its location. The membranous septum is
located immediately below the right and posterior
(non-coronary) aortic sinuses (Figs. 7.6 and 7.7).

Figure 7.6 (a) The membranous
septum and muscular components
of the septum. (b) The membranous
septum is divided by the septal
leaflet of the tricuspid valve

(arrow) into atrioventricular (*) and
interventricular (x+) components.
Ao = aorta; LV = left ventricle; RA =
right atrium; RV = right ventricle.

Figure 7.7 3D volume rendering

(a) Left ventricle from the left lateral
perspective after having removed
the contrast. The membranous
septum is easily appreciated beneath
the right and posterior (non-
coronary) aortic leaflets. (b) Heart
specimen with the left ventricular
outflow tract opened to show

the thin area of the membranous
septum (within dotted line). LC = left
coronary leaflet;

NC = non-coronary leaflet; RC = right
coronary leaflet; MV = mitral valve.

On the right aspect, the hingeline of the septal
leaflet of the tricuspid valve divides the mem-
branous septum into an interventricular and an
atrioventricular component (Fig. 7.6b) (see also
Chapter 5 — tricuspid valve). The atrioventricular
component lies between the right atrium and the
left ventricle. Perimembranous ventricular septal
defects (also known as membranous defects) are
deficiencies of the cardiac septum in the environs
of the membranous septum.

Ventricular septum

The ventricular (or interventricular) septum
separates the left and right ventricles. It is almost
entirely composed of muscle other than at the site
of the membranous septum.
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Figure 7.8 Oblique slice. Short-axis section
through mid-ventricular cavity to show the
normal curvature of the muscular septum.
RV = right ventricle; LV = left ventricle.

Figure 7.9 3D volume rendering (a) The ventricular
septum viewed from the right ventricular perspective
after having cropped the antero-lateral wall and
removed the contrast. The upper portion of the right

It is a non-planar structure. Under normal
loading conditions it has a convex shape toward
the right ventricle (Fig. 7.8). Each ventricle can
be described as having three portions: the inlet,
trabecular and outlet portions (Figs. 7.9 and 7.10).

ventricular outlet (arrow) is not a septal structure. (b) A
corresponding view of a heart specimen. AMP = anterior
papillary muscle; trab = trabecular portion.

Correspondingly, the muscular ventricular septum
may be conceptualized as having three portions,
but there are important anatomic considerations.
Firstly, there is no discrete part that can be desig-
nated an outlet septum in the normally structured
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Figure 7.10 (a) 3D volume rendering. The septum viewed
from a left lateral perspective after having cropped the
lateral wall and removed the contrast. (b) Heart specimen

in similar orientation showing the adjoining inlet and
outlet portions. trab = trabecular portion.

Figure 7.11 3D volume rendering. Proper cropping along with contrast cleaning allows evaluation of the left ventricular
surface of the ventricular septum. The trabecular septum is easily appreciated (see also Fig. 7.5b). Ao = aorta.

heart. A large part of the outlet is the subpulmo-
nary muscular infundibulum and the remainder is
the supraventricular crest (Fig. 7.9). Secondly, the
inlet portion in the right ventricle relates to the tri-
cuspid valve but on the left ventricular aspect the
same portion relates to the overlapping left ven-
tricular inlet and outlets (Fig. 7.10).

The inlet portion as viewed from the right
ventricle is infero-posterior to the membranous

septum. It begins at the hingeline (annulus) of the
tricuspid valve and ends at the insertions of the
papillary muscles (Fig. 7.9). The outlet portion, or
infundibular part, separates the right from the left
ventricular outflow tracts. The trabecular portion is
the apical part of the ventricular septum. It is char-
acterized by irregularly arranged trabeculations
compared with the other portions of the septum
(Fig. 7.11).
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CHAPTER 8

Coronary Artery Anatomy

The coronary arterial tree is divided into three
segments. Two of these (the left anterior descend-
ing artery and the circumflex artery) arise from a
common stem whereas the third segment is the
right coronary artery. The coronary arteries (as the
name suggests) form a crown around the heart.
The anterior crown follows the interventricular
sulcus (groove) and comprises the left anterior
descending and the right posterior descending
coronary arteries (Fig. 8.1). The posterior crown
follows the atrioventricular sulcus and is formed
by the right coronary artery and its postero-lateral
branches, and the left main artery and the circum-
flex artery (Fig. 8.2).

The right and left coronary arteries originate
from their respective aortic sinuses. The ostia usu-
ally are located in the upper third of the sinuses
of Valsalva, although individual hearts may show
marked variability (Figs. 8.3 and 8.4). The right
coronary artery emerges at nearly right angles to
the aortic wall whereas the left coronary artery takes
an acute angle (Fig. 8.4). Because of the oblique
plane of the aortic valve, the orifice of the left coro-
nary artery is superior and posterior to that of the
right coronary artery (Fig. 8.5).

The major epicardial coronary arteries running
in the interventricular or atrioventricular grooves
are embedded in epicardial fat. This arrangement
is thought to be protective against the friction
caused by the cardiac contraction (Fig. 8.6).

The dominance of the coronary circulation
(right versus left) refers to the artery from which
the posterior descending artery originates, not
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Anterior crown

Figure 8.1 Electronic casts with left and right coronary
arteries in “transparency” modality. The coronary arteries
form posterior and anterior crowns around the heart. The
anterior crown (dashed line) comprises the left anterior
descending artery (LAD) and the left posterior descending
artery (PDA) and follows the interventricular sulcus.

the absolute mass of myocardium perfused by the
left or right coronary arteries. Reciprocity exists
between the right and left coronary arteries: a large
distribution of one takes place at the cost of the
other. Variations of this nature have the greatest
implication with regard to the blood supply of the
crux and the posterior interventricular sulcus.

In approximately 85% of individuals, the right
coronary gives rise to the atrioventricular nodal
artery, the posterior descending artery and the
postero-lateral left ventricular branches, a pattern
described as right dominance. These branches sup-
ply the atrioventricular node, the inferior wall of
the left ventricle and the inferior part of the inter-
ventricular septum (Fig. 8.7).

In nearly 5-10% of cases there is a left dominance:
the left postero-lateral branches, the atrioven-
tricular nodal artery and the posterior descending
artery originate from the terminal part of the left
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Figure 8.2 The right and the circumflex coronary arteries
lie in the atrioventricular sulcus and form the posterior
crown. RCA = right coronary artery; LMA = left main
artery; LCx = left circumflex artery; MO = obtuse marginal
branch.

Figure 8.3 3D virtual endoscopy showing endocardial
surface of left and posterior aortic sinuses from the
ventricular perspective. The orifice of the left coronary
artery is located in the upper third of the sinus (arrow).
STJ = sinutubular junction.

Figure 8.4 The maximal intensity projection (MIP)
projection. Oblique view. The image shows how both
orifices of coronary arteries originate from the upper part
of the aortic sinuses near the sinutubular junction. Note
the nearly right-angled take-off of the right coronary
artery compared with the acute angle of the left coronary
artery.

circumflex artery. Left dominance occurs
slightly more frequently in males than females
(Fig. 8.8).

In nearly 5% of cases there is a codominance, or
balanced system, where the right coronary artery
gives rise to the posterior descending artery and
atrioventricular nodal artery whereas the circum-
flex artery gives rise to the left postero-lateral
branches (Fig. 8.9), or parallel branches from both
left and right arteries descend to either side of the
interventricular groove and the posterior descend-

ing artery is absent.

The left coronary artery

The left main artery arises from the left coronary
sinus and has an initial diameter of 4-5 mm. It
passes behind the pulmonary trunk for 5-10 mm
before dividing into the left anterior descend-
ing (LAD) artery and left circumflex artery (LCx)
(Figs. 8.10a,b and 8.11).

In some hearts, an artery, which is usually called
ramus intermedius (intermediate branch), origi-
nates from the angle between the division of the
anterior descending and the circumflex arteries.
This creates the appearance of a trifurcation of the
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Figure 8.5 (a) Electronic casts with left and right coronary
arteries in “transparency” modality showing the orifice
of the left coronary artery (LCA) superior and posterior to

that of the right coronary artery (RCA). (b) Dissection
of a heart specimen showing the same arrangement as
the electronic cast.

Figure 8.6 Three slices showing how all the major
epicardial coronary arteries in the interventricular or
atrioventricular grooves pass within epicardial fat.

main trunk. The ramus intermedius has a course
similar to that of the first diagonal branch of
the LAD artery or to that of the obtuse marginal
branch of the left circumflex artery depending on
whether it supplies the anterior or the lateral wall
of the left ventricle (Fig. 8.12a,b).

The left anterior descending (or interventricular)
coronary artery continues directly from the bifurca-
tion of the left main artery coursing anteriorly and
inferiorly in the anterior interventricular groove

LAD = left anterior descending artery; LCx = left circumflex
artery; RCA = right coronary artery.

to the apex of the heart (Fig. 8.13a,d). In many
cases it continues around the apex to ascend the
apical part of the posterior interventricular groove
(Fig. 8.14a,b).

The left anterior descending artery gives rise to
the diagonals, the septal perforators and the right
ventricular branches. The diagonals, which may
be two to six in number, course leftward to supply
the antero-lateral wall of the left ventricle. The first
diagonal generally is the largest. These branches are
numbered as they arise from the artery (Fig. 8.15).
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Figure 8.7 3D volume rendering of the
inferior surface of the heart showing
“right dominance:” both the posterior
descending artery (PDA) and left
postero-lateral branches (PL) originate
from the right coronary artery. Inset
shows the atrioventricular (AV) nodal
artery originating from a postero-lateral
branch (PL) near the bifurcation. RCA =
right coronary artery.

Figure 8.8 3D volume rendering

of the inferior surface of the heart
showing “left dominance:” the
posterior descending artery (PDA)

and left postero-lateral branches (PL)
originate from the circumflex artery
(Cx). Inset shows a short right coronary
artery (RCA) terminating at the acute
margin.

The septal perforators curve down perpendicu-
larly into the ventricular septum. Typically there
are three to five septal perforators; the first one is
the largest and commonly originates just beyond
the takeoff of the first diagonal. The first septal

AV artery 'I"! o
—

' PDA

perforator supplies blood to the atrioventricular
(His) bundle and proximal left bundle branch of
the conduction system (Fig. 8.16a,b).

Right ventricular branches, which may not always
be present, supply blood to the anterior surface of
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the right ventricle (Fig. 8.17). They course right-
ward when they take off from the anterior descend-
ing coronary artery.

The left circumflex coronary artery (LCx) arises
from the left main coronary artery nearly at right
angles to the LAD. It courses along the left atrio-
ventricular groove, and in 85-95% of subjects
terminates near the obtuse margin of the left

Figure 8.9 3D volume rendering of the inferior surface
of the heart showing a “codominance:” the posterior
descending artery (PDA) originates from the right
coronary artery (RCA) whereas the left postero-lateral
branches (PL) originate from the circumflex artery (Cx).

ventricle (Fig. 8.18a,b). In its first segment the
vessel courses under the left atrial appendage
(Fig. 8.19). In 5-10% of patients it continues
around the atrioventricular groove to the crux of
the heart to give rise to the posterior descending
artery (left dominance: see Fig. 8.8). The primary
branches of the left circumflex coronary artery
are the left marginal branches or obtuse mar-
ginal branches. These vessels supply blood to the
lateral aspect of the left ventricular wall, includ-
ing the postero-medial papillary muscle. Often
the first left marginal branch is larger and longer
(therefore clinically more important) than the
atrioventricular course of the artery (Fig. 8.20).
Additional branches supply blood to the left
atrium (Fig. 8.18b) and, in nearly 40% of hearts,
the sinus node (Fig. 8.21). When the circumflex
coronary artery supplies the posterior descend-
ing artery, it usually supplies the atrioventricular
node also.

The right coronary artery

The right coronary artery (RCA) arises from
the right coronary sinus of the aorta. It courses
between the right ventricular outflow tract and the
right atrial appendage (RAA) and then runs into
the right atrioventricular groove (Fig. 8.22a—d) (see
also Video clip 9, Right coronary artery &&).

Figure 8.10 (a) 3D volume rendering, (b) 3D transparency
modality and (inset) curved multiplan reconstruction of
the left main coronary artery (LMA) and its bifurcation
into the left anterior descending artery (LAD) and left

circumflex artery (LCx). Panel (b) shows how the LMA runs
behind the pulmonary artery (PA). The asterisk indicates a
small ramus intermedius.
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In its very proximal portion, it gives rise to the
conus (infundibular) artery, which passes superi-
orly and medially to supply the infundibulum of
the right ventricle (Fig. 8.23).

The sinus node artery arises from the right coro-
nary artery in nearly 60% of cases. In most cases the
vessel runs in the anterior or superior parts of the
interatrial groove to reach the node (Fig. 8.24) by
passing in front of or behind the junction between
the superior caval vein and the right atrium.

Figure 8.11 Axial projection showing the LMA
surrounded by epicardial fat between the body of the
left atrium and the pulmonary artery. LA = left atrium;
PA = pulmonary artery.

The right marginal branches run along the acute
margin of the heart. These vessels supply the ante-
rior free wall of the right ventricle (Fig. 8.25). In
10-20% of cases, one of these acute marginal arter-
ies courses across the diaphragmatic surface of the
right ventricle to reach the distal ventricular sep-
tum (Fig. 8.26). The distal RCA divides into the
posterior descending artery (PDA), the posterior
left ventricular branches of the RCA (PLB) and the
atrioventricular node artery. The PDA runs in the
posterior interventricular groove; it arises from a
dominant RCA in 85% of individuals. Adjoining
the middle cardiac vein (MCV), the posterior
descending artery runs anteriorly in the posterior
(inferior) interventricular sulcus (Fig. 8.27). In its
distal part the right coronary artery gives rise to the
posterior lateral branch (PLB). A variable number
of posterior lateral branches arising from the distal
part of RCA supply the diaphragmatic surface of
the left ventricle (Fig. 8.28). The atrioventricular
nodal artery arises from the right coronary artery
in 80% of the population. In the remaining 20%
it originates from the left coronary artery. It
branches off from the right coronary artery on the
inferior surface of the heart just distal to the origin
of PDA. It supplies the atrioventricular node, the
atrioventricular bundle of His and the first part of
the bundle branches (Fig. 8.28a,b).

Figure 8.12 (a,b) 3D volume rendering showing the
anterior surface of the heart. A large intermediate artery
(Int) originates from the angle between the left anterior

descending artery (LAD) and the left circumflex artery
(LCx). (b) Dissection of a heart specimen showing the same
arrangement as the electronic cast. LMA = left main artery.
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Figure 8.13 3D volume rendering of the left anterior descending artery (LAD) in the four classic angiographic views:
(a) the right oblique 30°; (b) lateral view 90°; (c) left oblique 60° and (d) left cranial view.

Figure 8.14 (a) Curved multiplanar
modality and (b) 3D volume
rendering modality showing the
entire course of the left anterior
descending artery (LAD).
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The angiographic view of coronary
arteries

Accurate visualization of coronary anatomy by
invasive coronary angiography requires coronary
injections in multiple views in order to ensure
that all coronary segments can be imaged clearly

Figure 8.15 3D volume rendering showing two
diagonal branches (D1, D2) arising from the left anterior
descending artery (LAD). Note how usually the first
portion of the LAD is hidden by the left atrial
appendage (LAA).

without foreshortening or overlap. Learning the
angiographic coronary anatomy might be diffi-
cult because of the number of possible projections
and the unnatural views of the coronary lumen
(without the surrounding imaging of the heart)
resulting from various angulations and selective
injection of contrast. Compared with the angio-
graphic technique, multislice computed tomogra-
phy (MSCT) offers the advantage of reconstituting
the coronary tree in different standard angiographic
views using only one contrast exposure. The best
way of representing MSCT angiographic views is
the transparency modality. With this modality the
coronary tree can be turned to any desired angle
(Fig. 8.29) and compared with coronary angi-
ograms. Examples of the most common coronary
angiographic views and the corresponding MSCT
images are illustrated herein.

The left coronary artery

Antero-posterior projection (Fig. 8.30). The image
intensifier is directly over the patient, with the beam
perpendicular to the patient lying flat on the x-ray
table. The antero-posterior (AP) view displays the
left main coronary artery in its entire perpendicu-
lar length. In this view, the left anterior descending
and left circumflex artery branches are overlapped.
Slight right anterior oblique or left anterior oblique
angulations may be necessary to clear the density
of the vertebrae and the catheter shaft in the tho-
racic descending aorta.

<«— Septal
branches

Figure 8.16 (a,b) MIP projection showing septal perforators. These vessels supply blood to the anterior two-thirds of

the ventricular septum.
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The right anterior oblique projection caudally angu-
lated [RAO (right anterior oblique) 30° caudal 30°]
(Fig. 8.31). The image intensifier is to the right
side of the patient. The RAO caudal view shows
the left main coronary artery bifurcation from a
view perpendicular to the left anterior oblique

Figure 8.17 3D volume rendering showing a right
ventricular branch arising from the left anterior
descending artery (LAD).

(LAO)/cranial angle. The origin and course of the
circumflex/obtuse marginal, intermediate branch
and proximal left anterior descending segment
are well seen. This view is one of the best views for
visualization of the circumflex artery. The left ante-
rior descending artery beyond the proximal seg-
ment is obscured by overlap.

The right anterior oblique (30°) cranial (30°) view
(Fig. 8.32). This projection is used to open the
diagonal along the mid- and distal left anterior
descending arteries. Diagonal branch bifurcations
are well visualized. The diagonal branches are pro-
jected upward. The proximal left anterior descend-
ing and circumflex arteries usually are overlapped.
Marginals may overlap, and the circumflex artery
is foreshortened.

Left anterior oblique projection (45°) cranial angu-
lated (20°) (Fig. 8.33). In the LAO position, the
image intensifier is to the left side of the patient.
The LAO (left anterior oblique)/cranial view also
shows the left main coronary artery (slightly fore-
shortened, but perpendicular to the RAO view), left
anterior descending, and diagonal branches. Septal
and diagonal branches are separated clearly. The
circumflex and marginals are foreshortened and
overlapped. The LAO angle should be set so that
the left anterior descending course is parallel to the

Figure 8.18 3D volume rendering. (a) The left circumflex artery (LCx) and arrows indicate the left marginal branches

(LMB). (b) A magnified image showing a left atrial branch (x).
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spine and stays in a “lucent wedge” bordered by
the spine and the curve of the diaphragm. Cranial
angulation tilts the left main coronary artery down
and permits view of the left anterior descending/
circumflex bifurcation.

Figure 8.19 3D volume rendering. In its first segment
the left circumflex artery (LCx) courses under the left
atrial appendage (LAA). LAD = left anterior descending
artery.

The LAO lateral view (LAO 90° cranial 0°)
(Fig. 8.34). This projection best shows the mid-
and distal left anterior descending artery. The left
anterior descending and circumflex arteries are
well separated. Diagonals usually are overlapped
and the intermediate branch course is well visu-
alized. This projection also provides the best look
at the anatomosis of a left internal mammary graft
to the mid-distal LAD (see Chapter 10).

The right coronary artery

The LAO view (LAO 60° cranial 0°) shows the
origin and the entire length of the right coronary
artery, and the posterior descending artery (PDA)
bifurcation (crux) (Fig. 8.35).

The lateral view (90° cranial 0°) also shows the right
coronary artery origin (especially in those with
more anteriorly oriented orifices) and the mid-
right coronary artery. The posterior descending
artery and postero-lateral branches are foreshort-
ened (Fig. 8.36).

The most frequent anatomic
variants

Today, with the widespread use of new imaging
techniques for diagnosis and the development of

Figure 8.20 MIP and oblique projection showing the course of the left marginal branch (LMB) along the lateral wall of
the left ventricle (arrow). In the magnified image the corresponding vein (MV) can also be appreciated.
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Figure 8.21 3D volume rendering showing the sinus node
artery (SNA) arising from the circumflex artery. In about
30% of cases there is a left sinus node vascularization.

Ao = aorta; LCx = left circumflex artery; SVC = superior
vena cava.

non-aggressive treatments, a thorough knowledge
of anatomic variation and anomalies is important.
There is considerable patient-to-patient variability
in size, position and course of the coronary arter-
ies. An anomaly should be defined as any coronary
pattern with a feature (number of ostia, proximal
course, termination, etc.) “rarely” encountered in
the general population. In nearly 1% of cases these
anatomic variants are sufficiently divergent to jus-
tify describing them as coronary anomalies.

For several decades, diagnosis of coronary artery
anomalies was made with angiography. However,
conventional angiographic findings allow correct
identification of the abnormalities in just barely
half of the cases. The reason for this failure may be
that coronary artery anomalies are very difficult to
visualize at angiography, and even if they are visual-
ized, their course cannot be delineated accurately.

Figure 8.22 3D volume rendering. (a—d) The four panels
show the entire course of the right coronary artery and
its branches in four different perspectives. RCA = right

coronary artery; RAA = right atrial appendage; PDA =
posterior descending artery; PLB = postero-lateral branch;
RMB = right marginal branch.
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Figure 8.23 (a) 3D transparency modality showing right and left coronary arteries. (b) Magnified image showing the

conus artery (arrow).

Figure 8.24 3D volume rendering modality showing the
course of sinus node artery (arrows) toward the sinus node
(red oval). Ao = aorta; RCA = right coronary artery; SVC =
superior vena cava.

MSCT seems to be superior to coronary angiog-
raphy in defining the origin and course of anoma-
lous coronary branches. In this part of the chapter
we will show some the most frequent coronary
anomalies. For a more comprehensive description
see the references listed under “Suggested reading.”

High take-off. “High take-off” refers to the origin
of either the RCA or the LCA at a level well above
the junctional zone between its sinus and the tubu-
lar part of the ascending aorta. Although high

Figure 8.25 3D volume rendering. Right lateral
perspective showing the acute margin of the heart. Two
right marginal branches (RMB) are visible. RAA = right
atrial appendage; RCA = right coronary artery;

PDA = posterior descending artery; PLB = postero-lateral
branch.

take-off with proximal intramural course of the
artery in the aortic wall has been implicated in sud-
den cardiac death, high take-off usually presents
no major clinical problems, but it may cause dif-
ficulty in cannulating the vessels during coronary
arteriography.

Multiple orifices in the right aortic sinus: the most
frequent variation is the presence of an accessory
orifice for the conal artery. The orifice of the conal
artery is usually in front of the coronary orifice
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or at the same level. The diameter varies between
0.5 and 1.5 mm (Fig. 8.37).

Multiple orifices in the left aortic sinus: the most
frequent variation is the absence of a common
trunk of the left coronary artery, which means that
the anterior interventricular artery and the circum-
flex artery have different origins. The prevalence

Figure 8.26 3D volume rendering of the inferior view

of the heart. Right coronary artery (RCA), posterior
descending artery (PDA), right marginal branch (RMB),
middle cardiac vein (MCV) and coronary sinus (CS) are
visualized. Arrow shows a right marginal branch reaching
the diaphragmatic surface of the right ventricle

ranges between 0.5% and 1%. This variation may
take the form of either two separate, well-defined
orifices or a mixed orifice (“shotgun” orifice)
(Fig. 8.38). Both left anterior descending artery and
circumflex artery are otherwise normal in their
distribution pattern. This anomaly does not cause
any hemodynamic impairment.

Single coronary artery is the anomalous situation
of only one coronary artery arising with a single

Figure 8.27 3D volume rendering of the inferior view of
the heart showing the right coronary artery (RCA), the
posterior descending artery (PDA) and the posterior lateral
branch (PLB).

Figure 8.28 (a) 3D volume rendering and (b) MIP slice of the crux showing a small atrioventricular branch (arrow).
PDA = posterior descending artery; PLB = posterior lateral branch.



101

CHAPTER 8 Coronary artery anatomy

.Ao 99J] Aseuouo) ‘gl dip 0apIA 995) suoidafoud diydesboibue A1euolod pasn Ajuowwod 3sow ay3 sdlwiw uofyisodwod siy] "uole|nbue Aue uj umoys
aJe sayduelq syl pue Aispe Areuolod 1ybu sy -anbedo 2941 A1eu0.10d By} pue Jualedsues) spew e s3IIARD 13| pue 1YL Y] "3sed d1u0J3da|d Bullapual swnjoa g 6Z'8 nbiy




102

Anatomy of the heart by multislice computed tomography

Figure 8.30 (a,b) Frame of the left coronary angiography
in antero-posterior projection (a) and the corresponding
3D volume rendering electronic cast. LMA = left main

artery; LCx = left circumflex artery; LAD = left anterior
descending artery (see text).

Figure 8.31

(a) Left coronary angiogram in the right
anterior oblique (RAO) projection with caudal angulation
(RAO 30°, caudal 30°) and (b) the corresponding

ostium from the aortic trunk (Fig. 8.39). A single
coronary artery may either follow the pattern of
a normal RCA or LCA, divide into two branches
with distributions of the RCA and LCA, or have a
distribution different from that of the normal cor-
onary arterial tree. This anomaly is usually com-
patible with a normal life expectancy.

Anomalous origin. The most common forms of
anomalous origin are: the right coronary artery

3D volume rendering electronic cast. LMA = left main
artery; LCx = left circumflex artery ; LAD = left anterior
descending artery (see text).

arising from the left coronary sinus; the LCx
(or LAD artery) arising from the right coro-
nary sinus; and the LCA or RCA (or a branch
of either artery) arising from the non-coronary
sinus.

Right coronary artery arising from the left coro-
nary sinus. In this anomaly, the right coronary
artery usually passes between aorta and pulmonary
artery to reach the right atrioventricular groove.
The oblique angle at the juncture with the left



CHAPTER 8 Coronary artery anatomy 103

Figure 8.32 (a) Left coronary angiogram in the right
anterior oblique (RAO) projection with cranial angulation
and (b) the corresponding 3D volume rendering electronic

cast. LMA = left main artery; LCx = left circumflex artery;
LAD = left anterior descending artery (see text).

Figure 8.33 (a) Left coronary angiogram in the
left anterior oblique projection (LAO) and (b) the
corresponding 3D volume rendering electronic cast.

coronary sinus produces a slit-like orifice in the
aortic wall that might predispose to ischemia and
sudden death (Fig. 8.40).

Left circumflex artery arising from the right coro-
nary sinus. The vessel arises from the right sinus
of Valsalva as a separate vessel (Fig. 8.41) or as a

LMA = left main artery; LCx = left circumflex artery; LAD =
left anterior descending artery; D = diagonal (see text).

branch of a single coronary artery in 0.09-0.11%
of cases.

Myocardial bridging. Coronary arteries in the
human characteristically have an epicardial course.
Not infrequently, however, segments of these
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Figure 8.34 (a) Left coronary angiogram in LAO lateral view and (b) the corresponding 3D volume rendering electronic
cast. LMA = left main artery; LCx = left circumflex artery ; LAD = left anterior descending artery (see text).

Figure 8.35 (a) Right coronary angiogram in LAO 60° view and (b) the corresponding 3D volume rendering electronic
cast. RCA = right coronary artery; PDA = posterior descending artery; PLB = postero-lateral branch (see text).

Figure 8.36 (a) Right coronary angiogram in LAO 90° view and (b) the corresponding MSCT view. RCA = right coronary
artery (see text)
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Figure 8.37 (a) 3D virtual endoscopy and (b) 3D volume rendering showing the conus branch originating directly
from the aorta.

Figure 8.39 3D volume rendering. This anterior view
shows only one coronary artery arising from a single
ostium in the left coronary sinus. LAD = left anterior
descending artery; RCA = right coronary artery; LCx = left
circumflex artery; D = diagonal.

Figure 8.38 Virtual endoscopy showing the absence of
left main coronary artery. The left anterior descending
and the circumflex artery have nearly separate orifices
(arrows).
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Inferior:

Anterior
Figure 8.40 3D volume rendering superior view showing aorta (Ao) and pulmonary artery (PA). Cx = circumflex
the anomalous origin of right coronary artery (RCA) artery; LAD = left anterior descending artery; LMA = left
from the left coronary sinus and its course between the main artery.

Inferior

-

o

LR

He
Figure 8.41 (a) 3D volume rendering. (b) Left coronary artery; LMA = left main artery; Ao = aorta.
circumflex artery (LCx) arises from the right coronary PA = pulmonary artery.

sinus taking a retroaortic course. RCA = right
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Figure 8.42 (a) 3D volume rendering and (b) curved multiplanar reconstruction showing an intramuscular course
(arrows) of the mid-segment of the left anterior descending artery (LAD).

arteries run intramuscularly. This variant is known
as myocardial bridging and is most commonly seen
in the left anterior descending coronary artery. In
most cases, myocardial bridging represents an inci-
dental finding that may be considered a normal
variant or a benign coronary anomaly (Fig. 8.42).
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CHAPTER 9

Coronary Vein Anatomy

The coronary veins including the coronary sinus
are used increasingly for different electrophysio-
logical purposes such as cardiac resynchronization
therapy, radiofrequency catheter ablation, mapping
and defibrillation. Moreover, the anatomic proxim-
ity of the coronary sinus to the mitral annulus has
been exploited for the development of catheter-
based mitral annuloplasty that implants devices
inside the coronary sinus to reshape the mitral
orifice. The coronary venous circulation comprises
the greater cardiac venous system and the smaller
cardiac venous system. The latter, also known as
Thebesian veins, are thin-walled vessels that open
directly into the cardiac chambers. This chapter will
focus on the greater venous system, which consists
of direct tributaries of the coronary sinus as well as
the right coronary vein. We will review the coro-
nary sinus and its main tributaries. Unfortunately,
the nomenclature for the tributaries is not stand-
ardized to attitudinal orientation.

Greater cardiac venous system

The coronary sinus (CS) is the main channel of
venous blood from the myocardium, receiving
85% of coronary venous blood. Following the
direction of venous flow, the great cardiac vein
ascends the interventricular groove alongside the
anterior descending coronary artery. This portion,
also described as the anterior interventricular vein,
receives numerous branches from the ventricular
septum and the anterior aspects of both ventri-
cles. The great cardiac vein then turns leftward to
enter the left atrioventricular groove, usually pass-
ing underneath the left atrial appendage. Along
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its course in the atrioventricular groove it usually
receives the oblique left obtuse marginal vein (or
postero-lateral vein) and the inferior left ventricu-
lar vein from the left ventricle, and the oblique
vein of Marshall from the left atrium. The latter is
normally obliterated to become a ligament. When
persistent, it courses as the persistent left superior
caval vein. The junction between CS and great car-
diac vein is usually taken to be at the level of the
insertion of the ligament. The middle cardiac vein
passes along the inferior interventricular groove to
enter the right atrium close to the CS os. The right
(or small) cardiac vein receives tributaries from the
right atrium and inferior wall of the right ventri-
cle, courses in the right atrioventricular groove,
and enters the right margin of the CS os. It may
be larger when it is joined by the acute marginal
vein (of Galen) and a number of veins draining the
anterior wall of the right ventricle.

Coronary sinus

In the normal heart the CS is a wide venous chan-
nel, about 2-3 cm in length; it is often situated
slightly proximal to the atrioventricular groove
and usually runs along the inferior wall of the left
atrium rather than in the atrioventricular groove
(Fig. 9.1). It is surrounded to a greater or lesser
extent by a muscular coat that often has conti-
nuity with the left atrial myocardium. Anatomic
observations have shown several degrees of eleva-
tion and variable “arched” courses of the coro-
nary sinus (Fig. 9.2). A “normal” position of the
coronary sinus in the left posterior atrioventricu-
lar groove can be found in only 16% of cases, a
slight elevation (1-3 mm) in 12%, a moderate
elevation (4—7 mm) in 50% and an extreme eleva-
tion (8—15 mm) in 22%. Viewed from above, the
coronary sinus describes a gentle curve in the left
inferior coronary sulcus, or, when it is elevated as
previously described, on the inferior left atrial wall
(Fig. 9.3).
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Figure 9.1 3D volume rendering. Note the coronary sinus
(CS) is lying on the inferior left atrial wall rather than in
the atrioventricular groove (dashed line). MB = marginal
branch; MCV = middle cardiac vein.

The position of the CS relative to the atrio-
ventricular groove and to the mitral annulus, and
the proximity of the CS to the circumflex artery,
should be evaluated prior to procedures in the
triage of patients deemed potentially suitable for
catheter-based mitral annuloplasty (Figs. 9.2 and
9.3). There is marked variability in the point(s)
where the coronary sinus intersects the left circum-
flex artery and its marginal branches. Appreciation
of individual patients’ spatial anatomy at overlap-
ping segments between the left circumflex artery
and coronary sinus system is therefore a critical
factor for the safety of these devices (Fig. 9.4a—d).
The CS ostium opens in the right atrium between
the opening of the inferior vena cava and the tri-
cuspid orifice at the inferior border of the triangle
of Koch (Fig. 9.5). In nearly 80% of cases its ori-
fice is guarded by a semilunar valve, the valve of
the coronary sinus (valve of Thebesius) (Fig. 9.6).

Figure 9.2 3D volume rendering. (a—d) Four different grades of elevation of the coronary sinus from the inferior
coronary sulcus to the inferior wall of the left atrium. See Video clip 11, Coronary sinus @
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Figure 9.3 (a) 3D volume rendering of coronary sinus (CS).
View from above. The great cardiac vein and coronary
sinus can be followed (dashed line). Inset: an oblique

slice showing the ostium of CS (asterisk). (b) Anatomic
specimen with same view from above showing the course

of the coronary sinus and its entry into the right atrium
(dashed line). LA = left atrium; RA = right atrium;

LVOT = left ventricular outflow tract; RVOT = right
ventricular outflow tract.

Figure 9.4 The variable relationships between circumflex
artery (LCx) and coronary sinus (CS). (a) Infero-lateral
view: the coronary sinus crosses over the circumflex artery
marginal obtuse branches. (b) Anterior view: the coronary
sinus crosses under the circumflex artery and the obtuse

marginal branch. (c) Infero-lateral view: the coronary sinus
crosses over the circumflex artery and its obtuse marginal
branch (MO). (d) Anterior view: the coronary sinus crosses
over the circumflex artery and under the obtuse marginal
branch. GCV = great cardiac vein.
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There are numerous variations in size, length
and shape of CS (Fig. 9.7a—c). Rarely, distinctly
aneurysmal or diverticular enlargements can occur
(Fig. 9.7b).

Great cardiac vein (GCV)(vena cordis magna;
left coronary vein)

The GCV begins at the apex of the heart and
ascends the anterior interventricular groove along-
side the left anterior descending coronary artery
to reach the base of the ventricles and then curves
leftward toward the left atrioventricular groove. It
receives tributaries analogous to the diagonal and
septal perforating arteries of the anterior descend-
ing coronary artery (Figs. 9.8 and 9.9). Along its
course in the basal part of the ventricle it receives

Figure 9.5 3D endocardial surface modality. The red circle
marks the ostium of coronary sinus. Inset: image obtained
using navigator modality shows the ostium (arrow).

tributaries from the left ventricle and left atrium.
The GCV may cross over or under the left circum-
flex artery (Fig. 9.10; see also Fig. 9.4d).

Left marginal veins (postero-lateral

cardiac veins)

The left marginal veins drain the lateral and poste-
rior/inferior wall of the left ventricle. The number
and size of veins draining the lateral and inferior left
ventricular wall are extremely variable. One, two,
three or more distinct veins of variable dimensions
and course might drain the lateral and inferior wall
of the left ventricle (Figs. 9.11-9.13). These veins
have been considered recently as conduits for place-
ment of leads for biventricular pacing in the context
of cardiac resynchronization therapy.

Figure 9.6 Multiplanar oblique view showing the valve
of Thebesius (arrow). RA = right atrium; CS = coronary
sinus.

Figure 9.7 3D volume rendering. (a) Inferior view
showing a very short CS dividing into two small coronary
veins (arrows). (b) Lateral view showing a diverticular

arrangement. (c) Inferior view showing an abrupt
reduction in size (arrows).
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Figure 9.8 3D volume rendering. The great cardiac

vein (GCV) in its anterior course runs parallel to the left
anterior descending coronary artery (LAD). Asterisks mark
tributaries from the anterior left ventricular wall. Arrow
marks the first diagonal.

Figure 9.9 Maximal intensity projection (MIP) projection
showing the entire course of the great cardiac vein
(arrows). CS = coronary sinus.

The phrenic nerve may, on occasion, cross one
or more left marginal veins. When it does, direct
phrenic nerve stimulation may occur when a pacing
lead is inserted in one of these veins (Fig. 9.14).

Middle cardiac vein (MCV)

(vena cordis media)

The MCV is the largest proximal tributary to the
coronary sinus. The vein commences at the apex
of the heart, ascends in the inferior interventricu-
lar groove (parallel to the posterior descending

Figure 9.10 3D volume rendering showing the great
cardiac vein (GCV) crossing over the left circumflex
artery (LCx).

Figure 9.11 3D volume rendering showing three veins
along the obtuse margin (arrows).

coronary artery), and terminates in the coronary
sinus near to its right extremity (Fig. 9.15). In about
75% of cases, the vein arises as a single vessel and in
the remaining 25% as two vessels, sometimes almost
equally formed from the superficial network at the
cardiac apex (Fig. 9.16). The vein and its tributaries
drain the diaphragmatic wall of both left and right
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Figure 9.12 3D volume rendering. Only one small
posterior left ventricular vein is seen (arrow). Note the
larger middle cardiac vein (MCV).

Figure 9.13 3D volume rendering. Two large posterior
left ventricular veins (arrows) drain the inferior wall of the
left ventricle. MCV = middle cardiac vein.

ventricles as well the apical area. By means of its sep-
tal channels the MCV drains the posterior (inferior)
third of the interventricular septum. Rarely ana-
tomic variants of MCV may be encountered. Figure
9.17a shows the MCV lying on the right of the pos-
terior interventricular groove, and Fig. 9.17b shows
the MCV entering directly into the right atrium.

Figure 9.14 3D volume rendering. The course of the left
phrenic nerve in the fibrous pericardium is indicated by
arrows. The white oval marks the point of crossover. CS =
coronary sinus.

Figure 9.15 3D volume rendering. The middle cardiac
vein (MCV) courses parallel to the posterior descending
coronary artery (PDA), and ends in the coronary sinus.
Arrows mark small distal tributaries. CS = coronary sinus.

Small cardiac vein

The small cardiac vein runs parallel to the dis-
tal right coronary artery in the atrioventricular
groove draining into either the middle cardiac vein
or the coronary sinus just proximal to its ostium
(Fig. 9.18). It may also open directly into the
right atrium.
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Figure 9.16 3D volume rendering. Two middle
cardiac veins (arrows) of the same size ascend from
the apex, merging in a single channel before entering
into the coronary sinus (CS).

Figure 9.17 (a,b) 3D volume rendering of
anatomic variants of middle cardiac vein
(MCV).

Figure 9.18 3D volume rendering showing a right
marginal vein (RMV) joining with the small cardiac
vein (SCV) before opening into the coronary sinus (CS)
close to the ostium.
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Figure 9.19 (a) MIP slice and (b) 3D
volume rendering showing the acute
marginal vein entering directly into
the right atrium (arrows). RA = right
atrium; RV = right ventricle.

Figure 9.20 3D volume rendering showing Marshall’s vein
(arrow).

Acute marginal vein

The acute marginal vein ascends along the acute
cardiac margin, crosses the atrioventricular groove
and opens into the right atrium directly (Fig. 9.19).
In some hearts it courses in the right atrioventricu-
lar groove toward the cardiac crux, joining with the
small cardiac vein to enter close to the ostium of
the coronary sinus.

Oblique vein of the left atrium

(vein of Marshall)

The oblique vein is a small vessel that descends
obliquely on the lateral wall of the left atrium and

ends in the coronary sinus near its juncture with
the great cardiac vein. It is continuous superiorly
with the ligament of the left superior vena cava
(ligamentum venae cavae sinistrae; vestigial fold
of Marshall) (Fig. 9.20). This small vein has gained
interest recently because studies have demonstrated
that focal atrial fibrillation can be initiated by an
ectopic beat originating from the musculature of
this vein, which is heavily innervated.
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CHAPTER 10

Coronary Artery Bypass Grafts

Anatomy of internal mammary
artery

The internal mammary arteries, also known as the
internal thoracic arteries, are paired blood vessels
located inside the chest cavity. They arise bilater-
ally from the lower surface of the first part of the
subclavian arteries in 75% of cases, superior and
dorsal to the sternal end of the clavicles. In 70%
of cases the left internal mammary artery arises
on its own, whereas in 30% it arises from a com-
mon trunk with other arteries (thyrocervical trunk,
suprascapular artery, inferior thyroid artery). The
internal mammary arteries run along the inside
edge of the sternum (Figs. 10.1 and 10.2), sending
off small branches to the bones, cartilage and soft
tissues of the chest wall. For reasons that are still
unclear, the internal mammary artery is remark-
ably resistant to cholesterol buildup. It is an elastic
artery with a well-formed internal elastic mem-
brane and a thin intima. The left internal mam-
mary artery is also conveniently located near the
most important coronary branch, the left anterior
descending (Fig. 10.3). The surgeon can transfer
the lower end of the left internal mammary artery
down to the heart surface to use as a bypass graft
to the coronary vessels. Figure 10.4 shows the left
internal mammary artery as it appears in the oper-
ating room.

Coronary artery bypass grafts

Coronary artery bypass grafts are extra-anatomic
bypasses connecting a major arterial branch (nor-
mally the ascending aorta and/or the proximal
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Figure 10.1 3D volume rendering showing the left
internal mammary artery (LIMA) and the right internal
mammary artery (RIMA) from the inside.

segments of the subclavian arteries) to the periph-
eral coronary arteries. A good knowledge of the
various possible configurations and the operative
report are the requisites for a successful mental and
morphological reconstruction of every individual
surgical procedure, which is the basis for the sub-
sequent identification of occluded, failing or sten-
osed grafts.

Coronary artery bypass grafts can be venous or
arterial vessels taken from the patient during the
surgical procedure. The veins used most frequently
for this purpose are the great saphenous veins
(Figs. 10.5 and 10.6a,b). Commonly used arterial
grafts are the left and right internal mam-
mary arteries (Figs. 10.7, 10.8a,b, and 10.9), the
radial arteries and, less commonly, the right
gastroepiploic artery (Fig. 10.10). The internal
mammary arteries can be utilized as in situ or “free”
grafts: in situ means that their origin from the
subclavian artery is preserved and the artery is sur-
gically prepared (i.e., freed from its side branches)
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Figure 10.2 Electronic cast from different perspectives
showing the left internal mammary artery (LIMA) and
the right internal mammary artery (RIMA) and their

Figure 10.3 3D volume rendering showing the close
relationship between the left internal mammary artery
(LIMA) and the left anterior descending artery (LAD).

relationships with the cast of right ventricular (RV) and
left ventricular (LV) cavities.

Figure 10.4 Image of the left internal mammary artery in
the operating room.

and mobilized onto the heart for connection
with the coronary artery that is to be bypassed
(Figs. 10.7 and 10.8a,b). In this case, arterial blood
flows from the aorta through the subclavian artery
and the internal mammary artery into the bypassed
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coronary artery. A “free” graft means that the inter-
nal mammary artery is detached at its origin,
transferred and interposed between another major
arterial inflow vessel and the coronary artery.
Generally, coronary artery bypass grafts are con-

nected proximally (i.e., centrally) to an arterial

Figure 10.5 3D volume rendering showing a saphenous
vein (broken line) used as a bypass graft connecting the
aorta with the obtuse marginal branch (MO). The patient
also has a left internal mammary artery (LIMA) that
connects with the diagonal branch (D) and left descending
artery (LAD).

vessel for inflow —this s called the “proximal anasto-
mosis” (Figs. 10.11 and 10.12a,b). Most frequently,
the proximal anastomosis is onto the ascending
aorta as a termino-lateral anastomosis. Other ana-
tomic sites for the proximal anastomosis can be
the first few centimeters of the brachiocephalic
trunk (accessible by median sternotomy) or, less
frequently, the aortic arch or even the descending
aorta and the left subclavian artery. There are also
“non-anatomical” choices for the proximal anasto-
mosis: bypass grafts themselves can serve as inflow
for other bypass grafts. This results in the so-called
Y- or T-configurations. Frequent examples are Y-
or T-grafts taken off the left or right in situ inter-
nal mammary arteries. These grafts are usually
arterial grafts. The Y- or T-anastomosis is intra-
pericardial, that is on the more distal third of the
“donating” graft. Vein grafts connected proximally
to the ascending aorta can also serve as a “landing
zone” for the proximal anastomosis of free arterial
or other venous grafts (Fig. 10.13). There are many
reasons for the confusing variability of the proxi-
mal anastomoses; for example, the relatively short
anatomic length of a free arterial graft (i.e., the graft
cannot reach the ascending aorta so it is connected
to an internal mammary artery instead) or the sur-
geon’s decision not to clamp the diseased ascending
aorta for constructing a proximal anastomosis so

Figure 10.6 (a,b) 3D volume rendering showing a
saphenous vein (broken line) used as bypass graft
connecting the aorta (red arrow in (a)) with the right
posterior descending artery (white arrow in (b)). The

patient also has a left internal mammary artery (LIMA)
connecting to the left descending artery (LAD) and a
radial artery (black arrow) onto the intermediate branch
(not seen in the image).
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Figure 10.7 (a) 3D volume rendering showing the left internal mammary artery (LIMA) connecting with the left anterior
descending artery (LAD). (b) The graft in situ (arrow); its origin from the subclavian artery is preserved.

Figure 10.8 (a) Left anterior oblique view. 3D volume artery (LAD) and a venous bypass graft (V) connecting
rendering showing the internal mammary artery (LIMA) the aorta (Ao) with the marginal branch (MO).
originating from the subclavian artery (arrow) connecting (b) Postero-lateral view showing the right internal
with the first diagonal (D) and left anterior descending mammary artery (RIMA). SVC = superior vena cava.
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Figure 10.9 3D volume rendering
showing the right internal
mammary artery (RIMA) connecting
with the right posterior descending
artery (PDA).

Figure 10.10 3D volume rendering.
Lateral inferior view showing a
segment of the gastroepiploic artery
(arrow) and its proximity with the
posterior descending artery (PDA)
and postero-lateral branch (PL).
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Figure 10.11 3D volume rendering
showing the proximal anastomosis
of venous graft.

Figure 10.12 (a) 3D virtual endoscopy showing the proximal anastomosis from the external antero-lateral
proximal anastomosis (arrow) of venous graft as seen from perspective (arrow). Ao = aorta.
the inside of the aorta. (b) 3D volume rendering; the same
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Figure 10.13 3D volume rendering. Vein graft connecting
proximally to the ascending aorta serves as a “landing
zone" for the proximal anastomosis of free radial artery
(RA and arrow).

Figure 10.14 Distal anastomoses in 3D volume rendering
of the left internal mammary artery (LIMA) on the
diagonal branch (D) and on the left descending coronary
artery (LDA).

Figure 10.15 Distal anastomoses in 3D volume rendering.
(a) A venous bypass graft with two latero-lateral
anastomoses (arrows) on the marginal branches (MO).

as to reduce the risk of provoking cerebral athero-
matous embolism.

All grafts are connected distally to one or more
coronary arteries, the so-called “distal anastomo-
sis.” When grafts are connected with more coronary

(b) The termino-terminal anastomosis on the posterior
descending artery (PDA).

>

arteries the graft is called a “sequential” or “jump’
graft and there are one or more latero-lateral anas-
tomoses (along the epicardial course of the graft)
and one termino-lateral anastomosis (the most
distal site) (Figs. 10.14 and 10.15).
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heart
acute margin 31, 32
left 7,39-48, 49-53
location 7, 8
right 7,27-38
hemithorax, left 7

inferior vena cava 27, 28
infundibular artery see conus (conal) artery
interleaflet triangles 56, 58, 59

Laplace law 44, 45, 48, 49
left atrial appendage 41, 42,434, 45
left atrium 7, 10, 41-3
oblique vein 115
ridge 40-41
left bundle branch, proximal 91, 95
left heart 7, 39-48, 49-53
left ventricle 19, 24-6, 31, 33, 44-8, 49-53
apical trabecular component 46, 52
fibromuscular bands 46, 47, 52, 53
inlet 46, 51, 86
outlet 46,48, 53, 86
papillary muscle 46, 51
wall 7, 10
wall stress 44-5, 48, 49
left ventricle outflow tract 48, 53
ligament of Marshall 43
long-axis view 19, 22

mammary artery, internal 116-18, 117,
119-20, 122
marginal vein, acute 115
Marshall’s vein 115
maximum intensity projection (MIP) 2-3
membranous septum 84
mitral annulus 59-61, 62, 63
mitral valve 19, 20, 43, 59-65, 66—7, 68
annulus 43
chordae tendinae 63—4, 67
clefts on leaflets 61, 65
commissural cord 64
leaflets 61-3, 64-5
papillary muscles 65, 67-8, 69
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scallops on leaflets 61, 65, 66
trigones 60, 62, 63
mitro-aortic continuity 48, 58,59, 61
moderator band 32-3, 36, 37
multiplanar reconstruction (MPR) 1, 2
multislice computed tomography (MSCT) 1,2,7, 12
myocardial bridging, coronary artery 103, 107

nodule of Arantius 55
non-coronary sinus 58, 59, 61, 84

oblique vein of the left atrium 115
opacity value 3,5

papillary muscle 46, 51
anterior 67, 68
antero-lateral 26
mitral valve 65, 67-8, 69
posterior 19, 21, 67, 68
postero-medial 19, 22, 26, 65, 69, 92
tricuspid valve 71-2, 74-5
pectinate muscles 44, 46
phrenic nerve
left 43-4
stimulation 112, 113
post-processing imaging modalities 1-3, 4-5
pulmonary arteries 76-7, 79
pulmonary infundibulum 33, 38
pulmonary trunk 7, 10, 11, 19, 25-6, 76-7, 79
pulmonary valve 33, 38, 72, 75-7, 78-9
pulmonary veins 19, 20, 22, 39-41
inflow vestibule 40
ostia 39, 40, 41

radial arteries 116, 118

right atrial appendage 27, 28, 29, 30
right coronary artery 92, 98

right atrium 7, 10, 27-8, 29-30, 30-31
formation 81, 82

right heart 7,27-38

right ventricle 7, 10, 19, 24-6, 31-3, 34-8
apical trabeculations 32, 35
components 32, 34-6
infundibulum 33, 38, 93, 99
outflow tract 92

right ventricular outlet 72,75

sagittal planes 9, 14-15
saphenous veins, great 116, 118
semilunar hingelines 58-9
short-axis view 19, 24-6
sinus node artery 93, 99
sinuses of Valsalva 55-6, 59
stress 56, 59
sinotubular junction 56, 59
subpulmonary infundibulum 72,
75-6, 78
superior vena cava 27, 28
ligament of left 115
systole 45-6
aortic leaflets 55

tachycardia, genesis 47
tendon of Todaro 30
trabecula septomarginalis 32, 35, 36
triangle of Koch 30-31, 109
tricuspid valve 19, 20, 68-72, 73-5
annulus 68, 70
commissural cords 68
hingeline 86
leaflets 68-70, 71, 72, 73
papillary muscle 71-2, 74-5
septal leaflet 69, 72, 73
two-chamber view 19, 21, 23

valvar leaflets, annulus 28, 30
ventricle see left ventricle; right ventricle
ventricular outflow tract 7, 10
ventricular septal defects,
perimembranous 84
ventricular septum 7, 11, 84-6
septomarginal trabeculation 71, 75
trabecular portion 86
ventricular tachycardia 57
right ventricular outflow tract 76
ventriculo-arterial junction 58-9, 6061
vestibule 28, 30
virtual endoscopy 3, 5
volume rendering, 3D 12, 14, 16
techniques 3, 4-5
voxels, opacity value 3,5

Waterson’s groove 81, 82





